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Abstract

Research into lipid droplets is rapidly expanding, and new cellular and organismal roles for these
lipid storage organelles are continually being discovered. The early Drosophila embryo is
particularly well suited for addressing certain questions in lipid-droplet biology and combines
technical advantages with unique biological phenomena. This review summarizes key features of
this experimental system and the techniques available to study it, in order to make it accessible to
researchers outside this field. It then describes the two topics most heavily studied in this system,
lipid-droplet motility and protein sequestration on droplets, discusses what is known about the
molecular players involved, points to open questions, and compares the results from Drosophila
embryo studies to what it is known about lipid droplets in other systems.
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[. Introduction

Lipid droplets are the main cellular site to store neutral lipids, such as triglycerides and
sterol esters. They are ubiquitous organelles in fungi, plants, and animals and play crucial
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roles in lipid metabolism [1, 2]. Droplet accumulation removes potentially toxic lipids and
stores them safely away from other cellular compartments. Lipid droplets also provide a
reservoir of lipids for generating energy, membrane components, and signaling molecules.
Due to their role in lipid homeostasis, lipid droplets are implicated in human diseases from
obesity, diabetes, and cardiovascular disease, to neutral lipid storage diseases, hepatic
steatosis, neurodegeneration, and certain pathogen infections [3-10].

Lipid droplets also play critical roles in the processing and storage of specific proteins. Lipid
droplets have been usurped by a number of viruses as an assembly platform for new viral
particles [11-14]. In Drosophila embryaos, droplets transiently store specific histones to
support rapid embryonic development [15, 16]. In certain mammalian cell lines, lipid
droplets temporarily sequester ApoB protein destined for degradation [17]. Lipid droplets
can also accumulate antiviral and antibacterial proteins [18, 19]. In different species and cell
types, numerous proteins from other cellular compartment can be rerouted to lipid droplets;
these observations lead to the proposal that lipid droplets may generally serve as sites to
sequester proteins [20, 21]. Finally, lipid droplets appear to be involved in how immune
cells present antigens to T cells: they somehow redirect peptides derived from phagocytosed
material into a pathway usually reserved for endogenous peptides [22].

The structure of lipid droplets is unique among organelles: a core of neutral lipids is
surrounded by a monolayer of polar lipids and proteins [2] (Fig. 1A,B). Despite this simple
structure, droplets are functionally complex, containing dozens, if not hundreds, of different
lipids and proteins, that can vary dramatically between cell types. Lipid droplets have
functional and physical interactions with many other cellular compartments, including the
ER, mitochondria, and phagosomes, and their composition, size, and intracellular
distribution are actively regulated [1, 23-26]. They are increasingly recognized as highly
dynamic, multi-functional organelles, with the number of publications focused on lipid
droplets growing ever faster [27]. Yet even basic aspects of droplet cell biology are only
beginning to be understood, such as how droplets originate, grow, and shrink, how proteins
are targeted to them, how they move and interact with other organelles, and how these
processes are regulated [23, 25, 26, 28-34].

The initial cell biological and molecular characterization of lipid droplets focused on
mammalian systems. Subsequent studies of fungi, worms, and insects have revealed that
many aspects of lipid-droplet biology are highly conserved. Now a diverse range of model
systems is employed in droplet research, including the fruit fly Drosophila melanogaster .
For example, functional genomic screens in cultured Drosophila cells have identified many
conserved genes involved in droplet biogenesis and turnover [35, 36]. Studies on fat storage
in Drosophila larvae and adults have elucidated how lipid droplets contribute to organismal
energy homeostasis and how droplet structure is controlled in distinct cell types [37]. And
studies in Drosophila embryos have unraveled how droplet motility is regulated [24] and
lead to the proposal of lipid droplets as general protein sequestration sites [15, 20].

There are a number of excellent recent reviews on lipid droplets in general and on the
Drosophila studies in cultured cells, larvae and adults [2, 31, 32, 37-41]. However, there has
been little systematic description of the lipid-droplet research in Drosophila embryos, even
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though this system is particularly well suited to unravel certain problems in droplet biology
and combines technical advantages with unique biological phenomena. This review attempts
to fill this gap. It summarizes our current knowledge about lipid droplets in Drosophila
embryos, compares their properties to those of lipid droplets in other systems, and points out
open questions and frontiers for future research. My goal is to make this intriguing
experimental system accessible to researchers interested in lipid-droplet biology and to
encourage them to take advantage of the unique approaches possible here.

Il. Background

The lipid droplets of the early Drosophila embryo are generated during oogenesis and
provided by the mother fly to the developing egg. Indirect evidence suggests that these lipid
droplets provide the major energy source for the developing embryo and a large fraction of
the stored lipid is used up during the course of embryogenesis. Thus, just like lipid droplets
present in the adipose tissue of vertebrates and insects, the embryonic lipid droplets in
Drosophila are a place to transiently store energy and to provide fuel when the organism
lacks a source of food (adipose droplets) or when the organism itself is not yet capable of
feeding (embryonic droplets).

Origin during oogenesis

In the Drosophila ovary, germline stem cells give rise to cystoblasts that undergo four
incomplete mitotic divisions [42]; the resulting sixteen daughter cells remain connected via
ring canals through which they can exchange molecules. One of the daughters becomes the
oocyte, while its fifteen sisters, the nurse cells, are dedicated to providing the growing
oocytes with nutrients, organelles, and signaling molecules (Fig. 1C,D). During mid-
oogenesis (starting with stage 9), the nurse cells also generate massive amounts of lipid
droplets [43]. Lipid accumulation is under hormonal control: the steroid hormone ecdysone
activates, via the SREBP transcription factor, genes involved in lipid metabolism [44]. Like
in other insects, the lipids needed for this massive droplet assembly are ultimately derived
from lipoproteins (here called lipophorins) circulating in the hemolymph, the insect blood
[45, 46]; lipophorins shuttle lipids between the gut, the fat body (the fly adipose tissue), and
peripheral tissues, including the ovary [47]. Uptake of the neutral lipids into nurse cells is
mediated by lipophorin receptors [48] (Fig. 1D), whose expression is also under ecdysone/
SREBP control [44].

During the course of oogenesis, most of the contents of the nurse cells are transferred, via
the ring canals, into the oocyte. For example, many ribonucleoprotein (RNP) particles
critical for oocyte axis determination travel early on via active, microtubule based transport
[49], while actin-based constriction of the nurse cells later in oogenesis promotes bulk
transfer via cytoplasmic streaming [50]. Lipid droplets remain abundant in nurse cells until
stage 11 [51], and they still accumulate in oocytes when microtubules are disrupted
pharmacologically [52]. These observations suggest that transfer of lipid droplets is largely
via actin-mediated cytoplasmic streaming. To my knowledge, there has not yet been an
attempt to discern whether all lipid droplets found in oocytes have been transferred from
nurse cells or if a subset is generated de novo in the oocyte. Interestingly, total triglyceride
levels in mature oocytes varied little for females raised on diets of dramatically different
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nutrient content, suggesting the existence of homeostatic mechanisms (likely involving
steroid signaling and SREBP) to keep oocyte lipid content constant even in environments in
which the mothers encounter a fluctuating food supply [44].

In the oocyte itself, lipid droplets are highly motile, in a microtubule-dependent manner [53,
54] (For movies of lipid-droplet motion in oocytes, see entries 4 and 5 in Table 1). During
stages 10B-12 of oogenesis, the oocyte cytoplasm displays extensive streaming, dependent
on microtubules and the microtubule motor kinesin-1 [52, 55]. Most lipid droplets seem to
be carried along with the bulk flow of ooplasm, but some move actively along microtubule
tracks, faster than the bulk flow or even against it (Fig. 1D). These droplets are thus likely
moved by plus- and minus-end directed microtubule motors. These motors have not yet been
directly identified, but based on analogy to motion in early embryos (below), kinesin-1 and
cytoplasmic dynein are promising candidates.

The lipid droplets in oocytes and embryos are quite uniform in size, with diameters around
0.5 um [56-59]. This is a typical size for small lipid droplets across eukaryotes. In contrast,
lipid droplets in the larval fat body vary by over an order of magnitude [25, 60, 61].
Substantial size variations in lipid droplets are also characteristic of droplets in the adult fat
body [25] and in cultured cells [62]. Why droplet size varies only within a narrow range in
oocytes and embryos is not clear. One possibility is that the ring canals provide an upper
limit for droplet transfer from nurse cells to oocytes. However, by stage 10, ring canals have
an inner diameter of several microns and entire mitochondria can pass through them [63]; in
addition, if ring canals were the size-determining bottleneck, droplets might still grow
further once they have reached the oocyte, via local triglyceride synthesis or via droplet
fusion. The limited droplet size in oocytes and embryos might therefore be functionally
important, e.g., to minimize the drag experienced by motile droplets or to maximize droplet
surface, for sequestering proteins or for interacting with other organelles.

The biochemical pathway responsible for droplet formation in nurse cells is not well
characterized, though one key enzyme has been identified. Like mammals, flies express two
enzymes catalyzing the final step of triglyceride biosynthesis, the conversion of
diacylglycerol and fatty acyl CoA into triglycerides [64]. These enzymes, DGAT1 and
DGAT?2, have recently been shown to mediate lipid-droplet size control [62], with the
DGAT1 pathway generating only small droplets, and the DGAT2 pathway larger droplets.
Unlike DGAT1, DGAT?2 can relocalize from the ER to the droplet surface and thus locally
promote growth of droplets even after they detach from the ER. DGAT1 and DGAT?2 are
expressed throughout Drosophila development [65] and apparently function partially
redundantly, as DGAT1 null mutants do contain triglycerides in larval and adult stages, yet
at reduced levels [25]. However, nurse cells and oocytes of DGATL null mutants lack lipid
droplets almost entirely [66], suggesting that triglyceride synthesis in ovaries is dominated
by DGATL1 (Fig. 1D). Oocyte may thus achieve the narrow variation in droplet size by
relying predominately on the DGAT1 pathway specific for small lipid droplets.

Lipid-droplet size in nurse cells is also under the control of insulin signaling [67]. Loss of
PTEN, a negative regulator of insulin signaling, results in the formation of giant lipid
droplets as well as in upregulation of LSD-2 [67]. LSD-2, also known as PLIN2, is a
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member of the Perilipin family of lipid-droplet proteins [68]. Whether LSD-2
overexpression accounts for the increased droplet size is unknown, but lack of LSD-2 has
been linked to impaired droplet formation in nurse cells, with neutral lipid inappropriately
retained in the ER [51].

Embryonic lipid droplets as nutrient stores—In many insects, lipids - in particular
neutral lipids — are the main energy source for embryogenesis [69, 70]. For example,
mosquito embryos derive about 90% of their energy from the breakdown of lipids [71]. In
such embryos, triglycerides are also thought to provide precursors for phospholipids to
generate new membranes [69]. Although these issues have not yet been directly addressed in
Drosophila, indirect evidence suggests that breakdown of neutral lipids is also essential for
Drosophila embryogenesis. Embryos from mothers lacking the lipophorin receptor Lpr2 in
the germline have very few lipid droplets, and they die before they complete development
[48]. In addition, adult females lacking LSD-2 lay embryos with reduced triglyceride
content, and a fraction of these embryos dies in the middle of embryogenesis [51].

The mechanisms by which triglycerides and lipid droplets are turned over during
embryogenesis remain to be identified (Fig. 1F). As these processes are much better
understood in cultured cells and for the larval and adult fat body [2, 37, 39], many candidate
pathways are already known and their contribution in embryos is in principle readily
testable. For example, Brummer lipase (an ortholog of mammalian ATGL) makes major
contributions to triglyceride breakdown in both cultured cells and in adult flies [35, 72]. It
likely plays a similar role in embryos: Embryos lacking Brummer have increased
triglyceride levels late in embryogenesis relative to wild type and fail to hatch [72].

Triglyceride breakdown during embryogenesis appears to be temporally regulated, though
the control mechanisms remain to be elucidated. There is a dramatic upregulation of genes
involved in fatty acid breakdown around mid-embryogenesis [73], implying that triglyceride
hydrolysis provides ample substrates for these enzymes. In other insects, physiologically
studies have found that the initial energy needs of embryos are met by the breakdown of
carbohydrates, but the rest of embryogenesis is driven largely by catabolism of lipids [69]. A
similar pattern probably also holds for Drosophila: in the first two hours of embryogenesis,
total carbohydrate levels drop dramatically [74]; in parallel, the glycogen-storage depots of
the early embryos, the so called f-spheres, undergo major structural rearrangements [74]. In
contrast, the number and size of lipid droplets remains unchanged for the first three hours
[57], consistent with initially limited consumption of lipids. During later stages of
embryogenesis, both glycogen and triglyceride levels continue to decrease, but it has not yet
been mapped out to what extent turnover of these storage molecules serves the energy needs
of the embryo and to what extent they are channeled into the production of new biomass
[73].

In addition to lipids, embryonic droplets also store specific proteins to support
embryogenesis. Certain histones are abundant on lipid droplets, and they can be transferred
to nuclei and contribute to proper chromatin assembly [15, 16, 75] (Fig. 4B,D,E). Histones
are also released when bacteria are present in the cytoplasm; this contributes to bacterial
killing and promotes embryo survival in the presence of pathogens [19] (Fig. 4G). As the
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lipid-droplet proteome is complex [15] and contains many additional proteins from other
compartments, this storage role may be even more general.

Droplet motion during early embryogenesis—In early Drosophila embryos, lipid
droplets are highly matile: they move in linear paths, with average speeds on the order of 0.5
pum/s and uninterrupted motion in a given direction for up to several microns [76-78]. Both
travel velocities and travel distances vary across broad ranges, and droplets that travel for
shorter distances tend to move more slowly [77]. Motion has been first detected by ~1.5 hrs
of embryogenesis, and it continues for many hours, only interrupted during mitoses. At any
one moment, almost all of the droplets are in motion, and pauses in motility are short (on
average ~ 0.6 s [77]). For movies of lipid-droplet motion in embryos, see entries 1, 2, and 3
in Table 1.

These lipid droplets move along microtubules, powered by the molecular motors kinesin-1
and cytoplasmic dynein [76, 77] (Figs. 1E, 2D). Microtubules are polar filaments, with
distinct plus and minus ends. Microtubule motors recognize this polarity and typically
transport cargo unidirectionally along the microtubule tracks, i.e., either towards the plus or
towards the minus end. However, many cargoes, including the lipid droplets in Drosophila
embryos, carry both plus- and minus-end directed motors and move in a characteristic
bidirectional fashion: after travel in the plus-end direction, they move in the minus-end
direction for a while, then switch back to plus-end motion, and so on [79, 80]. In Drosophila
embryos, lipid droplets switch the direction of motion every few seconds [57].

Over time, this bidirectional droplet motion results in dramatic shifts in the global
distribution of lipid droplets. These shifts are due to the peculiar arrangement of
microtubules in early embryos. Understanding this geometry requires a brief review of early
embryogenesis [81] (Fig. 2A). Drosophila embryos are roughly football shaped, with a long
axis of ~500 um and a short axis of ~150 um. Lipid droplets are found throughout the
peripheral region of the embryo, from the surface to roughly 40 um deep (Fig. 2B). During
the first 2.5 hours after fertilization, nuclei divide every 8-20 min, but there is no cytokinesis
(with one exception, the formation of primordial germ cells, a process not relevant for this
discussion); this process yields a syncytial embryo with thousands of nuclei in a shared
cytoplasm. The nuclei divide near synchronously, making the total number of mitoses that
have occurred since fertilization a convenient measure for the developmental stage of the
embryo: the period from mitosis 12 to mitosis 13 is called “nuclear cycle 13”, etc. The
nuclei are initially present internally (“cleavage stages”), but then a fraction migrates out to
the surface, arriving there in cycle 10; this forms the syncytial blastoderm (Fig. 2A). The
nuclear density at the cortex doubles with each of the next four mitoses. During the ensuing
cycle 14, a highly synchronized cytokinesis occurs (a process called cellularization),
generating a single layer of cells (35-40 um tall and with one diploid nucleus each) that
surrounds a giant central yolk cell with many polyploidy nuclei. Right at the end of
cellularization, gastrulation movements start, converting the single sheet of cells into a
complex 3D structure.

Because the nuclei are associated with microtubule organizing centers (MTOCS), this
distribution of nuclei also governs the arrangement of microtubules (Fig. 2B). Microtubule
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minus ends are associated with the MTOCs close to the plasma membrane, and plus ends
point into the embryo interior, resulting in a radial array of microtubules with largely
uniform polarity [57, 82]. By cycle 14, nuclei are densely packed at the surface, and
microtubules are arranged grossly parallel around the whole embryo periphery. With the cell
movements of gastrulation, the global parallelity of microtubules is lost.

Droplet motion is regulated temporally, and dramatic changes in transport parameters occur
over very short time spans, and reproducibly at specific developmental transitions [57, 77,
83] (Fig. 2A,D). After an initial period of immobility before syncytial stages (Phase 0), lipid
droplets start moving in both directions, and — on average — the distance moved in the plus-
end direction is the same as in the minus-end direction (Phase I). In early embryonic cycle
14 (Phase lla; ~2.5 hrs of embryogenesis), plus-end travel distances are upregulated while
minus-end distances remain unchanged. Over the next hour, transport parameters switch
twice more, late in cycle 14 (Phase llb, travel in both directions upregulated), and at the
beginning of gastrulation (Phase Ill, travel in both directions downregulated). Transitions
between phases occur over just 10 min (or less). Originally, Phases Ila and Ilb were not
distinguished from each other, and were lumped together as Phase 1l. This review uses the
nomenclature Ila and I1b when it is clear from the literature which subdivision is being
analyzed. | will generically use “Phase 11" if a statement applies to both Phases Ila and I1b or
if it is not clear from the literature exactly which part of Phase Il was analyzed.

These changes in motility result in global redistribution of the overall droplet population
(Fig. 2C, see also movie 7 in Table 1). Recall that nuclei and microtubule minus ends are
close to the embryo surface and microtubule plus ends point towards the interior. During
Phase I, when plus-end and minus-end travel distances are balanced, there is no net change
in droplet distribution, though individual droplets constantly trade places. Upregulation of
plus-end transport in Phase Ila results in net inward transport: The droplet population shifts
towards the plus ends, away from the embryo surface; the average distance of droplets from
the surface increases by 10um [57], which represents ~ one fourth of the height of the cells
that form during cellularization. At any given point in time, most droplets are accumulated
around the central yolk, with only a few remaining in the periphery. However, this is a
dynamic distribution as the droplets continue to move bidirectionally: as some peripheral
droplets join the pool around the yolk, some droplets from interior regions move back out
into the periphery. In Phases I1b and 111, minus-end transport predominates, and the droplet
population shifts back towards the periphery, again in a dynamic fashion, as individual
droplets continue to move bidirectionally. Although it is clear that droplet motion is
elaborately regulated in the early embryo, what biological roles this motion serves remains a
matter of speculation. Some possibilities are discussed in section VIII.

Genetic and biochemical approaches have shed light on the molecular mechanisms driving
droplet motion and mediating its temporal regulation. Transport is powered by the plus-end
motor kinesin-1 and the minus-end motor cytoplasmic dynein [76, 77] (Fig. 2D). The dynein
cofactor Dynactin, the kinase GSK-3, and the nesprin ortholog Klarsicht are important for
proper force production during transport and may activate motors and/or prevent futile
competition between opposing motors [57, 84, 85] (Figs. 5F, 6A). Temporal regulation is
largely driven by expression of the novel protein Halo and has been linked to changes in the
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droplet levels of the dynein cofactor BicD and the phosphorylation state of the Perilipin
LSD-2 [83, 86, 87] (Fig. 6D). More details on these molecules and how they act in droplet
transport are provided in sections 1X through XI.

The molecular machinery driving droplet motion in Drosophila embryos is shared with
many other transport processes. Kinesin-1 and cytoplasmic dynein are two widely employed
motors for cargo transport, and they frequently work together in bidirectional motion [79].
BicD, Dynactin, Klar, and GSK-3 regulate the transport of a diverse set of cargoes; these
factors (alone or in combination) have been shown to modulate the motion of RNP particles,
different vesicles, mitochondria, and even whole nuclei. Finally, motion of lipid droplets is
characterized by frequent, sharp reversals, few pauses, and an exponential distribution of run
lengths [77]; similar patterns of motions have been described for pigment granules, viruses,
and RNP particles [88-90]. Thus, a mechanistic understanding of droplet motion is likely
relevant for the study of other intracellular transport systems, and vice versa.

Embryonic droplets in other species—Lipid droplets have been observed in the eggs
and oocytes of many animals, including insects, spiders, annelids, frogs, fish, marsupials,
and placental mammals [91-100]. Presumably, they provide a critical, maternally generated
energy source for the developing embryo not yet able to feed. Similar strategies are used in
other organisms to transmit energy to the next generation: the mammalian milk that feeds
the newborns is rich in fat droplets that ultimately derive from lipid droplets produced in
mammary glands [101], and many plant seeds contain abundant lipid droplets, here called
oil bodies [102], that accumulate during seed development and that support development of
the embryonic plant before the onset of photosynthesis.

Like in Drosophila, embryonic droplets in many species are highly motile: for example,
lipid droplets in both mouse and fish embryos display active motion dependent on the
cytoskeleton [92, 94], and for fish, annelids, and moths, massive redistribution of the droplet
population accompanies early development [95, 97, 98]. Very little is known about
mechanism and function of droplet motility in these species.

lll. Studying embryonic lipid droplets

Imaging droplets

In contrast to many other intracellular structures, lipid droplets can often be unambiguously
detected in living cells, even without the application of stains or exogenously introduced
expression constructs. Of the many label-free methods that have been developed to detect
lipid droplets, two have been reported for the analysis of Drosophila embryos: lipid droplets
provide the major contrast in embryos for both third-harmonic generation microscopy [103]
and femtosecond Stimulated Raman Loss (fSRL) microscopy [104]. In oocytes, lipid
droplets have been specifically detected using confocal reflection microscopy [53]. Such
label-free methods make it possible to analyze droplets in vivo in many genetic backgrounds
without further manipulations, and they avoid possible artifacts due to the expression of
exogenous proteins. For examples of visualization of lipid-droplet motion by fSRL
microscopy, see entries 2 and 7 in Table 1.
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Lipid droplets are also easily visualized by differential interference contrast microscopy, and
their size and round shape makes it possible to distinguish them from other cellular
structures [57, 77] (Fig. 3A). To increase image clarity and resolution, it is possible to gently
flatten the embryos until they burst open; in undisturbed regions, these ex-vivo preparations
preserve many, if not all, characteristics of droplet motion for tens of minutes [57].
Improvements in mounting techniques achieve similarly well-contrasted images in intact
embryos that continue to develop normally for hours [59]. Using differential interference
microscopy, it is possible to quantify motion at high temporal and spatial resolution: the
position of the droplet center can be determined at nanometer precision, and acquisition
rates of 30 images per second are routinely achieved [57] (Fig. 3A, E). Because contrast is
best near the edge of the embryo, most tracking is done with droplets moving within a few
micrometers of the plasma membrane. fSRL microscopy is currently not quite as fast or
precise, but — unlike the differential interference approach — it can detect droplet motion
deep in the embryo and thus can examine whether parameters of droplet motion depend on
the distance from the plasma membrane [104].

The global distribution of lipid droplets can be easily determined in living embryos by
standard transmitted light microscopy (Fig. 3C, see also 6F). The embryo contents that
contribute most to light scattering are yolk vesicles and lipid droplets. Since by the end of
Phase | yolk vesicles have redistributed to the center of the embryo, the opacity of the
embryo periphery in Phases lla, Ilb, and Il is dominated by lipid droplets [57]. As a result,
the net transport of droplets causes reproducible changes in overall embryo transparency
[57] (Fig. 3 B,C; see also movie 6 in Table 1). In the wild type, the embryo periphery is full
of lipid droplets in Phase | and therefore appears opaque under transmitted light. The
periphery becomes transparent during Phase Ila as lipid droplets deplete from it, and turns
opaque again starting in Phases I1b and fully in Phase 111. Net inward (plus-end) transport is
therefore also referred to as “clearing” and net outward transport as “clouding”. That these
changes in transparency are indeed due to lipid-droplet redistribution was confirmed with
mutants that prevent the net inward transport in Phase lla [86] or the net outward transport
in Phase Il [57]. Equivalent transparency changes reveal droplet accumulation in oogenesis:
the nurse cell cytoplasm turns opaque as it fills with lipid droplets beginning with stage 9.

In fixed material, embryonic lipid droplets can be detected with neutral lipid-specific dyes
commonly used in other systems, such as Nile Red [57] and BODIPY493/503 [105] (Fig.
1B). However, care must be taken to not inadvertently delipidate the embryo; many standard
fixation protocols for Drosophila embryos include a heptane/methanol step to disrupt the
vitelline membrane; this step also removes neutral lipids. Such delipidation also largely
abolishes light scattering by lipid droplets and thus interferes with using embryo
transparency as a read-out for global droplet distribution. As an alternative, lipid droplets
can be detected in fixed material with antibodies against proteins highly enriched or
exclusively present on lipid droplets: antibodies against Jabba [16] (Fig. 3D), Klar [105],
and LSD-2 [87] are suitable for such immunodetection.

To fluorescently label lipid droplets in vivo, several transgenic constructs are available that
express fluorescent proteins targeted to lipid droplets. GFP-LD (Fig. 1B) incorporates the
droplet-targeting domain of Klar and is almost exclusively present on lipid droplets [56],
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while H2Av-GFP or H2Av-RFP marks both lipid droplets and nuclei [15, 16] (see movies 1,
3,and 5 in Table 1). A GFP trap line in LSD-2 [106] can also be used to detect lipid droplets
(M. A. W., unpublished observations).

Drosophila research can take advantage of rich genetic and genomic resources, including
many classical mutants, chromosomal deletions and rearrangements, and transgenes for
overexpression studies and RNAI [107, 108]. Using both forward and reverse genetic
strategies, a number of proteins have been confirmed to play roles in lipid-droplet biology in
embryos, in particular for droplet motion [56, 57, 76, 77, 83-87, 105, 109, 110] and for
protein sequestration [16, 75].

The early embryo contains many gene products derived from the mother, very few from the
father, and some that result from new transcription in the embryo itself (Fig 3F). Early
embryogenesis is almost exclusively driven by maternal gene products, and zygotic
transcription is massively upregulated only during the mid-blastula transition (around
cellularization). The same pattern holds true for droplet transport: When zygotic
transcription is inhibited with the RNA polymerase inhibitor alpha amanitin, the first
evidence for abnormal distribution of lipid droplets occurs in Phase Ila [111]. This effect
was subsequently mapped to zygotic expression of the gene encoding Halo [86], a temporal
regulator of droplet transport (see section X). So far, no other genes have been identified
whose zygotic expression is important for droplet motion or any other droplet
characteristics. In addition, there is no evidence for gene products from the father affecting
droplet phenotypes.

Thus, almost all proteins important for droplet biology in the early embryo are maternally
expressed, e.g. Klar and LSD-2 (affect droplet transport) and Jabba (for histone
sequestration) [16, 57, 87]. Maternal contribution poses a particular challenge for the
analysis of essential proteins, like the motors kinesin-1 and cytoplasmic dynein. Animals
lacking these motors completely do not reach adult stages and thus cannot produce eggs. For
kinesin-1, this problem has been circumvented using germline clone technology [76], which
makes it possible to generate nurse cells and oocytes homozygous for the mutation of
interest in an otherwise heterozygous animal. Tissue-specific RNA interference is an
alternative promising strategy, and a new generation of vectors allows efficient knockdown
in the female germ line [112]. Yet these approaches are challenging for the analysis of
cytoplasmic dynein since this motor is required for multiple steps during oogenesis, and in
its absence no mature oocytes are produced [113]. In some cases, the use of hypomorphic or
dominant-negative mutations is a work-around, allowing the production of viable embryos
in which protein function is sufficiently impaired to give phenotypes [77 , 84]. Alternatively,
some phenomena, like droplet motion and protein sequestration, already occur in oocytes
[53, 54], and thus could be studied even in mutants that only support oogenesis, but not
embryogenesis.
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Inhibitor studies

Studies of lipid droplets in cultured Drosophila cells benefit greatly from the ability to
directly manipulate the cells with pharmacological agents and double-stranded RNAs [35,
36]; these reagents can simply be added to the culture medium. For embryos, the
multilayered eggshell provides a formidable barrier to exogenously applied reagents:
although the outer chorion can be physically or chemically removed, the waxy layer
surrounding the inner vitelline membrane is essentially impermeable to most molecules.
Some techniques for permeabilization exist [114, 115], and recently have been greatly
improved to allow application of small molecules to embryos [116, 117]; however, they are
not yet routinely used.

An alternative means of introducing molecules is by microinjection, in which a needle
pierces both eggshell and plasma membrane and delivers substances directly into the
cytoplasm (Fig. 3G, see also 6F). When performed with syncytial embryos, i.e., before
widespread cytokinesis, the introduced substance can in principle diffuse throughout the
whole embryo. For lipid-droplet studies, microinjection has been used to introduce double-
stranded RNAs for RNA interference [86, 109], function-inhibiting antibodies [76],
transcriptional inhibitors [86], bacterial pathogens [19] as well as mMRNAs to rescue mutant
phenotypes [86].

Physical manipulation of droplets

Microinjections have also been used to physically move lipid droplets from one embryo to
another: a donor embryo, centrifuged to concentrate droplets, is pricked with a needle; then
cytoplasm with lipid droplets is taken up into the needle and transplanted into a host (Fig.
3H). Such transplanted droplets retain the ability to exchange proteins with nuclei [15] and
to move bidirectionally (MAW, unpublished observations). This strategy makes it possible
to study the behavior of one type of droplet in a new cellular context, such as a different
genetic background or phase of transport.

Lipid droplets can also be manipulated within the embryo cytoplasm using optical traps
(also called optical tweezers) (Fig. 31). When small dielectric objects are placed into a
highly focused laser beam, they experience a force that pulls them towards the center of the
beam [118]. In vitro, such optical traps have been used extensively to move small particles,
to measure the forces produced by molecular motors (when attached to glass or plastic
beads), and to apply forces to deform individual molecules and polymers like microtubules.
The use of optical traps in vivo has been much more limited, in part because applying them
in a quantitative manner in vivo is technically challenging [118, 119]. Lipid droplets,
however, are ideal candidates for quantitative optical trapping in vivo: they are perfectly
round, have uniform refractive indices that differ significantly from those of the surrounding
cytoplasm, and they are in the right size range to apply biologically meaningful forces. In
the Drosophila embryo, moving droplets can indeed be trapped repeatedly, without
appreciable photodamage [57] (Fig. 3A,E). Initial attempts to measure the forces generated
by moving embryonic droplets used a few constant laser forces and determined which
fraction of the droplets can escape from the trap. This method provides an estimate for the
forces generated across a population of droplets, e.g., the force sufficient to stall all/most of
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the moving droplets [57, 77, 84, 86]. Advances in detecting the exact position of the stalled
droplet made it possible to greatly refine this approach, as the displacement of the droplet
relative to the center of the laser beam is a measure for the force experienced by the droplet
(Fig. 3E, I). This refinement now makes it possible to perform force measurements on single
droplets and to follow changes in force production by the same droplet over time [59, 76,
85]. Such quantitative analysis has revealed that plus-end moving lipid droplets are typically
propelled by the simultaneous activity of 2-3 copies of kinesin-1 [59, 76] (Fig. 5E); the
situation for minus-end directed motion is likely similar [76].

Until recently, Drosophila embryonic droplets were essentially the only in vivo system that
allowed quantifiable force measurements of moving cargoes. More recent work has shown
that similar force measurements are possible with lipid droplets in cultured mammalian cells
[120, 121] or droplets isolated from liver whose motion has been reconstituted in vitro
[122]. By allowing cultured cells to phagocytose latex beads, it is now also possible to trap
phagosomes and related vesicles and measure the forces generated during their motion [123,
124]. Like for embryonic lipid droplets, these vesicles appear to move by the combined
activity of a small number of motors.

Biochemical purification

One of the distinguishing characteristics of lipid droplets is their high neutral lipid content;
as a consequence they have a much lower buoyant density than any other cellular structures,
including vesicles, mitochondria, or membrane fragments. This property has been used
extensively to purify lipid droplets by floatation, from a variety of sources: bacteria, fungi,
plants, cultured animal cells, and various animal body parts and tissues. This technique has
been adapted to Drosophila embryos (Fig. 3J), and droplets can be isolated to high purity, as
determined by visual inspection and markers for other organelles [15, 87]. Such preparations
of purified droplets have subsequently been analyzed by SDS PAGE (Fig. 3K), western
blotting, and proteomics approaches, to reveal their protein content [15, 16, 19, 56, 76, 83,
85, 87], and by immunoprecipitation, to uncover physical interactions between droplet-
localized proteins [16]. To isolate lipid droplets corresponding to specific developmental
stages, adult females are allowed to lay eggs only for a short period of time, and then these
collections are aged to the appropriate stage. Using ~1hr long laying times, it was uncovered
that droplet protein content changes between phases of transport [15, 83, 87].

For other motile organelles, studies into the mechanism of motion have greatly benefitted
from the ability to reconstitute motility in vitro [125]. For lipid droplets, in particular, such a
system would allow powerful comparisons with isolated motors on the one hand (e.g., it is
possible to purify kinesin-1 from Drosophila embryos [126]) and in-vivo motion on the
other hand. Droplets isolated from rat liver are quite motile in vitro [122], although motion
is dominated by kinesin-1 and not obviously bidirectional. Droplets purified from
Drosophila embryos have kinesin-1, cytoplasmic dynein, and dynactin attached to them and
can exhibit long-range unidirectional motility [58]. They also show frequent short-range (a
few hundred nanometers) back-and-forth motion, but not yet the sustained bidirectional runs
of 1 um or more observed in vivo [58]. Thus, robust bidirectional in-vitro motility has not
yet been achieved, but even with the partial reconstitution possible so far, one can ask how
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impairing various known transport regulators (e.g., by isolating droplets from mutant
embryos) affects various parameters, like run length and travel velocity, and whether this
reproduces the effect of the mutations in vivo.

In-vivo centrifugation

The low buoyant density of lipid droplets can also be used to separate droplets from other
cellular components in vivo [127] (Fig. 3L,M). Embryos, if still surrounded by their eggshell
or even just the vitelline membrane, can withstand substantial centrifugal forces without
deformation. During cleavage and syncytial blastoderm stages, the embryo is essentially a
single cell, and upon centrifugation, intracellular constituents should be free to move and
arrange according to their density. Major organelles indeed separate reproducibly along the
heavy-light axis [15]. This assay has been used to enrich droplets for transplantation [15]
and to determine localization of proteins to lipid droplets [15, 16, 56, 87, 105].

Separating cellular constituents via centrifugation also works well in other large cells, like
nurse cells, oocytes, and the eggs of other species [15, 16, 127, 128]. It even has been used
successfully for the unicellular alga Euglena [129] and for hyphae of the bread mold
Neurospora [130]. Finally, for fission yeast, centrifugation is employed to displace the
nucleus within the cell to study the mechanism by which nuclei find their way back to the
center [131]. Thus, in-vivo centrifugation might work in many cells or tissues to spatially
enrich lipid droplets.

IV. The droplet lipidome

The lipid component of lipid droplets can be quite complex, with hundreds of lipid species
[132]. Lipid composition can also vary dramatically between cells: mammalian adipocytes
are triglyceride rich, while testis droplets and macrophage droplets prominently contain
sterol esters. In addition, the exact mix of phospholipids present at the droplet surface
controls the droplet's surface properties and plays a role in size control [133].

Given the importance of various lipid species for both structure and function of the droplets,
it is surprising that no characterization of the lipid content of Drosophila embryonic lipid
droplets has yet been published. Triglycerides presumably are a major component since
early embryos are rich in these neutral lipids [16, 51, 73] and need them for energy
production and membrane synthesis. Sterol esters likely also make a contribution: the
embryo needs sterols as membrane precursors as well as for steroid hormone signaling (e.g.,
[134]), yet insects cannot synthesize sterols and have to take them up with the food. Thus,
the embryonic sterols must be maternally provided, and are presumably stored as sterol
esters in lipid droplets; indeed, early embryos are rich in sterol esters [135]. Lipidomics has
revealed a rich diversity of lipids across various life stages of flies [135-137], and similar
studies on the lipid droplets of embryos should provide an important source of new
information on the biological roles of the droplets, and may shed light on the mechanisms of
droplet motility and of protein sequestration.

In mammalian cells, sterol esters and triglycerides have been reported to be stored in distinct
droplets, even within the same cell, droplets that also differ in their protein complement
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[138]. This issue has not yet been examined in Drosophila embryos, and it remains
unknown whether embryos contain droplets of distinct identity or composition: the droplet
population is not differentiated into obvious size classes, and the few droplet proteins that
have been examined by imaging have not shown dramatic variation between droplets [15,
16, 87]. The only exception is a GFP fusion of the droplet-targeting domain of Klar (GFP-
LD; [56]), whose levels vary dramatically even on neighboring droplets. But the nature of
this variation is obscure, and may not reflect different composition of the droplets but rather
their origin [56].

V. The droplet proteome

Proteomic studies suggest that lipid droplets can be associated with hundreds of proteins
[21, 139]. The lipid droplets of Drosophila are no exception. The one published analysis of
early embryonic droplets isolated droplets by sucrose-gradient centrifugation and uncovered
over 500 candidate droplet proteins [15]. A priori, it is not clear, which of these proteins are
bona fide lipid-droplet proteins and which might simply be due to unavoidable
contamination during the biochemical isolation. One study estimated that the fraction of
contaminants in droplet preparations using conventional proteomics approaches may be as
high as 90% [140]. Thus, as for other lipid-droplet proteomes, most of the candidate proteins
of embryonic droplets await validation by independent tests. It is important, however, not to
prematurely dismiss candidates as false positives: Histones, for example, are abundant
cellular proteins and frequent contaminants in various proteomic analyses; yet for
Drosophila embryos follow-up studies demonstrated that histones are true droplet
components [15] with important biological functions [16, 19] (see section VI).

Validation is possible by a comprehensive set of techniques. They include standard
approaches employed in many other systems, such as western analysis of isolated droplets
[76, 87] and colocalization with droplet markers (Fig. 1B), (either in intact embryos [16, 56,
83] or squash preparations [77, 87]). In addition, a number of mutants are available that
predictably alter the global distribution of lipid droplets; a genuine droplet protein has to
show the same changes in distribution [16, 56] (Fig. 6E). In addition, co-localization is
easily demonstrated by in-vivo centrifugation [15, 127] as droplet proteins are highly
enriched in the lipid-droplet layer [15, 56, 87, 105] (Fig. 4A,C). Finally, if mutants in
candidate proteins are available, they can be used to probe for phenotypic effects on droplet
properties, such as changes in motility parameters [76, 77, 85]. New validation strategies
that employ global proteomic comparisons across many different biochemical fractions
[140] have yet to be applied to embryonic droplets.

Validation has so far been achieved for just a small number of proteins (see Table 2). This is
a highly selected group of proteins involved in lipid-droplet motion and protein
sequestration since these are the processes most often studied in early Drosophila embryos.
A number of other proteins found by mass spectrometry are also highly likely to be true
droplet proteins since they have been verified to be droplet-associated in cultured fly cells or
at other developmental stages or their orthologs are known to localize to lipid droplets (for
example, CG9186 [141] or the Drosophila ortholog of CGI-58 [142, 143]).
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There are two other published droplet proteomes from Drosophila sources, one using
droplets from larval fat bodies [61], the other droplets from cells grown in culture [140] (the
widely used fly S2 cell line). The overlap between these sets is surprisingly small (as
compiled in Fig. 5A of [140]): Only four proteins were present in all three sets. The
differences observed might simply be due to distinct levels of contamination in the three sets
or more or less stringent criteria for including a candidate. For example, for the droplets
from cultured cells, protein correlation profiling was used to exclude proteins predominantly
localizing in non-droplet fractions [140]; of the 20 candidates analyzed by microscopy, 18
displayed (exclusively or in part) localization in the ring-like pattern characteristic for lipid-
droplet proteins (Fig. 1B), suggesting a very low false positive rate [140]. Alternatively, the
difference between the three sets might reflect differences in expression levels of those
candidates in different types of cells or might be due to tissue-specific targeting to droplets.
For example, three types of histones are among the most abundant lipid-droplet proteins in
embryos, and their droplet localization has been abundantly confirmed by many independent
approaches [15, 16]. Yet, these histones are not detectable on lipid droplets in S2 cells [15,
140]. For detailed lists of the proteins shared between the embryo and cultured-cell sets and
embryo and fat body sets, respectively, see [140] and [37].

Some proteins, like certain Perilipins, localize constitutively to lipid droplets [68, 144]; for
others, droplet localization is conditional; e.g., the lipase HSL translocates to lipid droplets
in response to lipolytic stimuli [145] while the enzyme CCT1 relocates to droplets when
they expand [36]. For the proteins in Table 2, changes in protein levels during the first few
hours of embryogenesis occur for the histones H2A, H2B, and H2Av [15, 16] and the
dynein co-factor BicD [83] (Fig. 6D), whose droplet levels go down as development
proceeds. In addition, the Perilipin LSD-2 transiently changes its phosphorylation state [87]
(Fig. 6D). Over longer time frames, the droplet protein content likely changes more
dramatically: proteomic analyses of larval fat-body and of embryonic droplets show massive
differences [15, 37, 61], and direct comparisons of the droplet proteome of different life
stages of the moth Manduca sexta [146] reveal major remodeling across development.

For a number of lipid-droplet proteins, there have been tremendous advances in our
understanding of how they are targeted to lipid droplets [2, 26, 147]. For the proteins in
Table 2, however, very little is known in this regard. Histones are anchored to droplets via
Jabba [16], presumably by electrostatic interactions, since salt washes can remove histones
from droplets [15]. Although histones and Jabba have been found to co-immunoprecipitate
and thus apparently are present in common protein complexes [16], it remains unknown
whether they directly interact and which regions of Jabba, a novel protein, mediate the
interaction. For Klar, targeting to lipid droplets is mediated by its C-terminal LD-domain,
possibly via an amphipathic helix [56, 105]. LSD-2 binding to droplets is dominated by
hydrophobic interactions [15], and a model for droplet binding has been proposed by
modeling and analysis of GST fusions [148].

VI. Histone sequestration

When lipid droplets are biochemically purified from early Drosophila embryos, three types
of histones are among the most prominent proteins present, the core histones H2A and H2B
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and the variant histone H2Av [15, 16]. In newly laid embryos, the histone content of the
droplets is equivalent to that in thousands of nuclei [15]. This does not represent
contamination with chromatin since other core histones (H3 and H4) were not found.
Indeed, a combination of biochemical, genetic, and in-vivo imaging studies established
conclusively that histones are prominent lipid-droplet proteins in these embryos [15], using
the validation criteria discussed in the previous section (Fig. 4A, B).

Histone association with lipid droplets is developmentally controlled [15]. It can already be
detected in nurse cells and oocytes, is massive during early stages, and declines during the
first few hours of embryogenesis, so that by 12 hrs histones were no longer detected on
droplets [15]. By mass spectrometry, certain histones (H2Av, H2B, and H4) were also found
in purified droplet samples from larval fat body [61]. In addition, mutations in Jabba, the
histone anchor on lipid droplets (see below), partially reduce a cytoplasmic histone H2B
pool in extracts from adult flies [19]; the nature of this histone pool is unknown, but may
represent lipid droplets since Jabba is a droplet protein. In contrast, in S2 cells, a common
Drosophila cultured cell line, histones were not detected on lipid droplets [15, 140]. Finally,
proteomic analysis of various life stages of the moth Manduca sexta [146] revealed the
presence of H2A, H2B, and H4, but relative amounts varied with developmental stage.

In the early embryo, droplet association of histones is transient. Bulk measurements of
histone levels on droplets reveal that histones leave lipid droplets during the first few hours
of embryogenesis [15]. When droplets with H2Av-RFP were transplanted into recipient
embryos corresponding to Phases | or I, H2Av-RFP appeared in nuclei within tens of
minutes [15], leading to the proposal that droplet-bound histones are a storage site for
histone used later on for chromatin assembly. Whether histones leave lipid droplets with
similarly rapid kinetics at other developmental stages remains to be examined.

Jabba anchors histones to lipid droplets

Histones are bound to lipid droplets via electrostatic interactions [15], and the novel protein
Jabba has been identified as necessary for recruiting histones to droplets, likely acting as
histone anchor [16]. Jabba localizes to lipid droplets in early embryos and in ovaries [16]
and is one of the most abundant proteins in purified droplet samples from such embryos [15,
16], rivaling or exceeding histones in abundance. GFP fusions of Jabba also localize to lipid
droplets in cultured Drosophila cells [16].

Jabba mutants have abundant lipid droplets, but compared to the wild type these droplets
lack a number of proteins, including histones [16]. Absence of histones was confirmed by
western analysis of purified droplets, immunostaining of centrifuged embryos (Fig. 4C), and
observation of live embryos expressing H2Av-GFP. Thus, Jabba is necessary for the
presence of histones on lipid droplets.

Two lines of evidence suggest that Jabba anchors histones to droplets by physical
interactions [16]. First, when H2Av-GFP is immunoprecipitated from droplet preparations,
Jabba — but not other lipid-droplet proteins — are found in the pellet. Second, reduction in
Jabba levels results in a parallel decrease of droplet-bound histones. Whether Jabba directly
contacts histones or via intermediary proteins is currently under investigation.
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The Jabba locus has the potential to encode seven protein isoforms that share a common 320
aa N-terminus and vary C-terminally [16]. Western analysis reveals multiple Jabba-specific
bands [16], but which bands correspond to which isoform(s) remains to be established. Not
all of these versions of Jabba behave identically: some are highly enriched on purified lipid
droplets, while others are undetectable. It is unknown if those latter forms of Jabba localize
elsewhere in the embryo or are lost during purification; however, immunolocalization in
undisturbed and in centrifuged embryos has detected Jabba unequivocally on lipid droplets.

Jabba is required for high histone levels in the embryo

Across eukaryotes, histone expression levels are typically carefully balanced. If too few
histones are available, replication is slowed down, transcription patterns are altered, and
cells are more sensitive to DNA damage [149-152]. Histones present in excess also disrupt
gene expression patterns, increase DNA damage sensitivity, and result in chromosome loss
during mitosis and lethality [153-156]. As a result, transcriptional and post-transcriptional
regulation typically limits histone biosynthesis to times of need [157, 158], and excess
histones are proteolytically degraded [159, 160].

Drosophila embryos are an exception to this rule, as the newly laid embryo contains a
thousand fold excess of histone proteins [15]. In other animal eggs, e.g. the frog Xenopus
[161], a similar maternally provided histone pool is present, and it had been proposed that
this pool provides the building blocks for rapid chromatin assembly in the earliest
embryonic stages. In Drosophila, Jabba plays a crucial role in maintaining the maternal
histone protein pool since it is severely compromised in newly laid Jabba mutant embryos:
levels for histones H2A, H2B, and H2Av are dramatically reduced compared to wild type; in
contrast, levels of H3, not found on lipid droplets, are normal [16].

Indirect evidence suggests that this deficit in the maternal histone pool is not due to
problems with histone biosynthesis, but with maintaining this pool. In Jabba mutant
embryos, histone mMRNA levels are unaltered, and these histone messages can be translated.
In yeast and mammalian cells, excess histones are eliminated by proteasome-mediated
degradation [149, 153, 162]. It was therefore proposed that wild-type Drosophila embryos
accumulate extra-nuclear histones because droplet binding, via Jabba, protects the histones
from degradation. The mechanisms for histone turnover in Drosophila remain unexplored,
but recent insights in yeast into the molecular machinery mediating histone turnover [159,
163] should lead to direct tests whether histone degradation is indeed increased in the
absence of Jabba.

Droplet-bound histones provide a largely redundant source of histones to support early
embryogenesis

Early embryos contain not only the histone protein deposit associated with lipid droplets, but
also histones mRNAs, provided maternally and later replenished by zygotic transcription
[158, 164] (Fig. 4E). Although new translation of histones was initially thought to make
little contribution before cycle 14 [158, 165], histone levels do indeed rise after fertilization
[75] and lack of zygotic transcription of histones has been linked to increased risk of DNA
damage [166]. In Jabba mutant embryos, new synthesis of H2A/H2B/H2AV proteins is able
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to compensate for the lack of the maternal histone deposit so that by 3.5 hrs of development,
they have caught up to wild-type levels [16].

This rescue of normal histone protein levels is likely the reason why Jabba mutant embryos
are viable and grossly normal, even though they lack the maternally provided histone
supply. Indeed, Jabba mutants were initially thought to develop entirely normally [16].
However, when raised at elevated temperatures to speed up development, they display
mildly reduced survival and excessive “nuclear falling” [75], an embryo-specific DNA
damage response that eliminates defective nuclei during blastoderm stages [167]. These
findings suggest that Jabba and histone-sequestration on droplets contribute to the thermal
robustness of embryogenesis, which in the wild type is remarkably consistent across a broad
temperature range [168].

Massive nuclear falling is also observed in embryos with a severely compromised histone
supply [164], suggesting that it is the lack of maternal histones that causes this defect in
Jabba mutants. However, these mutants also lack other droplet proteins, and thus the
connection to histones remained tentative. This issue was addressed when it was discovered
that specifically compromising new histones synthesis in a Jabba mutant background
dramatically enhances nuclear falling [16]. The mRNAs of core histones do not carry PolyA
tails, but instead end in characteristic stem loops. This stem loop is bound by the stem loop
binding protein (the Drosophila version is called dSLBP) (Fig. 4E), an interaction that
promotes correct processing and stability of these mMRNAs [164]. Partial reduction of dSLBP
levels has no detectable effects on the development of wild-type embryos, but in Jabba
mutants it results in loss-of-histone phenotypes, including abnormal mitoses, DNA damage
responses, and almost complete embryo lethality [16]. These observations suggest that the
droplet-bound histones become essential for life when new histone biosynthesis is even
mildly impaired. Consistent with the idea that droplets serve as a redundant source of
histones for early development, the loss of histones from droplets is accelerated when new
histone biosynthesis is impaired [16]. These findings suggest that the embryonic lipid
droplets provide a redundant pool of histones to support early embryogenesis and thus are
indeed histone storage sites.

Droplets as histone buffers—Immunostaining of early Jabba mutant embryos revealed
a striking imbalance of histone accumulation in the nuclei: While the nuclear signal for the
canonical histones H2A, H2B, and H3 was indistinguishable from the wild type, nuclear
signal of the variant H2Av was two to three fold increased, but only in specific nuclear
cycles [75] (Fig. 4F). Because developmental westerns suggest that in the early embryo
H2Av and canonical histones are synthesized in an imbalanced manner, it was proposed that
H2Av produced in relative excess could be captured by lipid droplets and prevented from
being imported into the nuclei. This mechanism would ensure proper nuclear balance
between variant and canonical histones in the wild type, even if levels in the cell overall are
imbalanced; in Jabba mutants, lack of this sequestration then results in improper histone
ratios in the nucleus. Indeed, when lipid droplets were transplanted between embryos,
histones from the recipient embryo could be recruited to the droplets from the donor,
indicating that histones can indeed be loaded onto droplets in the embryo [75]. These
observations indicate that lipid droplets do not only serve as sites for long-term storage of
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histones produced during oogenesis, but that they also provide short-term buffering ability in
the embryo. This buffering function is likely biologically important as Jabba mutant
embryos are hypersensitive to H2Av overexpression [75].

Droplet-bound histones as antibacterial defense—In vitro, histones have potent
bactericidal activity [169]. Lipid droplets purified from Drosophila embryos are also highly
toxic to both gram-positive and gram-negative bacteria [19]. This killing activity is — largely
or completely - due to the histones bound to the droplet surface: for example, it is abolished
when histones are stripped from droplets by salt washes, when anti-histone antibodies are
included with the purified droplets, or when droplets from Jabba mutants are used [19]. To
test whether this killing activity was relevant in vivo, GFP-labeled E. coli were
microinjected into both wild-type and Jabba mutant early Drosophila embryos. The
presence of histones on lipid droplets had a profound effect on bacterial proliferation: at the
employed dosage, bacterial load decreased in the wild type, but increased dramatically in the
mutants [19] (Fig. 4G). When challenged with pathogenic bacteria via microinjection, wild-
type embryos also survived several-fold better than Jabba mutants. These observations
suggest that droplet-bound histones can serve as a potent antibacterial defense and may
constitute a novel form of innate immunity against intracellular pathogenic bacteria [19].

Is has not yet been established whether this defense strategy contributes to embryo survival
in the wild. Embryos are protected by a multi-layer eggshell that is impermeable to even
medium-sized molecules and thus they would not seem to be at risk from bacterial
pathogens. However, later embryonic stages can induce a strong classical immune response
after experimental bacterial exposure [170, 171], implying a real risk of infection in nature.
Possibly, pathogens could enter the egg if the eggshell is mechanically damaged or
chemically compromised, e.g., by nematode or insect predators. Alternatively, the droplet-
bound histones — already present in oocytes [15] — might prevent transmission of bacterial
pathogens from the mother to the embryo.

Jabba-mediated anti-bacterial protection also appears to be active in adult flies [19]. Jabba
mutants exposed to the intracellular pathogen Listeria monocytogenes build up larger
bacterial loads than wild-type controls and die much more readily. The mechanism of this
protection remains to be explored in detail, but a non-nuclear histone pool — presumably
associated with lipid droplets — is reduced in Jabba mutant adults [19]. Intriguingly, Jabba
is also among a group of 229 Drosophila immune-regulated genes that are significantly
upregulated in adults following a bacterial challenge [172, 173].

A moonlighting role for histones on droplets?—There is now strong evidence that
droplet-bound histones can leave the droplets and make profound contributions to chromatin
assembly and antibacterial defense. It is an open question whether the histones are stored on
the droplets solely for such use elsewhere in the cell or whether they also function on the
droplets. In Jabba mutant embryos, the embryonic triglyceride content is normal, yet
droplets display abnormal clustering [16]. Although this anti-clustering activity of Jabba
may be unrelated to histones, histones on the droplet surface might possibly provide a
positively charged shell that prevents the droplets from approaching too closely and thus
does not allow them to stick to each other. In cultured cells, droplets have a tendency to
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cluster [36], a tendency that may need to be suppressed in the early embryo to allow the
droplets to be highly matile.

VII. Lipid droplets as general protein sequestration sites

Histones on lipid droplets are widespread

Available evidence suggests that association between lipid droplets and histones is not
restricted to Drosophila embryos but occurs from fungi to mammals: By
immunolocalization, histones have been detected on lipid droplets in Drosophila ovaries
[15], in housefly embryos [15] and in mouse oocytes [93], as well as on the lipid-droplet—
related microvesicles of mammalian sebocytes [174]. Western analysis has detected specific
histones on lipid droplets isolated from mouse liver [19]. Finally, specific histones have
been reported as part of the lipid-droplet proteome isolated from unicellular eukaryotes [175,
176], nematodes [104], various insect tissues [61, 146], and several mammalian cell types
[177-179].

The biological role of these droplet-bound histones remains to be elucidated. On the one
hand, they may act in innate immunity like in Drosophila. Intriguingly, lipid droplets from
mouse liver carry histones, and histone levels go up after a simulated infection [19], possibly
indicating an adaptive antibacterial response. The liver is indeed involved in protection
against bacterial pathogens [180]. On the other hand, rerouting histones to lipid droplets
prior to chromatin assembly might control histone levels post-translationally, balance the
supply of different histones, or store histones for contingencies. Such roles could have broad
implications since abnormal histone levels are linked to cancer progression and aging and
can cause altered transcription, mitotic defects, and increased DNA damage sensitivity
[149-151, 153-155, 160, 181].

For Drosophila larvae, there is an intriguing, though at the moment only highly speculative
link for a connection between lipid droplets and chromatin assembly: In mammalian cells,
the metalloprotease invadolysin localizes to lipid droplets [182]. In Drosophila, animals
mutant for invadolysin die as third-instar larvae, with defects in mitotic chromosome
packaging [183]. Genetic interaction studies suggest that these phenotypes result from a
pathway controlling histone ubiquitination, and Invadolysin mutants indeed display
overaccumulation of mono-ubiquitinated histone H2B [184]. However, whether invadolysin
is present on droplets in Drosophila larvae and whether it is there it interacts with H2B is
not yet known.

Refugee proteins

Besides histones, there are many other proteins with known functions elsewhere in the cell
that associate with lipid droplets in certain cell types or under certain conditions, e.g., the
cytosolic enzyme Inosine-5’monophosphate dehydrogenase (IMPDH) [185], the
spliceosome activator Prp19p [186], the membrane protein caveolin [187, 188], ApoB, a
component of secreted lipoprotein particles [17], and possibly HMG CoA reductase [189]
(but see [190]). These proteins might play novel roles on lipid droplets; alternatively, they
might be transiently sequestered on lipid droplets before or after acting elsewhere in the cell
[15, 20], a notion captured by the term “refugee protein”. It has been speculated that droplet
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sequestration might inactivate toxic proteins, prevent aggregation of proteins lacking
binding partners, promote assembly of macromolecular complexes, or deliver proteins
intracellularly, via motile droplets [20, 21, 191].

This notion of lipid droplets as protein sequestration sites has been critically examined only
in a few cases: several viral proteins transiently accumulate on lipid droplets, and this
association promotes assembly of the final viral particle [11, 12]; and maternal histones are
stored on lipid droplets of Drosophila embryos [16]. But many of the reported lipid-droplet
proteomes contain numerous proteins from other cellular compartments. If even a small
fraction of these proteins are not contaminants or moonlighting proteins, then lipid droplets
might have important cellular roles far beyond lipid metabolism. In turn, altered lipid
metabolism could affect many other cellular processes via overstorage (such as in obesity)
or understorage (as in lipodystrophies) of lipids, as the extent of cellular lipid storage would
presumably influence the cell's protein sequestration potential.

The droplets of early Drosophila embryo might carry refugee proteins other than histones,
as proteomic analysis suggests the presence of many proteins from other compartments [15].
One prominent example includes selected subunits of ATP synthase, also found in lipid-
droplet preparations from CHO cells [192], adipocytes [143], Drosophila larval fat body
[61], several life stages of the moth Manduca sexta [146], yeast [193], and a dinoflagellate
[176]. That an enzyme ordinarily targeted to the mitochondrial matrix may be present on
lipid droplets is certainly surprising, but there is a precedent for a non-canonical intracellular
distribution of ATP synthase subunits: in some cells, they have been shown to localize to
and function at the plasma membrane [194, 195].

A role of droplets in protein sequestration may also provide an explanation for a puzzling
link between lipid metabolism and early development: Females mutant for the long-chain
acyl-CoA synthetase (Acsl/CG8732) produce embryos with characteristic segmentation
defects, i.e., embryos lack adjacent morphological features along the head-to-tail axis [196].
Acyl-CoA synthetases activate free fatty acids, and different family members direct fatty
acids into different metabolic pathways [197]. How lack of activation of fatty acids might
bring about such specific developmental defects is obscure, but one of the hypotheses
proposed [196] was that aberrant formation of lipid droplets in the mutants might influence
the delivery or generation of signaling molecules or the storage of maternal determinants.
Acsl is indeed implicated in droplet function: In cultured fly cells, Acsl localizes to LDs
[140], and knockdown results in smaller droplets [36]. Among the mammalian family
members, Acsl is most similar to ACLS3 and 4: in the fly nervous system, ACLS4 is
functionally analogous to Acsl [198]; ACSL3 is essential for the correct initiation of droplet
formation from the ER [199].

VIII. Droplet motion — general considerations

As discussed in section I, lipid droplets are highly motile in Drosophila oocytes and
embryos. In the embryos, almost all droplets are in constant motion, moving bidirectionally
along microtubules [57]. In stage 10B oocytes, lipid droplets display both passive flow due
to cytoplasmic streaming and active motion along microtubules, in both directions [53].
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Unlike in the embryo, individual droplets have not been observed to display bidirectional
motion. Here, reversals of travel direction are rare; rather droplets move unidirectionally and
then diffuse away, presumably after detaching from the microtubules. It is unknown how the
switch from predominantly unidirectional motion in oocytes to an entirely bidirectional
mode of transport in embryos is accomplished.

There has not yet been a systematic attempt to determine to what extent droplet motion
occurs in other tissues and life stages. The massive lipid droplets predominant in the fat
body, the adipose tissue of the fly, are probably too bulky for extensive motion, if any. But
many other tissues (e.g., wing imaginal discs, larval salivary glands, and follicle cells [48,
56, 200]) contain numerous tiny lipid droplets, and even in the fat body, there are
subpopulations of small droplets [201]. To my knowledge, no attempts have been made to
determine whether any of these droplets move and in what manner. Time-lapse movies of
Drosophila S2 cells during fatty acid feeding display abundant and seemingly chaotic small-
scale excursions, and over long time periods droplets accumulate in clusters [36], though it
is unclear whether these movements are microtubule-based or represent Brownian motion.

The biological reasons for the massive and highly regulated droplet movements in early
embryos remain largely a mystery. Under laboratory conditions, the exact global distribution
of lipid droplets is not critical for survival since mutations that disrupt net inward transport
in Phase Ila [86, 87] or net outward transport in Phase 111 [57, 105] allow embryos to
develop into viable and fertile adults. Because the major net inward transport of droplets
occurs just before cellularization, it is tempting to speculate that the droplets need to be
moved out of the way for this massive and highly synchronous assembly of new cell
membranes to occur correctly. However, in halo mutants, lipid droplets fail to display net
inward transport in Phase Ila (Fig. 6E), yet no defects in cellularization have been observed
[86]. The overall pattern of net inward and outward transport (Fig. 2C) is similar among
many different Drosophila species and even in house flies (cited in [15]), suggesting that
this process has been conserved for at least one hundred million years of evolution. This
conservation strongly suggests that regulated redistribution of lipid droplets is somehow
advantageous for long-term survival in nature. Yet, the only organismal consequences of
aberrant droplet distribution that has been noted so far is a subtle change in histone gene
expression, when lipid droplets fail to move back into the periphery in Phase 111 [15]. For
studying the mechanism of droplet motion, the lack of strong organismal phenotypes is
beneficial, because this feature makes it possible to disrupt the transport system genetically,
even severely, without having to be concerned about secondary effects of lethality.

There is an additional puzzle: Why do the droplets move bidirectionally rather than
unidirectionally? If the main purpose of droplet transport is to change the intracellular
distribution of droplets, achieving this net transport via slightly imbalanced back-and-forth
motions appears inefficient and energetically incredibly costly. This puzzle also applies to
other example of bidirectional transport along microtubules, a major class of intracellular
motion [79, 80]. One possibility is that bidirectional motion enables quick changes of
transport direction and makes it possible to set up graded intracellular distributions rather
than to simply deliver the cargo to a fixed destination. Bidirectional transport may also
increase the rate of physical encounters with other organelles and thus might facilitate the
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exchange of proteins and lipids between compartments. For lipid droplets in embryos, the
extensive bidirectional motion may allow droplets to deliver refugee proteins throughout the
embryonic periphery or soak up toxic lipids and proteins, sweeping through the cytoplasm
like a vacuum cleaner. Although intriguing, these ideas are currently difficult to test, in part
because it is not yet possible to abolish droplet motion selectively: The only described
example that completely abrogates bidirectional droplet transport in the embryo is genetic
ablation of kinesin-1; but kinesin-1 has many other functions, and such embryos fail to
cellularize and die in mid-Phase Il [76], which presumably masks more subtle effects of the
absence of droplet motion.

Droplet motion is not a peculiarity of Drosophila. Lipid droplets move in many cells, from
fungi to humans [24]. Droplet motion has been linked to nutrient transport, biogenesis and
breakdown of lipid droplets, protein and lipid exchange between cellular compartments, and
even the maturation of viruses. In most of the cases that have been analyzed in detail,
droplet motion depends on microtubules, like in Drosophila embryos [24], but in some
cases, droplet motion is partially or entirely driven by actin-based mechanisms [50, 92, 202],
and droplet movements in fission yeast have been proposed to be entirely due to Brownian
motion [203].

IX. The droplet motors

The droplet plus-end motor: Kinesin-1

Kinesin-1, also called conventional kinesin, is a well-characterized molecular motor that
uses the hydrolysis of ATP to “walk” along microtubules. Kinesin-1 is a hetero-tetrameric
molecule, made of two heavy chains (Khc) and two light chains (Klc). The motor domain,
encoded by the heavy chain, binds to microtubules and has ATPase activity, while the tail of
the motor, formed jointly by heavy and light chains, attaches to the cargo to be transported.
Kinesin-1 is responsible for a wide range of intracellular transport processes [204]; it powers
the transport of RNAs, mitochondria, and vesicles, in animals from squid to flies to
mammals. It has particularly prominent roles in axonal transport, and its malfunction has
been linked to neurodegenerative diseases such as Alzheimer's Disease [205].

Multiple lines of evidence demonstrate that kinesin-1 also drives the plus-end motion of
embryonic lipid droplets (Fig. 2D). Embryos lacking the kinesin heavy chain (Khc) entirely
display dramatic disruption in droplet motion: there is no net inward transport in Phase lla,
and at the single particle level all directed motion is abolished [76]. This complete lack of
motion, in the plus- as well as the minus-end direction, likely reflects motor matchmaking
[206], the little understood interdependence of the opposing motors on bidirectionally
moving cargoes (see below), but might potentially indicate that kinesin-1's role is indirect,
e.g., being responsible for earlier assembly of the motor machinery during oogenesis, and
that another motor powers droplet motion. However, both Khc and Klc can be detected by
western analysis in purified droplet preparations [76, 85], and association of Khc and
droplets was observed after immunostaining of purified droplets [58]. In addition, acute
kinesin-1 inhibition via antibody injection into the embryo disrupts droplet motion within
minutes [76], and Khc alleles that impair, but do not abolish kinesin-1 function support
droplet motion, but with altered characteristics [76]. Finally, reduction in Khc levels results
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in concomitant reduction of droplet stall forces [76]. Taken together, these observations
argue convincingly that kinesin-1's effect is direct and that kinesin-1 is the motor
responsible for plus-end motion of lipid droplets. And although for some cargoes the kinesin
heavy chain can function without the light chain, e.g., in mitochondrial transport [207],
droplet transport requires the canonical kinesin-1 since Klc is present on droplets and kic
mutants abolish droplet motion [76].

How kinesin-1 is linked to its cargoes is well established in some cases [208, 209]. In
contrast, the molecular machinery that links kinesin-1 to lipid droplets remains unknown.
However, how much kinesin-1 is attached apparently depends on the total amount of
kinesin-1 present in the embryo: Reduced Khc dosage results in lower Khc protein levels
both in the embryo as a whole and on lipid droplets [76].

The available evidence suggests that kinesin-1 also powers plus-end motion of lipid droplets
in other systems. Lipid droplets isolated from rat liver display active motion along
microtubules in vitro, mostly in the plus-end direction [122]. Since western analysis detects
kinesin-1 on these purified droplets and a peptide inhibitor of kinesin-1 reduces droplet
motility in a dosage-dependent manner, droplet motion is apparently largely driven by
kinesin-1 [122]. Using mass spectrometry, kinesin light chain had already been identified as
a candidate droplet protein of rat hepatocyte lipid droplets [210]. HEK293 cells, derived
from human embryonic kidney cells, display clustered lipid droplets when PLIN1 is
ectopically expressed, and in response to increased cCAMP levels these droplets disaggregate
and disperse, in a process accompanied by bidirectional transport along microtubules [211].
These droplets show significant colocalization with kinesin-1 family members. Finally, lipid
droplets in COS-1 cells, fibroblast-like cells derived from African green monkey kidneys,
also show active motion, and knockdown of casein kinase 2 (CK-2) severely reduces droplet
stall forces, as measured by in-vivo optical trapping [121]. As CK2 can bind to and activate
kinesin-1 in vitro [121] (by inducing a conformational change [212]), these observations are
consistent with the notion that kinesin-1 also powers droplet transport in COS-1 cells.
Proteomic analysis identified CK2 in preparation of purified Drosophila embryonic lipid
droplets [15], though its functional significance has not yet been tested.

The droplet minus-end motor: cytoplasmic dynein

Cytoplasmic dynein is structurally more complex than kinesin family members: it contains
two heavy chains (responsible for force production), intermediate chains and numerous light
chains [213]. Like kinesin-1, it uses the hydrolysis of ATP to walk processively along
microtubules. In vivo, cytoplasmic dynein acts in a dizzying range of processes, from
chromosome segregation to nuclear positioning to the transport of myriads of cargoes,
including lysosomes, endosomes, mMRNA particles, mitochondria, and viruses. In fact,
cytoplasmic dynein is responsible for the vast majority of all minus-end cargo transport in
cells. Although in vitro dynein displays robust motor activity on its own, in vivo it requires a
large array of cofactors, including Dynactin, Bicaudal D, and Lis-1; individual cofactors
contribute to different subset of dynein's cellular roles. Some cofactors target dynein to
specific cargoes [213], while others modulate dynein's force production [214].
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There is good evidence that cytoplasmic dynein also powers the minus-end transport of lipid
droplets in Drosophila embryos (Fig. 2D). On the one hand, dynein intermediate chain is
present on droplets, as judged by immunostaining of squash preparations of embryos [77] or
purified droplets [58] as well as by western analysis of purified droplets [87]. On the other
hand, mutations in dynein heavy chain as well as in the known dynein regulators BicD and
Dynactin alter specific parameters of droplet motion [77, 83, 84]; in addition, severe
disruptions of dynein heavy chain and of BicD also prevent net minus end transport in Phase
I11, resulting in abnormally transparent embryos [77, 83]. Since dynein plays essential roles
in oogenesis [113], it has not been possible to examine how full disruption of dynein
function might impact droplet motion. However, acute disruption of dynein activity via
injection of function-blocking antibodies is in principle possible and has been used to study
the role of cytoplasmic dynein in RNA localization in early embryos [215, 216].

Given the many distinct roles of dynein, it is not unexpected that there are many different
ways to link dynein to cargo [213]. In some cases, dynein subunits directly contact proteins
on the cargo, though more frequently dynein partners act as the linking proteins, such as
Dynactin or others. For lipid droplets, very little is known about the linking mechanism.
Dramatic reduction of BicD levels results in much fewer droplets whose motion can
detected, suggesting that BicD contributes to the recruitment of motors to droplets [83]. This
is consistent with the observations that mislocalization of BicD to other organelles can
ectopically recruit dynein there [217]. However, it is unlikely that BicD is the sole factor
linking dynein to droplets, since there is no correlation between droplet levels of dynein and
BicD. In particular, in Phase 111 wild-type embryos BicD is undetectable on droplets, even
though motion in both directions is robust and dynein is readily detected [83]. It has been
speculated that BicD may participate in the initial recruitment of dynein, but — once linkage
has been established — BicD is not longer needed for dynein binding, but instead serves to
regulate dynein's activity [83].

Cytoplasmic dynein is also implicated as a lipid-droplet motor in other systems. Dynein
intermediate chain has been identified by proteomic analysis in lipid-droplet preparations
purified from mouse mammary glands [218] and was found, using western analysis, to be
associated with droplets immunopurified from NIH 3T3 cells, a mouse embryo fibroblast
cell line [219]. Cytoplasmic dynein also colocalizes with droplets in HEK293 cells
expressing PLIN1 [211]. In hepatocytes, lipid droplets move bidirectionally [220], and
expression of the Hepatitis C core protein induces droplet relocalization towards the
microtubule organizing center (MTOC), i.e., the minus ends of microtubules [221]. Dynein
appears to be one of the motors involved as microinjection of antibodies against the dynein
intermediate chain prevents relocalization to the MTOC [221]. Microinjection of similar
antibodies into NIH 3T3 cells compromises lipid-droplet fusion [222]; analysis of a cell-free
system derived from 3T3 cells suggests that under these conditions droplet fusion requires
microtubules and dynein activity [219]. In these cells, recruitment of dynein is under the
control of ERK2 (extracellular-signal-regulated kinase 2) [222]. Finally, overexpression of
the Dynactin subunit dynamitin to disrupt Dynactin function abolishes the bidirectional
motion of lipid droplets in fibroblasts [223].
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How many motors?

In vitro, optical trapping has been used extensively to study the force production by
microtubule motors and to determine the number of motors active per cargo [224] (Fig. 31).
Lipid droplets were the first endogenous microtubule-motor cargo for which precise
measurements of in-vivo stall forces became possible [57]. These measurements revealed a
force balance between plus- and minus-end motion, and that the maximal force produced
was developmentally controlled: relatively low in Phase I, much higher in Phase Ila, and
intermediate in Phase 111 [57]. Refinement in technology made it possible to measure the
stall force on individual droplets, even repeatedly on the same droplet [76] (Fig. 3AE).
These measurements result in distinct, equally spaced force peaks, suggesting that they read
out multiple motors, similar to in vitro measurements (Fig. 5E). They also suggest that most
droplets are actively moved by one or two motors, though peaks corresponding to three
motors have been observed and some droplets escape the trap, consistent with even higher
motor numbers [76, 85]. Once stalled, droplets typically fall back to the center of the trap,
but then frequently start moving again (Fig. 3E). By focusing on droplets that switched
direction after such a stall, it was possible to compare the forces generated by the same
droplet for both directions of motion: in the vast majority of cases, forces were similar,
suggesting that forces are not only balanced for the entire droplet population [57, 76], but
even at the single droplet level [59].

For motors moving cargo without much external resistance, motor number has only slight
effects on the speed of transport. In fact, more motors can lead to slower transport [225].
However, if there is significant drag or an opposing force, then motor number has
considerable effect on transport, with more motors going increasingly faster. Thus, under
certain conditions, velocities might serve as a proxy for motor numbers, circumventing the
need for direct force measurements. In many systems, transport shows distinct velocity
classes, for example for peroxisomes and axonal vesicles, and these have been interpreted as
representing different numbers of active motors. For axonal cargoes, for example, reduction
in kinesin levels indeed causes a shift to slower peaks, consistent with this model [226].
However, for embryonic lipid droplets, this does not seem to apply [76, 227]: in particular,
when the kinesin dosage was reduced, it resulted in lower forces produced during plus-end
travel, indicating that indeed fewer kinesins were active per droplet. However, this reduction
in the number of active motors did not result in slower motion of droplets [76]; instead,
droplet velocity was slightly increased [76], consistent with a theoretical model that more
motors can slow down transport [225].

In a number of mutant backgrounds, the measured droplet stall forces are altered relative to
the wild type. In embryos lacking Klar, forces are dramatically reduced, to a similar degree
for both directions of motion [57]. In contrast, in mutants lacking Halo or with defective
Dynein/Dynactin or with reduced levels of the kinase GSK-3, the forces in the two
directions become imbalanced [85, 86, 89]. Such changes in force might arise because the
number of active motors has changed, because the force produced per individual motor is
altered, or because opposing motors compete with each other (Fig. 6A). Since the studies for
dynein, Dynactin, Halo, and Klar employed older technology and could only report maximal
stall forces of the droplet population as a whole, it is difficult to distinguish between these
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models given the available data. However, for the GSK-3 mutants, it was clearly shown that
the location of force peaks was not changed, but that droplets moved by 3 or more motors
are more frequently observed, implying an increase in the number of motors active per
droplet [85].

Can droplet motion be explained by a tug of war?

For many cases of bidirectional transport, there is good evidence that — even as the cargo
undergoes excursions in both directions — plus-end as well as minus-end directed motors are
always present on the cargo. If all of these motors are actively engaged with the microtubule
track, their simultaneous presence suggests that they mechanically compete with each other
and that at any one moment the direction of transport might depend on which set of motors
is stronger or more active. Indeed, many features of bidirectional transport can be explained
by such a tug-of-war between opposing motors [228]. Extended periods of uninterrupted
motion in one direction can still arise from such a tug-ofwar (Fig. 5C): Even if motors are
initially competing against each other, this competition will quickly be resolved if a force
imbalance is present: motors have an increased tendency to fall of their tracks if they have to
work against an opposing force (but see [59, 119, 229]), and thus the non-favored direction
will more quickly lose active motors, leading to a (brief) interval of unrestricted motion in
the opposite, favored direction (see also [230]).

These ideas have been developed into detailed quantitative models that predict the behavior
of bidirectionally moving cargoes from the known — or in principle measurable — properties
of the individual motors [228, 231]. These models accurately describe important properties
of a number of bidirectional transport processes, qualitatively and even quantitatively [125,
232, 233]. In other cases, however, these models break down, failing to quantitatively
account for critical motion properties [229], a failure that suggests that beyond motor
competition there exists some kind of active motor regulation. Currently, there is a lively
debate in the field to understand to what extent tug-of-war by itself explains bidirectional
motion and for which cargoes. For an excellent recent review, see [231].

For embryonic lipid droplets, genetic impairment of cytoplasmic dynein results in mild
inhibition of minus-end motion, but much stronger inhibition of plus-end motion [84]. At
first glance, a straightforward prediction of a tug-of-war model is that impairment of the
minus-end motor should relieve competition and enhance plus-end motion. Since just the
opposite was observed, these results were initially interpreted as excluding a tug of war [84].
However, predicting how altered motor parameters affect the outcome of a tug-of-war is not
simple, and detailed quantitative modeling revealed that even in a tug-of-war situation
impairment of dynein could, in principle, cause the observed changes in plus- and minus-end
motility [228]. This match, however, has to be taken with a grain of salt since it requires that
dynein's single motor properties were affected by the mutants in a very specific manner, and
those parameters have yet to be measured for these particular mutants.

Although tug-of-war models can describe many of the features of droplet motion, sometimes
with impressive quantitative agreement [228], there is doubt as to what extent the originally
published models realistically capture the properties of the motor machinery. In particular,
explicit and implicit assumptions of those models have been challenged [231]: about how
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motor detachment from the microtubule tracks depends on the opposing force, about
properties of the motor-cargo tether, and about synchronized stepping of multiple motors.
Second-generation models addressing these criticisms were developed, incorporating
experimentally measured detachment rates, and one class of models was found to describe
unidirectional multi-motor transport highly accurately [225, 229]. This stochastic model was
then extended to develop a refined tug-of-war model of bidirectional transport. Despite
extensive fitting of parameters and allowing for broad deviations from the parameters
measured in vitro, this model failed to reproduce critical aspects of droplet motion as
observed in vivo, and in particular failed to predict correctly the previously experimentally
determined response of the system to reduction in kinesin-1 levels [76]. These discrepancies
were not just quantitative, but failed to capture important qualitative features; it was
therefore concluded that unregulated tug-of-war cannot explain lipid-droplet motion and that
a regulated higher-order switching mechanism must control transport in vivo [229].

Evidence against a pure tug-of-war mechanism for droplet transport also emerges from a
detailed analysis of stall force measurements in vivo [59]. After being stalled by an optical
trap, droplets typically fall back to the center and start moving again, presumably after
reattaching to the track randomly. If so, a tug-of-war model predicts that — for equal
numbers of motors — the direction of motion afterwards should be equal and independent of
the direction of motion before the stall. However, in vivo, there was a very strong bias for
droplets to keep moving in the direction they pursued before the stall [59]. These
observations argue for a “memory” of directionality and are consistent with a mechanism
that allows only one set of motors to be active at any one time [59].

Coordinators and switches

In summary, there is accumulating evidence that a tug-of-war mechanism is inadequate to
fully explain droplet motion, and higher levels of regulation have been invoked [76, 77, 84].
The mechanistic basis for this regulation remains highly speculative, but there are several
hints about what sort of control has to be involved and which molecules might contribute to
it.

For lipid-droplet motion, two distinct, but related concepts have been proposed to capture
critical features of this inferred regulation. First, the activity of opposing motors is
controlled such that while one set of motors is active, the other set of motors is off [57].
Such “coordination” prevents competition between motors and thus avoids a tug of war (Fig.
5D). Second, since the inherent processivity of motors in vitro is higher than the observed
travel lengths in vivo, a “switch” mechanism actively ends travel in one direction and
simultaneously turns on travel in the opposite direction [77] (Fig. 5B).

Coordination implies that there is a machinery that can detect the activity of one set of
motors and, in response, controls the activity of the opposing motor (Fig. 5D). Coordination,
thus, prevents a tug of war, and if the motors on lipid droplets are indeed coordinated, it
would provide an explanation for why tug-of-war models have proven inadequate to
describe droplet motion. In particular, coordination reduces — or eliminates — periods in
which droplets are stalled due to motor competition; such periods are frequent for tug-of-war
models (Fig. 5C, panel 1), substantially more frequent than observed in vivo [229]. While
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direct evidence for a coordination mechanism is as-of-yet lacking, two molecules, Dynactin
and Klar, have been proposed to act as coordinators, based on mutant phenotypes that
suggest enhanced competition between motors (e.g., reduced stall forces and travel
velocities) [57, 77] (Fig. 6A). Consistent with the idea that a coordinator should somehow
bridge between the opposing motors, Dynactin has been shown, in other systems, to bind to
cytoplasmic dynein as well as to plus-end motors [234]. Similarly, Klar shows, direct or
indirect, physical interactions with kinesin-1 in oocytes [235], and its likely ortholog in C.
elegans, Unc-83, [236] can bind to both cytoplasmic dynein and kinesin-1 [237].

A switch mechanism was initially proposed to explain the relationship between the distance
traveled by a droplet and the number of motors powering motion [77] (Fig. 5A,B). In vitro,
microtubule motors like kinesin-1 and cytoplasmic dynein are highly processive (i.e., they
can take many steps before falling off the track), and multiple copies of these motors greatly
increase how far the cargo travels before it (and the motors) fall off the track [119, 238]. In
vivo, droplet stall forces change between Phases 11 and 111, but minus-end travel distances do
not, which is unexpected if travel distances were simply controlled by motor number [77]. In
addition, reduction of kinesin-1 levels using genetics reduces stall forces and the number of
active motors per droplets, but — if anything — travel distances go up [76]. Finally, travel
distances in vivo are much shorter than expected from the in vitro behavior of multiple
motors [77]. Taken together, these observations argue that in vivo, travel distances are not
determined by the inherent processivity of the motors, but that periods of uninterrupted
travel in a given direction (“runs”) are cut short by a different mechanism, a mechanism that
is apparently insensitive to motor number (Fig. 5B). Because typically runs in one direction
are followed immediately by runs in the opposite direction (i.e., pauses are relatively rare
[77, 78]), this mechanism was termed a switch: it turns one set of motors off and,
simultaneously, turns on the opposite set of motors.

The molecular basis for the switch is unknown. In principle, runs could be ended by
competition from the opposing motors. In tug-of-war models, runs are indeed much shorter
than for the same number of motors engaged in unidirectional transport, on the same order
as observed in vivo [228, 229]. However, since tug-of-war is not compatible with other
aspects of motion [229], additional mechanisms must (also) be at work. The mechanisms
may include the activities of the motor regulators Dynactin, Klar, BicD, and LSD-2 (Fig.
5F): these molecules have been shown to be present on lipid droplets and when they are
absent or impaired run lengths are changed.

Motor co-dependence

One of the deficiencies of pure tug-of-war models is the observation that in many instances,
the opposing motors appear to depend on each other for activity [231]. In a simple tug-of-
war situation, lack of one set of motors should enhance motion in the opposite direction, as
competition is relieved. This enhanced motion has indeed been observed in many instances;
however, in numerous other cases, the opposite was observed: inhibiting the motor for one
direction simultaneously impairs motion in the opposite direction (for example, [239-242]).
This phenomenon has been referred to in the literature by multiple names, including motor
coupling, motor matching, and the paradox of co-dependence [76, 206, 231]. The underlying
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mechanism remains unclear, though multiple models have been proposed [179]. For
peroxisomes in Drosophila cultured cells, it was shown that the ability of the motor to
generate motion was critical for the activation of the opposing partner and that molecularly
quite different motors could substitute for each other [243]. These results imply that the
ability of one motor to produce force is somehow transduced into activation of the opposite-
polarity motor attached to the same cargo.

The motors on embryonic lipid droplets show a similar co-dependence. If kinesin-1 is
genetically depleted, the droplets fail to show any directed motion (neither towards the plus
nor the minus ends) and are not even tethered to their microtubules tracks; instead they
display diffusive behavior [76]. Simple reduction in kinesin-1 activity (by reducing the
dosage of the gene encoding Kinesin heavy chain) resulted in a parallel reduction in the
forces for minus-end travel [76], suggesting that this interdependence leads to a delicate
matching of motor activity in the two directions. Whether this interdependence is reciprocal
(i.e., whether loss of dynein activity results in a corresponding reduction of plus-end motion)
has not yet been investigated.

There are intriguing hints that the mechanism that matches motor activity acts in a time-
delayed manner. While chronic ablation of kinesin-1 during oogenesis results in lack of
lipid-droplet motion in both directions, acute inhibition of kinesin-1 by antibody injections
leads to a net minus-end shift of the droplet population [244]; these results imply that
cytoplasmic dynein is still active even as kinesin-1 has ceased to function. In a similar
experiment, function-inhibiting antibodies were injected into mammalian cultured cells to
acutely interfere with cytoplasmic dynein; lysosomes and late endosomes displayed
immediate dramatic reduction in minus-end matility, while plus-end motility also decreased,
but with a much longer time course [245].

X. Components of the droplet transport machinery

The dynein cofactor Dynactin may coordinate the opposing motors

Dynactin is a large protein complex that acts as a critical cofactor in essentially all processes
powered by cytoplasmic dynein. In particular, dynactin helps target dynein to specific
intracellular locations, can recruit dynein to cargoes, and promotes increased run lengths for
travel along microtubules [246, 247]. Dynactin has an elaborate rod-and-sidearm structure
and is made up of 11 different polypeptides, some present in multiple copies. It engages in a
dizzying array of physical and functional interactions: it can directly bind to microtubules, to
various motors, and to other dynein cofactors. Binding to microtubules and to dynein (in
particular, the dynein intermediate chain) is mediated by dynactin's p150¢!ued sybunit.

Given its role as essential dynein cofactor, it is not surprising that dynactin also participates
in lipid-droplet transport in embryos, though insights into its role here are limited. Dynactin
has been detected on purified droplets by immunostaining [58]. In embryos expressing a
dominant-negative form of p150¢!u¢d, minus-end motion is somewhat compromised, but
plus-end motion is much more severely affected [84]. In particular, stall forces in the minus-
end direction are normal, suggesting that dynein can pull the cargo unimpeded; however,
stall forces in the plus-end direction are reduced. These observations lead to the proposal
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that wild-type dynactin keeps dynein off while the plus-end motor is active, i.e., that
dynactin acts as a coordinator (Figs. 6A, 5D). Later work on dynactin's role in axonal
transport supports this model: lack of the critical dynactin subunit Arpl (actin-related
protein 1) did not reduce dynein attachment to membranous cargo, but severely
compromised motion in both minus- and plus-end directions [248].

How dynactin might promote motor coordination is still unclear. However, recent in-vitro
work identified two domains in p150C!ued with distinct effects on cytoplasmic dynein: one
domain stimulates dynein processivity; the other activates a diffusive state in dynein
characterized by back-and-forth drift along the track and minimal force production [249]. It
was proposed that this latter ability of dynactin to turn off dynein may minimize the
occurrence of tug-of-war interactions during bidirectional transport. The proposed concept
of a coordinator argues that motors are turned off when the opposite-polarity motors are
active (Fig. 5D), implying that the coordinator can somehow monitor the activity of the
opposing motors. Consistent with this idea, dynactin can not only bind to cytoplasmic
dynein, but also to plus-end motors [234], though to my knowledge direct interactions of
dynactin with kinesin-1 in particular have not yet been reported.

Glycogen synthase kinase controls plus-end force production—Glycogen
synthase kinase 3 (GSK-3) is a serine/threonine kinase with diverse cellular roles, and
proposed substrates range from transcription factors and signaling proteins to metabolic
enzymes and microtubule-associated proteins [250]. Studies using mammalian cells, squid
axoplasm, and Drosophila larvae have uncovered a critical role of GSK-3 in axonal
transport, in particular as regulator of kinesin-1 [85, 251, 252]. In Drosophila segmental
nerves, GSK-3 acts as negative regulator of the transport of amyloid precursor protein (APP)
vesicles, as reduction of GSK-3 levels lead to an increase in plus-end (kinesin-1 mediated)
directed motion [85]; in contrast, plus-end motion of synaptic vesicle precursors (SVP
vesicles), powered by a different member of the kinesin superfamily, is normal. Intriguingly,
minus-end (cytoplasmic dynein-mediated) directed motion of APP vesicles [85] was also
increased. Because dynein-mediated transport of SVP vesicles was unaffected, it was
proposed that the minus-end effects for APP vesicles arise indirectly, via misregulation of
kinesin-1.

GSK-3 is maternally contributed to the early Drosophila embryo [253], and in embryos
from mothers with reduced GSK-3 dosage, lipid-droplet motion is significantly stimulated
[85]. In those mutants, run lengths and velocities increase for both the plus-end and minus-
end travel direction; in addition, stall forces in the plus-end — but not in the minus-end —
direction are higher than in the wild type. Thus, like in the axons, GSK-3 acts as a negative
regulator of transport. It remains to be determined whether, as proposed for axonal vesicles,
the primary target of regulation is kinesin-1 and dynein properties are altered as a
consequence. It has not been reported whether these changes in droplet motility affect the
global distribution of droplets or the normal developmental sequence of net in- and outward
transport.

Although plus-end stall forces are only modestly increased upon GSK-3 reduction, they are
significantly different from the wild type and higher than those reported in any other mutant
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[85]. The increase in stall forces was not due to altered force production at the single-motor
level; rather, in the mutants, the droplets are — on average — pulled by a higher number of
active kinesins. The authors did not detect changes in the levels of kinesin on biochemically
purified droplets, suggesting that GSK-3 does not alter docking of kinesin to droplets, but
rather the activity state of the motors once docked [85] (Fig. 6A). Such activation after
docking represents a new mechanism for regulating bidirectional transport.

The molecular mechanism underlying this negative regulation by GSK-3 remains unknown.
It was proposed that GSK-3 might increase the rate at which motors detach from the tracks
by weakening microtubule-motor interactions [85], either by modification of the motor or a
motor co-factor or by changing the amount of microtubule-binding proteins attached to the
tracks. It will be critical to identify the biologically relevant targets of GSK-3 among the
droplet-transport machinery.

Klarsicht, a proposed motor coordinator and switch component—Loss-of-
function mutations in klarsicht prevent net minus-end transport in Phase 111, resulting in
embryos with few lipid droplets in the periphery [57, 105]. These embryos therefore have an
unusually transparent periphery; this phenotype lead to the name for the gene: the German
word “Klarsicht” means “clear view”. Biophysical analysis revealed severe defects in
droplet motion from Phase | through 11, suggesting that Klar is a crucial component of the
motor machinery [57]. It was proposed that Klar protein physically interacts with both the
plus- and minus-end motors on droplets and coordinates their activity [57]. The Klar protein
indeed localizes to lipid droplets [105] and, at least in oocytes, is complexed with kinesin-1
[235].

Klar “s role is not restricted to lipid-droplet mation in embryos. Klar is also involved in
several nuclear positioning events: Klar is required for nuclei in larval photoreceptors as
well as developing cone cells to migrate from basal to apical positions [254, 255], for the
multiple nuclei in embryonic muscle cells to arrange in two parallel rows [256], and for
nuclei to spread equally throughout larval muscle cells [256]. Klar is also important for the
proper growth of the apical membrane in embryonic salivary glands and has been proposed
to modulate dynein-mediated delivery of secretory vesicles [257]. In mid-stage oocytes, Klar
modulates the kinesin-1-driven transport of RNP particles, restraining their motility; in the
absence of Klar, oskar RNPs are delivered prematurely to the posterior pole and cannot be
anchored correctly to the oocyte cortex [235]. In testes, Klar is necessary for the asymmetric
sister-chromatid segregation of sex chromosomes [258, 259]; it was proposed that sister-
chromatids in the nucleus are linked to centrosomes via cytoplasmic microtubules and Klar-
containing LINC complexes in the nuclear envelope. And in a fly model of the
neurodegenerative disease Amyotrophic Lateral Sclerosis (ALS), reduction in Klar
expression potently suppressed the disease phenotypes [260]. Although the nature of this
suppression has yet to be characterized at the molecular level, it is provocative than many
other genetic modifiers recovered affect proteins physically or functionally connected to
lipid droplets [260]. Furthermore, indirect evidence suggests that Klar may also function in
branch migration in trachea [261], in wing development [262], in the remodeling of
neuroendocrine cell [263], and in starvation stress resistance [264]. Finally, in cultured cells,
Klar suppresses microtubule shrinkage events and promotes microtubule stability [265].
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Although the molecular mechanism by which Klar functions remains obscure, in many cases
it has been proposed to somehow link cargoes (vesicles, nuclei, lipid droplets, RNP
particles, chromosomes) to microtubules and/or microtubule motors.

Klar is encoded by a complex locus (Fig. 6B). The klar locus spans ~100 kb in the genome
[255], and encodes messages for five different isoforms: a, 3, v, & and € [266]. These
messages are generated by the use of three distinct promoters and regulated 3’ end formation
[105]. The most 3’ exon of klar is present in only a subset of isoforms (a, v, and 8) and
encodes a C-terminal KASH domain, a signature of the mammalian nesprins and their
invertebrate orthologs. KASH domain proteins are present in the outer nuclear envelope and
are crucial components of LINC complexes that connect the cytoskeleton to the
nucleoskeleton [236, 267, 268]. In animals, these proteins are typically encoded by complex
loci that also give rise to KASH-less isoforms localized to the cytoplasm where they
modulate interactions between the cytoskeleton and various organelles, including
mitochondria [256, 269], RNP particles [235, 270], and lipid droplets [105]. Although for
many Klar functions it remains to be teased out which isoform(s) play a role, it is clear that
nuclear migration in larval photoreceptors depends on the a isoform [255, 271], where it
works together with the SUN protein Klaroid [254], its partner in the inner nuclear envelope,
and with nuclear lamins [271]. In contrast, motion of RNP particles in oocytes and of lipid
droplets in embryos is regulated by the (3 isoform [56, 105, 235, 266].

In embryos, Klar f localizes to lipid droplets, as shown by immunolocalization in intact and
centrifuged embryos [105]. Many other droplet proteins are present all over the droplet
surface, including LSD-2, Jabba and histones [15, 16, 87]. In contrast, Klar is concentrated
in one or a few dots per droplet [105], a distribution resembling that of dynein [77]. Klar's
droplet localization does not require Halo [105], Kinesin-1 [76] or Jabba [16]; thus those
proteins cannot be the essential link between Klar and droplets. Droplet localization is
mediated by Klar B's C-terminal LD domain, a domain shared with isoform ¢, but absent
from the other isoforms (Fig. 6B). This domain is both necessary and sufficient to localize
Klar to lipid droplets, in embryos as well as in cultured cells [56, 105]. The 114 aa LD
domain is conserved across Diptera and contains a putative amphipathic helix [56].
Amphipathic helices are known to mediate attachment to lipid droplets in other droplet
proteins [2, 26], likely by direct interactions with the hydrophobic core. Whether it is this
helix that mediates Klar's droplet localization remains to be tested. In mid-stage oocytes,
however, Klar B has not been detected on lipid droplets, even though lipid droplets are
abundantly present; Klar 3 is instead associated with RNP particles, and its intracellular
distribution is independent of the LD domain [235]. Whether this switch in targeting is due
to functional inactivation of the LD domain or absence of a partner on lipid droplets is not
yet known.

Apart from the KASH domain, the primary sequence of Klar is not obviously conserved
beyond arthropods. However, functional comparisons suggest that Klar a is the Drosophila
analog of mammalian Nesprin-4 and C. elegans Unc-83 [236], which also regulate specific
nuclear migration events. This parallel might provide clues into Klar's molecular function
during lipid-droplet transport as both Nesprin-4 and Unc-83 physically interact with
kinesin-1 and/or cytoplasmic dynein [237, 272]. Klar  and kinesin-1 can indeed be detected
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in common complexes in ovaries [235]. Nesprin-4 and Unc-83 have been proposed to
anchor the motors to the nuclear envelope or possibly coordinate the activity of the opposing
motors [237, 272]. Similarly, Klar a has been suggested to anchor dynein to the nuclear
envelope and thus promote correct nuclear migration in photoreceptors [271, 273]. In
photoreceptors, disruption of dynein function indeed results in a similar disruption of
nuclear positioning as lack of Klar [274]. However, such an anchoring function of Klar a
has not yet been directly demonstrated. And for lipid droplets, motor anchoring cannot be
exclusively mediated by Klar since in embryos lacking Klar  (and Klar a) entirely, lipid
droplets still move bidirectionally [57, 105], and thus must have both plus- and minus-end
motors attached.

Biophysical characterization of droplet motion reveals severe disruptions in the absence of
Klar: droplets move for shorter distances, with reduced speeds, and with greatly reduced
forces. The defects are observed in all phases examined and for both directions of motion,
indicating that the function of both kinesin-1 and cytoplasmic dynein are greatly impaired
[57]. How Klar acts as a crucial co-factor for both motors has not yet been determined. But
the severe disruption in both directions can be explained if absence of Klar induces a tug-of-
war that is normally avoided in the wild type: motor competition, for example, would reduce
the net force for transport in a given direction and thus might explain the extremely low stall
forces measured in klar mutants [57] (compare Figs. 5C and 5D). As described above, there
is currently an ongoing debate to what extent motors in bidirectional transport engage in a
tug-of-war. This debate remains to be resolved, but if the presence of Klar indeed allows
opposing motors to avoid a futile tug-of-war then Klar is a good candidate for the proposed,
but so far elusive coordinators, i.e., molecules that keep one set of motors “off” while the
opposing motors are actively transporting the cargo (Figs. 5D, 6A).

The effect of lack of Klar on motility has also been determined for RNP particles in oocytes
[235]. Oskar RNPs are transported to the posterior pole of mid-stage oocytes by kinesin-1
[275, 276]. For these RNPs, lack of Klar is just the opposite of that observed for lipid
droplets: run lengths in the klar loss-of-function mutants are longer, relatively more particles
move, and net transport to the posterior is enhanced compared to the wild type. These
observations suggest that Klar is a versatile regulator of motors and can, depending on
context, act either as positive or negative regulator of run lengths (Fig. 6C). For example,
Klar may have an inherent ability to restrain kinesin-1 activity, and thus for the mostly
unidirectionally moving RNP particles absence of Klar results in longer runs. For lipid
droplets, this ability to restrain kinesin-1 may only be activated when the opposing motor is
engaged with the microtubules; as a result of lack of Klar, kinesin-1 would remain
inappropriately active during dynein-based movements, impairing minus-end motion.
Whatever the detailed molecular mechanisms, the analysis of the droplet and RNP particle
motion in klar mutants, when taken together, suggest that Klar is an integral component of
the postulated switching mechanism that turns motor activity on or off.

The analysis of RNP transport uncovered another surprising feature of Klar $-based
regulation: Lack of Klar causes much more severe defects in the posterior localization of
RNPs at 18°C than at 25°C [235]. It was proposed that Klar adjusts the rate of RNP delivery
to compensate for temperature-induced changes in other linked cellular processes, such as
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translation and anchoring, so that they remain balanced. If this model is correct, Klar is one
of the very few molecularly identified robustness factors that allow organisms to develop
consistently in variable temperature environments. Whether Klar itself is directly responsive
to temperature and if other Klar-dependent processes, including embryonic droplet motion,
show similar temperature compensation remains an exciting problem for the future.

For embryonic lipid droplets, lack of Klar does not only lead to severe reduction of many
motion parameters, it also alters the temporal regulation of transport [57]. Unlike in the wild
type, plus-end directed motion continues to predominate in Phase 111 in klar mutant
embryos, explaining the failure of lipid droplets to move back towards the periphery. This
lack of correct temporal regulation of transport may simply be a consequence of the severe
disruption of motility, e.g., if the motor machinery is locked in an unnatural tug-of-war, it
may not be able to respond correctly to the signals that usually modulate the temporal
progression of transport. Alternatively, the failure to switch to net minus-end transport may
be due to a separate function of Klar that mediates temporal regulation. These issues will
likely only be resolved once the functional domains of Klar have been identified and
impaired individually.

X. Temporal regulation

From Phase 0 to Phase 11, lipid-droplet motility undergoes stereotypic changes that result in
dramatic alterations in net transport (Fig. 2C,D). Throughout these phases, the plus-end
motor kinesin-1 and the minus-end motor cytoplasmic dynein are present on droplets; for
kinesin-1, it has been directly demonstrated that its levels on droplets change very little
during this period [76]. Thus, there must be some non-motor molecules that cause the
observed changes in motility. Of all the transitions, that from Phase | to Phase Ila is best
understood; it involves new production of the directionality determinant Halo [86] and
dephosphorylation of the Perilipin LSD-2 [87]. In addition, the droplet levels of the dynein
co-factor BicD change dramatically between Phases [83], and these changes might be
responsible for the changes in motion parameters associated with these developmental
transitions.

The directionality determinant Halo promotes the transition from Phase | to Phase lla

When transcription in the early embryo is inhibited pharmacologically, embryos develop
morphologically almost entirely normally until the beginning of cellularization [277].
However, in Phase Ila, inward transport of lipid droplets fails [86], suggesting that zygotic
expression of one or more genes is required to promote net plus-end transport. Using
chromosomal deletions and microinjection of double stranded RNAs, it was shown that a
single gene is responsible for these droplet transport defects [86, 109, 111]. This gene was
named halo: in its absence, the peripheral cytoplasm remains opaque due to the high
concentration of lipid droplets (Fig. 6F, left); the resulting embryos thus display a peripheral
brown ring (or halo) around the dark central yolk [86]. During cycle 14, wild-type and halo
mutant embryos can easily be distinguished by visual inspection. This property has been
used to recognize embryos of particular genotypes at very early stages [278-281], when the
use of other markers (such as GFP-based transgenes) is not practical.
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Lack of Halo profoundly affects the intracellular distribution of lipid droplets, but not of any
other organelle [86]. In Phase lla wild-type embryos, plus-end run lengths are longer than
minus-end run lengths, resulting in net plus-end (inward) transport (Fig. 2D). In the absence
of Halo, this balance of run lengths is reversed, and lipid droplets display net minus-end
(outward transport); they accumulate between and just under the nuclei at the cell surface,
and are depleted from around the central yolk [86, 111] (Fig. 6E). Thus, Halo acts as a
directionality determinant: without Halo, net transport in Phase lla is minus-end directed; in
the presence of Halo, plus-end directed.

Halo mRNA expression is highly dynamic [86]. By in-situ hybridization, halo mRNA is
barely above background in Phases 0 and I, and is highly upregulated in Phase Ila. At the
transition to Phase Ilb, halo signal drops dramatically, implying rapid turnover of the
message. Halo mRNA is also among a small set of mMRNAs that is retained inside nuclei
when damaged blastoderm nuclei are eliminated by nuclear falling [166]; the physiological
significance of halo mRNA retention is unknown.

Three factors have been implicated in the regulation of halo transcription. First, the zinc-
finger protein Zelda is a key activator for many genes expressed in the early zygote [282].
There are two Zelda binding sites within 200 bp of the halo transcription start site, and, in
embryos lacking Zelda, halo mMRNA levels are dramatically depressed (~15fold) [282].
Second, Lilliputian is an AF4/FMR2-related transcription factor. Embryos lacking
Lilliputian show reduced extent of net inward droplet transport in Phase Ila [283], similar to
embryos carrying only a single functional copy of halo [86]. Whether, as proposed [283],
lack of Lilliputian reduces halo expression remains to be tested. Third, halo was found to be
induced in early embryos by ionizing radiation in a p53—-dependent manner [284], one of
only 29 genes thus identified. The consequences of this upregulation for droplet transport
remain to be examined.

The pattern of Halo protein expression has not yet been published, but has been inferred
from functional studies (Fig. 6D). Lack of halo in the mother has no detectable
consequences for transport, and thus the protein is presumably not maternally provided and
not present in Phases 0 and I. As halo promotes net plus-end transport in Phase Ila, Halo
protein can be inferred to accumulate then, consistent with the spike in halo mRNA levels.
To explain the return to net minus-end transport in Phase 111, it has been proposed that, like
the MRNA, Halo protein is also rapidly degraded once Phases Ilb or I11 start [86].

Halo is a small protein (109 aa) and belongs to a novel protein family [86, 285] of unknown
function (DUF733). All sequenced Drosophila genomes contain multiple members of this
family, but no representatives are apparent in other animals, including other insects or lower
Diptera. Three divergent clues exist to explain how Halo might act mechanistically. 1) One
family member, SNCF, has been shown to interact with the transcription factor SoxNeuro by
yeast-two-hybrid assays and to enhance SoxNeuro-mediated transcription in transfected
cells [285]. Thus, Halo might similarly act as transcription factor and regulate the expression
of molecules that control motor activity. 2) Data from high-throughput screens available
through the Drosophila Interactions Database [286, 287] suggest that other family members
interact with microtubule motors. HL6 expressed in cultured cells co-precipitates with

Biochim Biophys Acta. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Welte

Page 37

dynein components, and HL2 has a yeast-two-hybrid interaction with the dynein light chain
Tctex-1. Halo might similarly physically contact the motors on lipid droplets and modulate
their behavior. 3) Halo is required for the developmentally controlled dephosphorylation of
the Perilipin LSD-2 in Phase 1l [87] (Fig. 6D). There is currently no information about
whether this is a direct effect of Halo on LSD-2, but it raises the possibility that Halo acts by
activating a phosphatase or inhibiting a kinase. Since droplet transport in LSD-2 mutants is
less severely affected than in halo mutants [86, 87], LSD-2 is probably only one of multiple
targets modified by Halo.

Overall lipid-droplet distribution is similar, if not identical, in embryos lacking Halo
specifically and in embryos in which zygotic transcription has been entirely abolished [86].
This comparison suggests that Halo is the major zygotic contribution to the Phase I to Phase
Ila transition. However, this transition also requires input not dependent on transcription;
halo mutant embryos still display changes between Phase | and Phase Ila, both in the
motility of individual droplets and in overall droplet distribution [86].

The phospho-state of the Perilipin family member LSD-2 changes in a phase dependent

manner

One of the targets of Halo is the Perilipin family member LSD-2, also known as PLIN2 [87].
Perilipins play central roles in the regulation of lipid homeostasis in animals and fungi [68,
144]. Perilipins localize constitutively or facultatively to the lipid-droplet surface and
control lipid metabolism and interactions with other cellular compartments. In Drosophila,
there are two family members, LSD-1 (PLIN1) and LSD-2 (PLIN2), that cooperate to
control overall cellular lipid content, in a partially overlapping, partially complementary
manner [25, 288].

The role of LSD-2 in lipid-droplet transport was discovered by an unbiased proteomics
approach [87]. Lipid-droplet proteins from Phase I, I1, and 111 embryos were compared by
2D gel electrophoresis. One prominent spot dramatically changed in intensity and was
identified as a particular phospho-isoform of LSD-2; it is the most highly phosphorylated
form of LSD-2 detectable and is specifically absent in Phase Il. Although the kinases and
phosphates acting on LSD-2 remain to be identified, in embryos lacking Halo the Phase I1-
specific dephosphorylation of LSD-2 fails to occur. As the only known role of Halo is in the
regulation of droplet transport [86] and in embryos LSD-2 localizes exclusively to lipid
droplets [87], these findings suggest that the LSD-2 phosphorylation state plays an important
role in controlling motor activity on droplets.

To critically test the role of LSD-2 phosphorylation in droplet transport, it will be necessary
to identify the phosphorylation sites and probe their contribution via mutational analysis.
However, analysis of embryos lacking LSD-2 entirely has already revealed that LSD-2 plays
an important role in transport regulation. In such embryos, there is little, if any, net plus-end
transport in Phase Ila and overall lipid-droplet distribution resembles that of Phase I. This is
corroborated by tracking of individual droplets: in the mutant embryos, motion parameters
change little from Phase | to Phase Ila, and run lengths remain balanced. However, in
contrast to the phenotype observed in embryos lacking Klar [57] or kinesin-1 [76], travel
velocities are normal and run lengths are overall of wild-type magnitude [87]. Thus, LSD-2
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is not required for motor activity per se, but “simply” for correct temporal progression [87].
It was therefore proposed that LSD-2 transmits the temporal information provided by Halo
to the core transport machinery.

How could LSD-2 impact motor activity? So far, we have just two intriguing hints. First,
LSD-2 has a yeast-two-hybrid interaction with the LD domain of Klar 3 [87], a core
component of the droplet transport machinery, which can, in turn, exist in common
complexes with kinesin-1 [235]. Thus, conformational changes in LSD-2 might be
transmitted via Klar to kinesin-1. Second, a mammalian member of the Perilipin family,
PLIN2 (formerly known as ADRP; note that mammalian PLINZ is not the direct ortholog of
fly PLIN2 [25]) can co-precipitate dynein from cell lysates, and this interaction is
phosphorylation-dependent [222]. If there is a similar interaction between LSD-2 and
dynein, it apparently does not mediate recruitment of dynein to lipid droplets, as amounts of
dynein on purified droplets are similar for wild-type and LSD-2 null embryos [87].

Perilipins are also implicated in droplet motion in other systems. In hepatocytes, the dynein-
dependent relocalization of lipid droplets upon expression of Hepatitis C virus core protein
is accompanied by loss of PLIN2 from droplets, and knockdown of PLINZ is sufficient to
induce similar droplet relocalization [221]. Follow-up studies showed that expression of the
core protein does not alter net directionality of droplet motion, but reduces travel speeds
[220]; how these motility parameters are altered by PLIN2 knockdown has not yet been
reported. In fibroblasts and HEK293 cells, ectopic expression of PLIN1 causes clustering of
lipid droplets near the MTOC and dispersion along microtubules in response to increased
CAMP levels. Dispersion is apparently mediated by PLIN1 phosphorylation as it is abolished
when PLIN1 phosphorylation sites are mutated [211, 289].

Levels of Bicaudal D change in a phase-dependent manner

Cytoplasmic dynein has a myriad of cellular roles, powering the vast majority of minus-end
directed transport in the cytoplasm as well as participating in multiple steps of mitosis. To
be able to recruit dynein to particular cargoes and specifically regulate its activity, the cell
has a number of dynein cofactors that adapt the motor to particular cellular functions [247]
and typically are involved in a subset of dynein-based processes. One such factor is Bicaudal
D (BicD) [290], a protein first characterized for its role in Drosophila oogenesis and early
embryogenesis (special BicD alleles result in bicaudal (two-tailed) embryos). Drosophila
BicD and its mammalian orthologs, BicD1 and BicD2, have since been shown to be
involved in localization of specific RNAs, transport of Golgi vesicles, certain nuclear
migration events, and microtubule organization [247, 290]. As BicD can physically interact
with dynein and Dynactin as well as with molecules involved in cargo binding (such as
Egalitarian and Rab6), BicD may recruit dynein to the cargo or may provide one of the links
by which dynein activity is controlled in a cargo-specific manner, for example by tuning the
velocity of dynein-based movements [291].

Like the motors, LSD-2, and Klar, BicD is provided to the early embryo from the mother.
Using a combination of BicD null alleles and transient expression from a BicD transgene, it
was possible to generate embryos whose BicD levels are massively reduced (to less than 1%
of the wild-type amount) [83]. In such embryos, lipid-droplet transport is severely affected:
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In Phase I11, droplets fail to undergo net outward (plus-end) transport, resulting in embryos
with a transparent periphery. Overall, much fewer droplets displayed motion, consistent with
the notion that one of the functions of BicD is to recruit motors to the droplets. But even the
droplets able to move and thus apparently carrying motors showed defects: Tracking of
individual moving droplets revealed that minus-end run lengths were reduced in the mutant
embryos in Phases lla, I1b and 111, indicating severe impairment of dynein-based motion. In
addition, plus-end run lengths were reduced in Phases Ila and I1b, but not Phase I11 [83]. At
the moment, it is unclear whether the effect on plus-end transport is an indirect consequence
of altered dynein activity or represents an independent role of BicD in controlling kinesin-1.
The latter possibility is supported by analysis of mammalian BicD2; it can physically
interact with kinesin-1 [292] and can promote kinesin-1 activity to help properly position the
nucleus relative to the centrosome prior to mitosis [293].

These studies also uncovered that high levels of BicD are critical for proper developmental
regulation of lipid-droplet transport. In embryos with wild-type levels of BicD, run lengths
for both directions are dramatically upregulated in Phase I1b and downregulated again in
Phase Il (Fig. 2D). This temporal regulation is lost in the BicD mutant embryos, and run
lengths remain similar throughout [83].

Four additional pieces of evidence implicate BicD in the temporal regulation of droplet
transport: First, BicD levels on purified droplets fall precipitously from Phase | to Phase Il
to Phase 111 [83] (Fig. 6D). This decrease is apparently a droplet-specific event since overall
BicD levels in the embryo are fairly stable during the same time period. There is no parallel
decrease in dynein levels on droplets, suggesting that most of the BicD does not simply act
to tether dynein to the droplets. Second, overexpression of BicD prevents net plus-end
droplet transport in Phase ll1a [294], presumably because BicD droplet levels remain too
high. Third, overexpression of the mRNA binding protein Egalitarian (Egl) results in
excessive inward droplet transport in Phase 1. Since Egl is a known binding partner of BicD
and mild co-overexpression of BicD suppresses the excessive inward transport, it was
proposed that excess Egl sequesters BicD, thus causing premature BicD depletion from
droplets [294]. Finally, a BicD allele with a point mutation in the putative dynein-binding
region displays an abnormal pattern of run-length changes during development: run lengths
are reduced in Phase lla, close to normal in Phase Ilb, and increased relative to wild-type in
Phase 111 [83].

XIl. Other molecules with roles in droplet transport

Mutations in a number of molecules result in a failure of the switch in net droplet transport
from Phase Il to Phase I11; the resulting embryos retain an inward accumulation of lipid
droplets and are thus abnormally transparent during gastrulation and germ-band extension.
Such disruption of “clouding” can be observed when Dynein heavy chain, BicD, Klar,
Wech, or Dop are impaired [57, 77, 83, 105, 109, 295]. A clouding defect might point to
problems with the temporal regulation of the switch [83], might reflect compromised dynein
function [77, 84], or possibly both (as may be the case for Klar). For mutations in Wech and
Dop, not enough is yet known to propose into which of these categories they fall.
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The RBCC/TRIM protein Wech

Wech was identified as a candidate regulator of lipid-droplet motion in a genome-wide
microarray screen for RNAs specifically upregulated around cellularization, i.e. embryonic
stages around Phase lla and IIb of droplet transport [109] (Fig. 2A). Disrupting Wech by
RNA interferenceimpaired net outward droplet transport in Phase I11. The transcription unit
disrupted in this RNAi experiment was initially annotated as dappled, a gene involved in
tumor suppression [296]. Subsequent work established that dappled mutations are due to
disruption of cytochrome b5 [297]. The transcription unit linked to droplet transport is now
called CG42396 or Wech [298].

Wech is a member of the RBCC/TRIM protein family. Its orthologs mediate important
developmental decisions in C. elegans and mice [299, 300] and have been shown to exhibit
multiple molecular activities, from RNA binding [301] and translational repression [302] to
E3 ligase activity and regulation of protein stability [303]. Which, if any, of these activities
are relevant for understanding the function of Drosophila Wech remains to be determined.

Although Wech is broadly expressed during development, its functional characterization has
been limited. Ectopic Wech expression interferes with the development of the peripheral
nervous system [304]. Knockdown of Wech by injection of dSRNAs into embryos prevents
net outward transport of lipid droplets [109]. Finally, embryos homozygous for wech loss-
of-function alleles die near the end of embryogenesis, with muscles detached from the body
wall, apparently due to a failure of integrin-mediated cell adhesion [298]. It has been
proposed that in this context Wech acts as scaffolding protein that links integrins and the
actin cytoskeleton [298].

There are only limited clues regarding how Wech acts in droplet transport. In the early
embryo, Wech was detected as puncta in the cytoplasm and at the membrane [298]; it will
be interesting to determine if some of these puncta colocalize with lipid droplets. Wech RNA
levels rise late in Phase lla, due to zygotic transcription [296], consistent with a model that
rising Wech protein levels drive the transition to Phase I1b or Phase 11 of droplet transport.
Thus, while the phenotypic data suggest that Wech is in some way crucial for proper
regulation of droplet transport, a molecular understanding is missing.

The MAST kinase Drop-out

Dop (drop-out) mutations were first identified because they induce nuclear falling in early
embryos [305]. They were subsequently found to affect a plethora of processes in the early
embryo, including membrane growth during cellularization, distribution of endosomes,
RNA motility, and transport of lipid droplets [110, 306]. Dop also functions during eye and
wing development [306]. The initial proposal that dop phenotypes are due to misregulation
of the RNAI pathway component Ago2 [110] was later shown to be incorrect [295]. Rather,
Dop encodes the sole Drosophila member of the Microtubule-Associated Serine/Threonine
(MAST) kinase family [306], a kinase family implicated in a number of human diseases
[307].

The available evidence suggests that Dop acts by controlling the activity of cytoplasmic
dynein [306]. In dop mutant embryos, the phosphorylation of the dynein subunit Dynein
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Intermediate Chain is reduced, and single particle tracking revealed that minus-end motion
of RNA particles is impaired while plus-end motion is normal. In addition, dop mutants
synergize with mutants in dynein pathway components. Indeed, many of the dop mutant
phenotypes can at least in principle be explained by reduced dynein function. It remains to
be investigated whether Dop directly phosphorylates dynein or acts in an indirect manner.

A disruption of dynein function is also consistent with the known effects of Dop on lipid-
droplet motion. In embryos from dop mutant mothers, lipid droplets fail to undergo net
minus-end transport in Phase 111, resulting in abnormally clear embryos [110]. The available
evidence suggests that net plus-end transport in Phase Ila is normal, and that the first
differences to the wild-type arise in Phase I1b [110], potentially implicating Dop in this
developmental transition. An attractive possibility is that Dop mediates the transient
upregulation of dynein run lengths during Phase I1b (Fig. 2D); lack of Dop would leave
plus-end motion dominant and thus result in continued net plus-end motion. To test this —
and other — models, it will be necessary to quantify both plus- and minus-end droplet
motility at the single-particle level.

XIll. Conclusions and outlook

Lipid droplets have been noted by microscopists since the late nineteenth century (see [23]),
but for many years received only sporadic attention. That changed when in the 1990s
pioneering work by Constantine Londos and coworkers identified the first protein
specifically localized to lipid droplets, perilipin, and provided evidence for a crucial role in
the breakdown of triglycerides [308]. Now, lipid droplets are recognized as central players
in lipid metabolism and energy homeostasis, with profound relevance for human health. It
has also become clear that droplets are extremely dynamic organelles that play even broader
roles in biology [309], including viral assembly and protein trafficking, and | suspect that
new cellular and organismal roles of lipid droplets remain to be discovered.

Research in Drosophila embryos has made critical contributions to lipid-droplet research. So
far, the focus has been on droplet motility and protein sequestration, two generally important
phenomena that are particularly prominent in early Drosophila embryos. Although for both
processes a number of molecular players have been identified (Figs. 4, 5, 6), many issues
remain unresolved, promising exciting new research avenues for the future. In addition,
many other aspects of lipid-droplet biology can, in principle, be addressed using Drosophila
embryos, and | hope many researchers will be inspired to exploit the unique biology of this
system as well as the broad range of available tools (section I1l; Fig. 3). Such investigations
should not only yield insights into fundamental properties of lipid droplets, but they also
have the potential to reveal their significance for whole organism physiology and for
development.

Regulation of droplet motion

The machinery powering and controlling droplet motion is known in broad strokes (sections
IX through XII): the droplets are transported by kinesin-1 and cytoplasmic dynein, and
motion is regulated by dynactin, GSK-3, Klar, Halo, LSD-2, BicD, Wech, and Dop (Figs.
5F, 6A, 6D). Likely many more regulators remain to be discovered, but at the moment we
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do not even know how far we are from a comprehensive inventory. Thus, one of the
challenges for the future will be to identify additional regulators, such as molecules that
physically or genetically interact with known transport components or the orthologs of
regulators characterized in other systems of bidirectional transport [79, 80, 231, 310].

However, a complete inventory will just be the beginning. It is as important to understand
which of these proteins are present on lipid droplets or elsewhere, if they are localized to
droplets statically or dynamically, and which other components they interact with, both
physically and functionally. For example, in ovaries, kinesin-1 is present in complexes with
Klar [235], and in yeast, LSD-2 and Klar interact in two-hybrid assays [87]. Do these
interactions also occur on lipid droplets in embryos, do they vary between phases, and are all
three molecules present in one single complex or distinct binary complexes? Similarly, do
the two kinases identified, GSK-3 and Dop, act during droplet transport in embryos to
modulate motor properties on lipid droplets, or do they control transport indirectly, e.g., by
regulating assembly of the transport machinery during oogenesis? And do the temporal
regulators identified, Halo, BicD, and LSD-2 (Fig. 6D), all act in a single pathway or do
they provide (partially) independent inputs that control different motor properties or the
same ones, but at different phase transitions? Answering these questions will require
combining physical interaction assays with live tracking, super-resolution imaging and
simultaneous genetic manipulation of multiple components.

In other systems, the identification of motor cargo adaptors has provided a framework for
how regulation might occur [311]. However, apart from some evidence that BicD promotes
motor loading [83], essentially nothing is known about the mechanisms that targets
kinesin-1 and cytoplasmic dynein to lipid droplets. Identifying the unknown cargo adaptors
has the potential to greatly clarify our understanding of droplet motion: In principle, such
adaptors might control the number of motors per cargo (Fig. 6A, left), might mediate
coordination (e.g., via physically contacting both types of motors), and might be the target
for the action of regulators (e.g., if they contribute to the proposed switch; Fig. 5B,D).

The molecular nature of the adaptors may also illuminate how motor forces are controlled in
vivo. Such forces are a read-out for the activity of the motors driving transport. For
embryonic lipid droplets, these forces are intricately regulated: they first increase and then
decrease as development proceeds [57]; these changes occur in parallel for the plus- and
minus-end directions, so that forces remain balanced [57]. In principle, forces could be
controlled by multiple pathways (Fig. 6A): First, the number of motors on the cargo might
be altered by control of motor-cargo docking; indeed reduced amounts of kinesin-1 on
droplets (achieved by lowered Khc dosage) results in lowered forces [76]. Biochemical
analysis has so far not found any dramatic changes in the amount of kinesin-1 on droplets
between phases [76], though the temporal resolution of those experiments would not have
detected a transient spike in the very short Phase Ilb. And the time course for dynein levels
on droplets remains to be investigated. Second, the activity of some of the docked motors
may be switched on and off, so that only a subset of all motors physically present are active.
Some such mechanism is likely at play since forces change dramatically across phases [57],
while kinesin-1 levels do not [76]. GSK-3 is involved in restricting kinesin-1 activity [85],
but whether it acts directly and how kinesin-1 is turned off is unclear. As casein-kinase 2 can
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activate kinesin-1 invitro [121, 212] and has been detected in droplet preparations [15], it
might mediate this regulation. Third, motor coordinators may allow full force production by
keeping opposite-polarity motors inactive, as has been proposed for dynactin and Klar [57,
84]. Finally, cytoplasmic dynein can operate in both a low- and a high-force state [312].
These states can be controlled by transacting factors [214], possibly acting through a C-
terminal inhibitory domain in the dynein heavy chain [313]. Whether such modulation of the
inherent dynein force contributes to the force regulation observed for droplets in vivo is not
yet known. Because lipid droplets are one of the few in-vivo systems in which the forces
driving transport can be measured, this experimental system provides a unique opportunity
for dissecting the underlying mechanisms. Such an analysis will also establish whether there
is a connection to the switch mechanism; available evidence has so far not revealed any link
between run-length control and number of active motors [76, 77].

One of the central issues for any bidirectional transport system is understanding what
controls run lengths, since the balance of runs in the plus- and minus-end directions controls
the net direction of transport and global distribution of cargo. This is a difficult question, and
tug-of-war models, although quite promising [228], seem not to adequately describe a
number of bidirectional transport systems [231], including lipid droplets [229]. The
alternative concepts of coordinators and switches, while conceptually attractive, remain so
far largely speculative and vague. However, we have a genetic inroad into this problem
because a number of regulators have been identified where mutations alter run lengths (Fig.
5F): Halo, Klar, Dynactin, BicD, LSD-2, GSK-3 [57, 83-87]. In addition, mutations in Dop
and Wech alter net transport of droplets, and quantitative tracking of individual droplets
should reveal if this is the result of changed run length. Finally, the dynein cofactor Lis1 was
recently shown to play an important role in run-length control for dynein in RNA transport
during embryonic stages corresponding to lla and I1b [82]; it is not yet clear if Lis1 might
also influence run length for droplet motion: overall distribution of droplets was normal,
suggestive of little effect, but quantitation of the motion at the single droplet level has yet to
be reported. Thus, even without a comprehensive list of proteins involved in droplet motion,
there are already many potential leads available to probe the molecular nature of the switch.

Molecularly dissecting the function of the known transport regulators should provide critical
clues into the mechanism of run-length control and thus to a better understanding of the
proposed switch. For example, Klar and kinesin-1 exist in common protein complexes [235].
Once the molecular basis for this interaction is known (e.g., via a particular domain of Klar
or a specific bridging protein), one can abolish it genetically and then ask which properties
of transport are affected. If Klar is indeed part of a coordinator complex that pushes kinesin
away from the track when dynein is active (Fig. 5D), then lack of the kinesin/Klar
interaction should induce motor competition specifically during minus-end motion. For
dynactin, a candidate domain for switching dynein “off” has already been identified: at least
in vitro, a particular domain of the dynactin subunit p150¢!ued can promote a diffusive state
with minimal force production [249]. It will be interesting to test if mutating this domain - or
overexpressing it in embryos — will alter lipid-droplet motion.

One issue that has not yet received attention is to what extent lipid-droplet dynamics is
controlled by properties of the microtubule network. First, microtubules can be profoundly
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affected by a large number of posttranslational modifications [314]. In particular, acetylation
of tubulin is known to promote kinesin-1-driven transport [315]. As tubulin acetylation is
first detected during cellularization [316], it might contribute to the Phase I to Ila transition.
Second, the presence of microtubule-binding proteins can also change run lengths, with
differential effects on kinesin-1 and cytoplasmic dynein [317, 318]. Finally, runs might also
be impeded by various obstacles or if motors jump from one track to another; these issues
might be particularly important in the region apical to the nuclei with its dense and
potentially crisscrossing cytoskeletal network (Fig. 2B). It will therefore be important to
establish to what extent the architecture and properties of the tracks modulate droplet motion
across the phases; i.e., the switch mechanism may not only act at the level of the lipid
droplet (as implied by the cartoons in Figs. 5D,F), but also via altering the tracks.

Protein sequestration

Histones are sequestered on lipid droplets and are released to assemble chromatin in the
nucleus as embryogenesis proceeds (Fig. 4D). Sequestration is mediated by Jabba (Fig.
4C,E), but whether — and how - recruitment and release of histones is regulated remains
unknown. Histones might constantly equilibrate between cytoplasm and lipid droplets, and
the cytoplasmic pool might provide the histones for the assembly of new chromatin after
replication. Alternatively, histones may be tightly bound to the droplets, and release in times
of need may require developmental signals and/or feedback from the replication machinery.
To resolve this issue, it will be important to follow the trafficking of histones from and to
lipid droplets in real time and identify histones’ partners in various locations. E.g., are
classical histone chaperones needed to unload histones from the lipid droplets or can some
Jabba isoforms leave droplets and travel with the histones into the nucleus? And are histones
stored as monomers, as H2A-H2B dimers, or complexed with other proteins, in addition to
Jabba?

Why the supernumerary histones in Drosophila embryos are tethered to lipid droplets rather
than to other organelles or why they are not simply present as protein complexes in the
cytoplasm remains an intriguing puzzle. For example, if Jabba binding physically protects
histones from attack by the degradation machinery, protection should be similarly effective
wherever Jabba is located. One possibility is that tethering of histones to a large cytoplasmic
organelle prevents their uncontrolled import into the nucleus. And the tens of thousands of
embryonic lipid droplets may provide an extensive surface for storage, a surface that
remains fairly constant during early developmental stages. If Jabba has distinct domains for
binding to lipid droplets and to histones (as imagined in Fig. 4E), it should be possible to
redirect the histone-binding domain of Jabba to distinct intracellular locations (say, the outer
mitochondrial membrane or the cytoplasm) and test whether histone storage and buffering
are compromised.

In Jabba mutant embryos, the maternal deposit of H2A, H2B, and H2Av is essentially gone
[16]. The available evidence suggests that histones are synthesized normally, but are
degraded. However, enhanced histone turnover has not yet been demonstrated directly. It
remains conceivable that, in addition to its role as histone anchor, Jabba also activates
histone translation during oogenesis. It will therefore be important to determine if in the
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absence of Jabba histone degradation is indeed enhanced and what mechanisms mediate
turnover. Such studies will test one of the main proposed models of why refugee proteins are
targeted to droplets, namely to shield them from degradation [20]. In addition, they will
provide insights into the surveillance mechanisms that protect cells from toxic histone
overaccumulation, mechanisms that remain poorly characterized in animals [162].

Lack of Jabba causes aberrant nuclear accumulation of histones, nuclear falling (presumably
as a result of DNA damage), and embryonic death [16, 75]. How these phenotypes are
connected is not yet clear, e.g., incorrect histone supply might impair transcription,
replication, or chromosome condensation during mitosis. In yeast, oversupply of histones
has been shown to have multiple unrelated consequences [181]. Understanding which
nuclear function(s) are altered when droplets cannot sequester histones is important not only
for determining the dynamics of histone metabolism and chromatin assembly in early
embryos, but also to provide molecular markers that can serve as read-outs of failed
sequestration and/or buffering. Such markers will be particularly useful for investigating if
droplet-mediated histone buffering is an embryo-specific phenomenon or occurs also at
other stages.

The droplet-sequestered histones support not only chromatin assembly, but can also act as
antibacterial defense (Fig. 4G). Many details of this defense mechanisms are not yet known:
how are histones released in response to bacteria (in vitro, bacterial cell wall/membrane
components trigger release [19]), how do histones Kill the bacterial invaders, and against
which types of organisms is this defense effective? Most important will be to establish
whether Jabba-mediated protection against infection in adults also depends on stored
histones or other properties of Jabba and if this type of innate immunity exists in other
species, as suggested [19].

Finally, droplet-bound refugee proteins are likely common [20, 21], but because the
mechanism of droplet targeting is unknown, this phenomenon has been hard to study. In
Drosophila embryos, not only histones are missing from lipid-droplet preparations of Jabba
mutants, but also a number of other abundant proteins [16]. If it can be confirmed that these
proteins are also anchored to droplets via Jabba, dissecting their mode of sequestration
becomes feasible. It will be interesting to determine the fate of these proteins in Jabba
mutants (e.g., are they degraded or do they now localize elsewhere in the cell?) and whether
they are recruited via interactions distinct from the ones mediating histone binding.

Beyond motility and sequestration

It would be a missed opportunity if droplet research in Drosophila embryos were restricted
to motility and sequestration, ignoring other aspects of droplet biology. For example, we
know that the biogenesis of lipid droplets during oogenesis is highly developmentally
regulated and occurs on a massive scale, but so far only the broad outlines and a few
molecular components are understood (Fig. 1D); and our knowledge of the turnover of lipid
droplets during embryogenesis is extremely fragmentary (Fig. 1F). As much is already
known about droplet biogenesis and turnover from studies in cultured cells and fungi [23,
25, 26, 28-34], it will be relatively straightforward to develop hypotheses about which
pathways may drive these processes in ovaries and embryos, hypotheses that should be
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readily testable with the well-developed genetic tools available in Drosophila. If known
pathways are insufficient to explain what is going on, a broad range of molecular genetic
approaches are available to uncover novel components [107, 108]. Once the relevant
pathways, expected or novel, are identified, they can then be analyzed using the unique
toolkit for Drosophila embryos (Fig. 3).

More broadly, studying the lipid droplets of Drosophila embryos has the potential to link
fundamental droplet processes to the biology of the whole organism. Studies aimed at
understanding the cell biology of lipid droplets will often allow the generation of embryos in
which droplet abundance, composition, distribution, or function is altered, providing insight
into the mechanisms underlying these droplet properties. But these embryos can then also be
used to determine if the embryos with these altered droplets can develop and function
normally. For example, mutations in the histone anchor Jabba revealed the mechanism by
which histones are recruited to lipid droplets and that droplet binding is apparently necessary
to stably maintain the maternal histone deposit [16]. These same mutations could then also
be used to uncover that the stored histones are important for normal development and
embryo survival [16].

It is becoming increasingly clear that metabolism makes important contributions to both
normal and pathological development (e.g., [73, 319, 320]). Given the central role of lipid
droplets in lipid and energy homeostasis as well as their myriad additional functions, I
anticipate that they can modulate development in many different ways. Drosophila
embryogenesis is well characterized molecularly and cell-biologically, and many processes,
from cell and tissue structure to gene expression, are understood in exquisite mechanistic
detail (e.g., [281, 282, 321]). It is therefore in principle possible to determine even subtle
consequences of altered droplet composition and function on development. Given the many
cellular roles of lipid droplets and the deep analysis of development possible in Drosophila,
I am confident that many exciting discoveries about Drosophila embryonic lipid droplets
and their organismal roles will be made in the future. And because Drosophila has emerged
as an excellent model to analyze broadly conserved aspects of energy metabolism [322],
such studies may also illuminate the link between droplet biology and development in other
organisms.
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Figure 1. The life cycle of Drosophila embryonic lipid droplets
(A) Structure of lipid droplets: A core of neutral lipids (triglycerides (TAG), sterol esters,

retinol esters) is surrounded by a monolayer of amphipathic lipids (such as
phosphoglycerides and sterols). Proteins can be stably embedded (green) in this monolayer
or reversibly bound (red) to other proteins or lipid head groups. (B) Colocalization of a GFP
fusion (green) that targets to lipid droplets (GFP-LD [56]) and neutral lipids (red, detected
with the dye Nile Red). The fusion protein surrounds a core of neutral lipids. Note that this
particular fusion protein labels only a subset of lipid droplets. Scale bar =5 um. Image
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modified from [56]. (C) Overview of oogenesis (for color code of cell types, see D). In early
egg chambers, the 16-daughter cells of the germ-line cytoblast (the future nurse cells and
oocytes) are surrounded by a layer of somatic follicle cells. In mid-stage egg chambers,
nurse cells supply the growing oocyte with nutrients, proteins and RNAs; follicle cells have
migrated to cover the oocyte. In late stages, nurse cells have transferred most of their
contents to the oocyte and have undergone apoptosis. The oocyte is surrounded by an
eggshell (not shown) that was produced by the follicle cells. The various stages are not
drawn to scale; by the end of oogenesis the oocyte volume has increased more than a
hundred fold. (D) Lipid droplets in mid-stage egg chambers. One of the ring canals
connecting nurse cells and oocyte is indicated. Top left: lipophorin particles (diacylglycerol
(DAG) rich components of the hemolymph) are taken up by nurse cells via lipophorin
receptors (Lpr). Bottom left: in the nurse cells, DGAT1 converts acyl-CoA and DAG into
TAG, which contributes to the growth of the LD core. Bottom right: cytoplasmic streaming
transports lipid droplets from nurse cells through ring canals into the oocyte. Top right: in
the oocyte cytoplasm, most lipid droplets move passively by cytoplasmic streaming; a subset
is actively transported by motors along microtubules. (E) In early embryos, lipid droplets
move bidirectionally along microtubules. (F) Later in embryogenesis, lipid droplets are
thought to be broken down to generate energy (via oxidative phosphorylation) and building
blocks (for biomass production).
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Figure 2. Lipid droplet motility in the early embryos
(A) Overview of early embryogenesis. During cleavage stages nuclei divide in the embryo

interior. By syncytial blastoderm (nuclear cycle 10-13), a subset of nuclei has reached the
surface and continues to undergo mitosis. During cellularization (nuclear cycle 14), plasma
membranes grow in between the nuclei, converting the syncytial embryo with thousands of
nuclei into a monolayer of cells with one nucleus per cell. Gastrulation movements start
shortly thereafter. The orange bars represent the extent of the phases of lipid-droplet
transport relative to other morphological events. Embryos are drawn schematically and not
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to scale; in reality, there are some ~6000 nuclei present at the periphery at cellularization. In
addition, from syncytial blastoderm onward, the center of the embryo also contains
polyploidy yolk nuclei; for clarity, they have been omitted from the cartoon. (B) Left:
Schematic representation of the distribution of nuclei, lipid droplets, and microtubules in
early embryos (not drawn to scale). Nuclei are present close to the embryo surface, all
around the embryo. Microtubules are oriented radially, with their minus ends close to the
surface and their plus ends pointing into the embryo interior. Right: Micrograph of parts of
an early embryo, depicting DNA (blue, to highlight nuclei) and microtubules (green).
Microtubule polarity (+ and — ends) is indicated in a few instances. Scale bar = 10 um.
Image modified from [76]. (C) Schematic representation of the global distribution of lipid
droplets during early embryogenesis (not drawn to scale). In Phase | and 111, droplets are
found all over the peripheral cytoplasm. In Phase I1, droplets relocate inward and
accumulate around the central yolk (not shown, but see Fig. 3B). (D) Cartoon of lipid-
droplet motion: Droplets move back and forth along microtubules, powered by the plus-end
motor kinesin-1 and the minus-end motor cytoplasmic dynein. The arrows show the relative
lengths of movements in the minus- and plus-end directions in various phases (based largely
on the measurements in [83], but see also [86] and [57]; the exact run-length values vary
with the tracking method employed; the figure summarizes the relative balance of motion in
the two directions).
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Figure 3. Methods to study Drosophila embryonic droplets
(A) Lipid-droplet motion visualized by differential interference contrast (DIC) microscopy

and manipulated by an optical tweezer/trap. Time in seconds is indicated as well as whether
the laser (centered on the droplet) is turned on or off. Red line shows the position of the
center of the lipid droplet tracked over time. The droplet proceeded steadily along a linear
path (inferred to be a microtubule) and its progress was impeded by the optical trap. For
details of the tracking and laser trap analysis, see E. (Image from [59]). (B) How lipid
droplet distribution affects embryo transparency. Shown is an embryo cross-section
perpendicular to the long axis of the embryo. Light (red lines) from a source on the left
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passes through the embryo and is collected by an observer on the right. Yolk granules (gray)
and lipid droplets (yellow) scatter light and thus prevent light from passing through the
cytoplasm. In the top embryo, lipid droplets are spread out all over the periphery and block
light evenly. In the bottom embryo, lipid droplets have moved away from the periphery and
are accumulated around the central yolk; hence, light can pass through the periphery. (C)
Changes in lipid-droplet distribution cause altered embryo transparency. In Phase | and 111,
the embryo periphery is opaque because the abundant lipid droplets scatter light. In Phase 11,
the periphery is transparent because it is depleted of lipid droplets. Image from [76]. (D)
Jabba immunostaining (green) to highlight lipid droplets. The dotted line outlines the
embryo surface. In this Phase 1l embryo, the droplets have accumulated basally, clustering
around the central yolk. Scale bar = 25 um. Image modified from [16]. (E) Movement of a
lipid droplet along a microtubule as a function of time, in the presence or absence of an
opposing force from an optical trap. This image is from [59] and represents the quantitation
of the experiments shown in (A). The enlarged portion shows that the droplet stalls when the
trap is switched on and then drops to the trap center. Another movement attempt again
results in a stall. When the trap is switched off, the motors are able to continue to move the
droplet. The distance at which the stall occurred is a measure for the force generated by the
motor(s) moving the droplet, in this case ~5.5 pN. (F) Early embryos contain proteins
directly inherited from the mother (red blobs) as well as proteins generated in the embryo
from translation of maternal messaged (red). By cellularization, the zygote has started
transcribing its own genes, generating its own messages and proteins (shown in blue). Later
in embryogenesis, translation is driven by zygotic messages and most, but not all, proteins
are the product of zygotic transcription. (G) By microinjection, various substances can be
introduced into embryos, including antibodies, MRNAs, dsRNAs for RNA interference,
inhibitors, bacteria, and lipid droplets. (H) Transplantation of H2Av-RFP covered lipid
droplets into recipient embryos in which nuclei are marked by NLS-GFP. Merged image
reveals the transplanted lipid droplets in red; some of the droplet-bound H2Av-RFP was
released from droplets and was transferred into nuclei. Image from [15]. (1) Principles of
optical trapping. Top: Lipid droplet in the center of an optical trap (optical tweezer). It is
propelled along the microtubule by the force generated by the microtubule motor. The trap
does not yet exert any force on the droplet. Middle: Once the droplet is displaced from the
laser center, the trap exerts a force pulling the droplet back towards the center. At some
point, the force from laser and motor are balanced, resulting in stalled motion. Bottom: If the
droplet is pulled by multiple motors, this force balance occurs at a distance further from the
center of the laser. (J) Schematic representation of lipid-droplet purification by floatation.
Embryo lysate in high-density buffer is overlaid by sucrose solutions of increasingly lower
density. After centrifugation, lipid droplets can be recovered at the very top of the gradient.
Image from [16]. (K) Protein content of lipid-droplet fraction after sucrose gradient. Proteins
from droplet fraction (LD) were analyzed by SDS PAGE. MW = molecular weight markers.
Image from [16]. (L) Schematic depiction of in-vivo centrifugation of embryos. Embryos
before cellularization are embedded in agar to keep them in a fixed orientation (top). After
centrifugation, the contents of each embryo are separated by density (bottom). Image from
[127]. (M) Separation of organelles by in-vivo centrifugation. Living embryos were
centrifuged as in (L), which results in distinct stratification visible by bright-field
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microscopy (left). Distribution of various organelles was detected by fluorescence
microscopy. Image originally from [15], as modified in [127].
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Figure 4. Histone sequestration on droplets
(A) Centrifuged embryos stained for histone H2Av. In Phase 0 embryos, H2Av signal is

almost exclusively associated with the lipid-droplet layer (yellow arrow). By Phase Il, H2Av
signal is found both on the droplet layer and in nuclei. Image modified from [16]. (B) In
Phase | embryos, H2Av-GFP (green) is present in nuclei (large blobs, N) and on lipid
droplets (small rings in the cytoplasm, LD). Image courtesy of Zhihuan Li. (C) In-vivo
centrifugation demonstrates that histone H2B is present on lipid droplets in a Jabba-
dependent manner. Both panels show Phase 0 embryos after centrifugation; lipid-droplet
layers are indicated by yellow arrows. Left: wild-type embryo stained for H2B (H2B is
highly enriched on the droplet layer). Right: Jabba mutant embryo stained for H2B (H2B is
absent from the droplet layer). Image modified from [16]. (D) Storage of histones on lipid
droplets allows temporal uncoupling of histone production and usage: During oogenesis,
newly synthesized histones are sequestered on lipid droplets. The sequestered histones are
released during embryogenesis and are relocated to the nucleus to package chromatin. (E)
Histone dynamics in early embryos. Early embryos contain both histone mRNAs and
histone proteins provided from the mother. The translation of the messages for canonical
histones is regulated by the Drosophila stem loop binding protein (dSLBP). Maternal
histone proteins are stored on lipid droplets via binding to Jabba. Both newly translated
histones and droplet-stored histones contribute to chromatin assembly in the nucleus. In
addition, excess newly synthesized histone can be sequestered on droplets, thus buffering
the histone supply. (F) Wild-type and Jabba mutant embryos stained for H2Av. At certain
stages, Jabba mutant embryos display overaccumulation of H2Av in their nuclei. Image
modified from [75]. (G) Wild-type and Jabba mutant embryos injected with E. coli
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expressing GFP. While over time the bacterial population declines in the wild-type embryos,
it dramatically increases in Jabba mutants. Image from [19].
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Figure 5. The motors driving lipid droplet motion
(A) Motor behavior in vitro: Cargo moved by two motors can travel for considerable longer

distances than cargo moved by a single motor. Arrows indicate distance traveled. (B)
Proposed “switch” model for lipid-droplet transport in vivo. Left: a switch mechanism
terminates motion independent of motor number; both cargoes move the same distance.
Arrows indicate distance traveled. Right: For bidirectional transport, the switch toggles
between two states: “kinesin-1 ON, cytoplasmic dynein OFF” and “kinesin-1 OFF,
cytoplasmic dynein ON” (right). (C) Bidirectional transport as a result of a tug-of-war
between opposing motors. Arrows indicate travel velocity. If the numbers and forces of
opposing motors are well balanced, cargoes will frequently be stalled, in severe motor
competition (panel 1). As motors attach and detach stochastically, motor imbalance will
arise that allows slow motion in a particular direction (panel 2). If motors under load release
more readily, this imbalance will quickly resolve itself into only motors for one direction
being actively engaged on the microtubule (panel 3). Stochastic binding/release of motors
will re-establish the paused state and can even result in reversal of direction (panels 4, 5, 6).
(D) Bidirectional transport as the result of the still hypothetical coordination machinery
(pink): The coordination machinery keeps cytoplasmic dynein off (possibly by sterically
preventing binding to the track) while the opposing kinesin-1 motors are on. Once the switch
is triggered, the coordination machinery turns kinesin-1 off and simultaneously makes
cytoplasmic dynein active. (E) Stall force measurements for plus-end directed lipid droplets
in Drosophila embryos show peaks at multiples of ~2.6 pN. This pattern indicates the action
of 1, 2, or 3 kinesins per droplet. Image from [59]. (F) Factors known to regulate lipid-
droplet motion. Lipid droplets constantly switch between motion dominated by the plus-end
motor (top) and motion dominated by the minus-end motor (bottom). The pink blob
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represents a hypothesized switching complex. Dynactin and Klar have been proposed to act
as integral parts of the switch mechanism involved. BicD, GSK-3, and LSD-2 also affect the
distance traveled in one or both directions, and thus may be involved in flipping the switch.
Halo acts as transacting signal that mediates the temporal pattern of switching frequency.
Klar, LSD-2, Dynactin, and BicD are localized to lipid droplets and may be part of the
switching complex. Whether GSK-3 or Halo are physically present on the droplets is
unknown.
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Figure 6. Regulators of lipid-droplet transport
(A) Proposed models of force regulation during lipid-droplet transport (from left to right): 1)

Motor number per droplet might be controlled by the availability of docking sites or the
number of motors available for docking. The cargo adaptor for motors on droplets is not yet
known [76]. 2) The activity of motors might be controlled after docking; GSK-3 has been
proposed to restrict the activity of docked kinesin-1 [85]. 3) Motor coordinators may allow
full force production by keeping opposite-polarity motors inactive, as proposed for dynactin
and Klar [57, 84]. 4) Cytoplasmic dynein can exist in low- and high-force states [312], and
these states can be controlled by transacting factors [214]. So force production by
cytoplasmic dynein on lipid droplets might be regulated in vivo, an idea that has not yet been
tested. (B) The complex klar locus encodes five different protein isoforms, a, B, v, 6 and €.
Promoters are indicated by blue arrows, non-coding exons by gray bars, and coding exons
by red/orange/blue bars. LD domain is shown in orange, KASH domain in blue. Map
modified after [266]. (C) Comparison of the effect of Klar on lipid droplet (left) and mRNA
(right) transport. Arrows symbolize run lengths in the presence (pink) or absence (black) of
Klar. Presence of Klar increases plus-end travel lengths for lipid droplets, but reduces them
for RNP particles [57, 235]. (D) Differences in Halo, LSD-2, and BicD proteins between
phases of droplet transport. Halo is absent in Phase | and expressed in Phase I1; its status in
Phase I11 is unknown, but circumstantial evidence and halo's mRNA expression pattern has
led to the proposal that Halo is degraded by this time [79, 86]. LSD-2 is highly
phosphorylated in Phase I and 111, but less so in Phase Il [87]. Droplet levels of BicD protein
drop progressively from Phase | to Il to 111 [83]. (E) Halo acts as a directionality determinant
for transport. GFP-labeled lipid droplets in late Phase Ila embryos in which Halo is either
expressed (left) or missing (right). The dotted line outlines the embryo surface. In the
presence of Halo, net transport is plus-end directed (inward); in the absence of Halo, net
transport is minus-end direction (outward). Scale bar = 10 um. Image modified from [56].
(F) Acute effect of Halo on lipid-droplet distribution and embryo transparency. Bright-field
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image of a Phase Ila embryo mutant for Halo in which in-vitro generated halo mRNA was
injected on the right. In the left half of the embryo, Halo activity was absent and lipid
droplets are spread throughout the periphery, resulting in a broad brown “halo” around the
central yolk. In the right half of the embryo, Halo activity was present, and lipid droplets
accumulated around the central yolk (as a narrow dark band), leaving the periphery depleted
of droplets. As a result, the peripheral cytoplasm is transparent. Image from [86].
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Table 1

Movies of Drosophila lipid droplets

# | Label used to detect droplets Detection method Reference | Movie number
Bidirectional motion of embryonic droplets

1 GFP-LD Confocal microscopy [56] Sland S2
2 no label fSRL microscopy [104] S2

3 H2Av-GFP Confocal microscopy [15] S9
Droplet motion in oocytes

4 No label Confocal reflection microscopy [53] 1,234
5 H2Av-GFP Confocal microscopy - regular and reflection [53] 10
Net transport of lipid droplets in embryos

6 No label DIC microscopy [76] S1

7 No label fSRL microscopy [104] S1

Page 77

Examples of movies from the literature that show lipid-droplet motion in ovaries and embryos. The label and detection method employed to
visualize droplets are indicated. The movies listed can typically be found in the online supplemental/supporting material of the paper listed under

“reference”.
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Table 2

Confirmed lipid-droplet proteins of early Drosophila embryos

Page 78

Protein

Evidence for droplet localization

Amount

Kinesin

Western analysis [76]
Colocalization on purified droplets [58]
Mutants and antibody injection alter droplet motility [76]

Minor

Dynein

Western analysis [76, 87]

Colocalization in disrupted embryos [77]

Colocalization on purified droplets [58]

Mutants alter droplet motility [77, 84]

Mutants for known dynein cofactors alter motility [83, 84]

Minor

Dynactin

Colocalization on purified droplets [58]
Mutant alters droplet motility [84]

Minor

LSD-2

Western analysis [87]

Colocalization in disrupted embryos [87]
Centrifuged embryos [87]

Mutants alter droplet motility [87]

Likely exclusively on droplets

BicD

Western analysis [83]
Mutants alter droplet motility [83]

Minor

Klar

Colocalization in intact embryos [105]

Centrifuged embryos [56, 76, 105]

Mutants alter droplet motility [56, 57, 105]

Mutants that alter droplet distribution alter Klar distribution accordingly [76, 105]

Large fraction

H2A

Western analysis [15, 16]
Centrifuged embryos [15, 16]

Large fraction in early embryos

H2B

Western analysis [15, 16]
Centrifuged embryos [15, 16]

Large fraction in early embryos

H2Av

Western analysis [16]

Centrifuged embryos [15, 16, 75]

Colocalization in intact embryos [15]

Mutants that alter droplet distribution alter H2Av distribution accordingly [15]

Large fraction in early embryos

Jabba

Western analysis [16]

Centrifuged embryos [16]

Colocalization in intact embryos [16]

Mutants abolish histone sequestration on droplets [16]

Mutants that alter droplet distribution alter Jabba distribution accordingly [16]

Large fraction, possibly exclusively on
droplets

Amount refers to the fraction of the protein detected on lipid droplets compared to the total levels of the protein in the embryo.
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