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SUMMARY

Lipid droplets (LDs) are the major fat storage organ-
elles in eukaryotic cells, but how their size is
regulated is unknown. Using genetic screens in
C. elegans for LD morphology defects in intestinal
cells, we found that mutations in atlastin, a GTPase
required for homotypic fusion of endoplasmic reticu-
lum (ER) membranes, cause not only ER morphology
defects, but also a reduction in LD size. Similar re-
sults were obtained after depletion of atlastin or
expression of a dominant-negative mutant, whereas
overexpression of atlastin had the opposite effect.
Atlastin depletion in Drosophila fat bodies also
reduced LD size and decreased triglycerides in
whole animals, sensitizing them to starvation. In
mammalian cells, co-overexpression of atlastin-1
and REEP1, a paralog of the ER tubule-shaping pro-
tein DP1/REEP5, generates large LDs. The effect of
atlastin-1 on LD size correlates with its activity to
promote membrane fusion in vitro. Our results indi-
cate that atlastin-mediated fusion of ER membranes
is important for LD size regulation.

INTRODUCTION

Lipid droplets (LDs) are the main organelle for fat storage in eu-
karyotic cells (Walther and Farese, 2012). LDs consist of a core of
neutral lipids, comprising triglycerides (TAG) and sterol esters
(SE), and a surrounding phospholipid monolayer. The size of
LDs varies in response to changes in nutrient availability,
increasing when nutrients are amply available, and decreasing
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during starvation. Although the enzymes involved in synthesis
and degradation of neutral lipids have been identified, the mech-
anism of this regulation remains poorly understood.

The endoplasmic reticulum (ER) membrane likely plays a ma-
jor role in the generation and expansion of LDs. Electron micro-
scopy studies show that the ER is tightly associated with LDs,
and a physical coupling of the two organelles is a prerequisite
for LD expansion (Blanchette-Mackie et al., 1995; Robenek
et al., 2009; Wilfling et al., 2013). In Caenorhabditis elegans,
the binding of LDs to the ER can be facilitated by an interaction
between the ER protein FATP1, a fatty acyl-coenzyme A synthe-
tase, and the lipid-droplet-associated protein DGAT2, an
enzyme that converts diglycerides into triglycerides (Xu et al.,
2012). In addition, there is evidence in yeast that the cytoplasmic
leaflet of the phospholipid bilayer of the ER membrane is contin-
uous with the phospholipid monolayer of LDs (Jacquier et al.,
2011). The physical link between the ER and LDs, as well as
the ER localization of many enzymes involved in neutral lipid syn-
thesis (Coleman and Lee, 2004; Yen et al., 2008), suggests that
the ER plays a major role in LD size regulation.

The ER is a single, continuous membrane system comprising
the nuclear envelope and a peripheral network of membrane
tubules and sheets (Shibata et al., 2006). The tubules have
high membrane curvature in cross-section, which is stabilized
by members of two distinct, evolutionarily conserved ER protein
families, one called the reticulons (or Rtns in yeast), and the other
DP1/REEPS5 in mammals and Yop1p in yeast (Voeltz et al., 2006).
All of these proteins are anchored in the ER membrane by two
hydrophobic hairpin structures. The reticulons and DP1/Yop1p
probably stabilize the high membrane curvature by forming
a wedge-like structure in the lipid bilayer as well as arc-like
scaffolds around the tubules (Hu et al., 2008; Shibata et al.,
2009; Voeltz et al., 2006). In vertebrates, DP1/REEP5 is one of
six related gene products. While REEP6 is highly similar to
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Figure 1. ATLN-1 Regulates LD Size and Distribution in C. elegans
(A) Visualization of lipid droplets (LDs) using the LD marker GFP::DGAT-2 (hjSi56) in a larval L4 stage animal grown at 25°C. The image shows the second intestinal
segment. White dotted lines indicate the cell boundaries on the basal side. GFP is in green and autofluorescence in magenta. A projection of 8 um z stacks is
shown. Scale bar = 10 um (applies to all other panels).
(B) As in (A), but with a atin-1(a0715) mutant worm expressing the ATLN-1(A172V) protein.
(C) As in (A), but worms were treated with a control RNA..
(D) As in (A), but worms were depleted of ATLN-1 by RNA..
(E) Distribution of LD size in wild-type and ATLN-1(A172V) animals grown at 20°C. Ten animals of each group were analyzed. The inset shows the number of LDs in
wild-type and atin-1(a015) mutant animals. Results are given as means + SEM derived from ten animals of each genotype. *p < 0.05.
(F) Quantification of triglycerides by gas chromatography-mass spectrometry. Results are given as means + SEM derived from six independent populations of
animals of each genotype grown at 20°C. *p < 0.05.
(G) Image from a single focal plane of a wild-type animal at larval L4 stage expressing a luminal ER mCherry marker (hjSi158).
(H) As in (G), but with an animal expressing ATLN-1(A172V).
() As in (G), but with an animal expressing ATLN-1 carrying the original A172V mutation and the suppressor mutation S373F.
(J) As in (G), but with an animal expressing ATLN-1 carrying the original A172V mutation and the suppressor mutation H402Y.
(legend continued on next page)
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DP1/REEP5, REEP1-4 are distinguished by having very short
N-terminal hydrophilic domains preceding the first hydrophobic
segment and by containing C-terminal microtubule-binding do-
mains (Park et al., 2010).

The ER tubules are connected into a network by membrane
fusion, a process mediated by the metazoan atlastin proteins
and their yeast functional ortholog, Sey1p (Hu et al., 2009,
2011; Orso et al., 2009; Zhu et al., 2003). The atlastins belong
to the dynamin family of GTPases. They consist of a GTPase
domain, a three-helix bundle, two closely spaced transmem-
brane segments, and a cytoplasmic C-terminal tail (Bian et al.,
2011; Byrnes and Sondermann, 2011). A role for the atlastins
in ER fusion is suggested by the observation that the depletion
of atlastins or overexpression of dominant-negative atlastin mu-
tants leads to long, nonbranched ER tubules in tissue culture
cells (Hu et al., 2009). Atlastin depletion also causes ER
morphology defects in Drosophila melanogaster neurons and
muscles (Orso et al., 2009). In addition, antibodies to atlastin
inhibit ER network formation in Xenopus egg extracts (Hu
et al.,, 2009). Finally, proteoliposomes containing purified
Drosophila atlastin or yeast Sey1p undergo GTP-dependent
fusion in vitro (Anwar et al., 2012; Bian et al., 2011; Orso et al.,
2009). Both the atlastins and Sey1p physically and genetically
interact with the tubule-shaping proteins (Hu et al., 2009; Park
et al., 2010), suggesting a functional interplay between these
two protein classes. Significantly, mutations in a neuronally ex-
pressed isoform of atlastin (atlastin-1) or in REEP1 cause hered-
itary spastic paraplegia in humans, a neurodegenerative disease
that affects corticospinal axons (Blackstone, 2012).

In this paper, we present evidence that proteins determining
ER morphology play a role in LD size regulation. Specifically,
we report that atlastin affects LD size in C. elegans, Drosophila,
and mammalian cells. We present evidence that atlastin regu-
lates LD size through its membrane fusion activity. Our results
also suggest that regulation of LD size by atlastin has significant
consequences for the organism with respect to fat storage and
tolerance to nutrient deprivation.

RESULTS

Atlastin Regulates LD Size in C. elegans

To identify genes that regulate LD size and distribution in
C. elegans, we performed an unbiased forward genetic screen.
Animals overexpressing the R01B10.6::GFP fusion protein,
which allowed visualization of a subset of LDs in C. elegans
(H.Y.M., unpublished data), were mutagenized with ethyl meth-
anesulfonate. Mutant animals with LD morphology changes in
intestinal cells, the major site of fat storage in worms (Mak,
2012), were selected with a microfluidic sorting device (Chung
et al., 2008; Crane et al., 2012). We identified two recessive

mutant alleles, a073 and a0715, of the gene Y54G2A.2.
Sequence analysis indicated that Y54G2A.2 is a homolog of
the mammalian atlastins. We therefore named it atin-1 for atlas-
tin-1. The a073 and a015 alleles encode the mutations A363V
and A172V, respectively. We focused our analysis on atin-
1(a015) because it causes a stronger phenotype. Similar to
atlastins in other species, the mRuby::ATLN-1 fusion protein
localizes to the ER when expressed at physiological levels (Fig-
ures S1A-S1C).

To analyze in more detail the effect of mutant ATLN-1 on LDs
in intestinal cells, we used a GFP fusion of DGAT-2
(GFP::DGAT-2), an established LD marker (Xu et al., 2012). In
wild-type animals, the diameter of the LDs ranged from 0.3 to
4 um (mode ~1 um) (Figures 1A and 1E). In addition, the LDs
were uniformly distributed throughout the cell (Figure 1A). In
contrast, mutant animals expressing ATLN-1(A172V) had signif-
icantly smaller LDs, ranging in size from 0.2 to 1.8 um (mode
~0.4 um) (Figures 1B and 1E), and the LDs were largely
excluded from the basolateral cell cortex. Similar changes in
LD size and distribution were observed when ATLN-1 was
depleted by RNA interference (RNAIi) (Figures 1C and 1D).
Consistent with the morphological changes, lipid analysis by
gas chromatography and mass spectrometry showed that
mutant animals have 36% lower triglyceride levels compared
with wild-type animals (Figure 1F). As expected from the estab-
lished role of atlastin in mammals and Drosophila, mutant
worms expressing ATLN-1(A172V) also showed changes in ER
morphology, determined by visualizing an ER targeted fluores-
cent protein (signal sequence::mCherry::HDEL; Figure 1H
versus Figure 1G). Quantification of ATLN-1 RNAi-treated ani-
mals showed that the ER is depleted from the lateral regions
of the cells (Figure S1D). The simultaneous visualization of ER
and LDs showed that the altered distribution of LDs in mutant
animals is correlated with the contraction of the ER (Figures
S1E-S1J). This is consistent with the notion that LDs are closely
associated with the ER.

Given that the expression levels of wild-type ATLN-1 and
ATLN-1(A172V) are similar (Figure S2A), it appears that the
function of ATLN-1 is compromised by the A172V mutation.
We note that residue A172 is conserved in human atlastin-1
and its mutation to proline causes hereditary spastic paraplegia
(SPG3A) (Sauter et al., 2004). Consistent with the notion that at-
lastin activity correlates with LD size, ATLN-1 overexpression
resulted in enlarged LDs in C. elegans intestinal cells (Figures
S2B-S2D). However, ATLN-1 is not essential for LD biogenesis.
In fact, mutant animals expressing ATLN-1(A172V) contain
more LDs than wild-type animals (Figure 1E inset). Taken
together, these results indicate that ATLN-1 has an effect on
the size and distribution of LDs and on the cellular lipid homeo-
stasis in C. elegans.

(K) As in (A), but with an animal expressing ATLN-1(A172V S373F).
(L) As in (A), but with an animal expressing ATLN-1(A172V H402Y).

(M) Quantification of LD size. The number of LDs with a diameter >0.4 um in the second intestinal segment was determined in ten cells of five animals for each
strain, all grown at 25°C. Total number of LDs measured: wild-type = 2,060, ATLN-1(A172V) = 2,761, ATLN-1(A172V S373F) = 2,215, ATLN-1(A172V H402Y) =
5,508. The median is indicated by a vertical line in the box. The upper and lower quartiles are indicated by horizontal lines and outliers by circles. *p < 0.05, t test

against ATLN-1(A172V).
See also Figures S1 and S2.
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Effect of Suppressor Mutations in ATLN-1 onLDs and ER
Morphology

To confirm that ATLN-1 has a role in LD and ER morphology, we
searched for intragenic suppressors of the LD phenotype seen
with mutant animals expressing ATLN-1(A172V). Mutant worms
expressing GFP::DGAT-2 were mutagenized and screened for
restored LD morphology. We identified seven intragenic sup-
pressor alleles, two of which (S373F and H402Y) encode amino
acid substitutions in the three-helix bundle domain. In wild-type
atlastin, the three-helix bundle domain undergoes a major
conformational change relative to the GTPase domain upon
GTP hydrolysis, which ultimately drives membrane fusion (Bian
et al.,, 2011; Byrnes and Sondermann, 2011). The S373F and
H402Y mutations did not affect the expression level of ATLN-1
(Figure S2A). Animals expressing ATLN-1(A172V S373F) or
ATLN-1(A172V H402Y) showed a normal distribution of LDs
and the ER (Figures 11 and J and Figures 1K and 1L). However,
while the S373F suppressor mutation rescued LD size to about
that of wild-type animals (Figures 1K and 1M), the H402Y sup-
pressor restored LD size only partially (Figures 1L and 1M). It
therefore appears that different atin-1 alleles have distinct ef-
fects on ER morphology, LD size, and LD distribution.

Sustained Requirement for ATLN-1 in Maintaining LD
Size in C. elegans

Next, we asked whether atlastin function is required to maintain
LD size. We overexpressed a dominant-negative form of ATLN-1
(ATLN-1[K80A]) in wild-type larvae, using a transgene under the
control of a heat-shock promoter. The analogous mutation in
mammalian atlastin is GTPase defective and causes ER
morphology defects (Bian et al., 2011; Hu et al., 2009). Expres-
sion of ATLN-1(K80A) upon heat shock caused a reduction in
LD size (Figures 2C and 2D), whereas no ATLN-1(K80A) was syn-
thesized and no changes in LD size were observed without heat
shock (Figures 2A and 2B). Heat shock per se did not cause
changes in LD size, as neighboring cells not expressing ATLN-
1(K80A) had normal LDs (Figure 2D). These results indicate
that atlastin function is continuously required to maintain the
normal size of LDs.

In a complementary approach, we asked whether the small
size of LDs, caused by ATLN-1 depletion, could be reversed
by the subsequent expression of ATLN-1. To this end, the level
of ATLN-1 was lowered by RNAI, starting from the embryonic
stage, and wild-type ATLN-1 was ectopically expressed in larval
animals under the heat-shock promoter from an RNAi-resistant
transgene. Heat-shock-induced expression of ATLN-1 restored
normal LD size (Figures 2G and 2H), whereas LDs remained
small in animals not subjected to heat shock (Figures 2E and
2F). These results confirm that ATLN-1 is required to maintain
LD size in all developmental stages of C. elegans.

Atlastin Affects LD Size in Drosophila Fat Bodies

We next investigated if atlastin plays a role in regulating LD size
in Drosophila. The Drosophila genome encodes a single atlastin
gene (atl/CG6668) (Lee et al.,, 2008; Orso et al., 2009). We
focused our analysis on the fat body, the major organ of fat stor-
age in flies (Kihnlein, 2012). At/ was depleted by expressing an
UAS-RNAI construct under control of the fat-body-specific Gal4
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driver CgGal4 (Asha et al., 2003). As a control, we separately
knocked down Brummer (Bmm), a lipase involved in neutral lipid
mobilization (Gronke et al., 2005), using the same fat-body-spe-
cific Gal4 driver. Label-free imaging of the fat bodies by
coherent anti-Stokes Raman scattering (CARS) indicated that
atl depletion leads to smaller LDs (Figure 3A). While LDs in
wild-type fat bodies had a maximum diameter of ~12 um with
12.4% above 4 um (1,494 LDs measured; Figure 3A), LDs in
atl-depleted fat bodies had a maximum diameter of ~7 pum
with only 3.3% above 4 um (1,467 LDs measured). As expected,
depletion of the Bmm lipase had the reverse effect, significantly
increasing the size of LDs (Figure 3A). Similar observations were
made when LDs were stained with BODIPY493/503 (Y.G., un-
published data). The morphological changes of the LDs were
also confirmed by transmission electron microscopy (TEM) (Fig-
ure 3B, upper panels). TEM analysis of serial sections, followed
by three-dimensional reconstruction, showed that the ER
network is significantly less dense in at/ knockdown animals
(Figure 3B, lower panels and Figure S3), probably indicative of
less branching of ER tubules, as observed in Hela cells
depleted of atlastins (Hu et al., 2009). Interestingly, at/ knock-
down not only had an effect on LD size, but also reduced the to-
tal triglyceride content in the whole organism; adult female and
male flies had 80% and 90% lower triglyceride levels, respec-
tively (Figure 3C). As a consequence, these flies were more
sensitive to starvation challenge; they died much faster than
wild-type flies when placed on 1% agar without nutrients (Fig-
ure 3D). Taken together, these results show that, like in
C. elegans, loss of Drosophila atlastin function has a pro-
nounced effect on LD size. Furthermore, atlastin’s effect on
LDs influences organismic triglyceride levels and energy ho-
meostasis in both C. elegans and Drosophila.

Atlastin’s Fusion Activity Is Required to Form Giant LDs
in Mammalian Cells

To further explore how atlastin affects LD size, we performed ex-
periments in mammalian tissue culture cells. When human atlas-
tin-1 (ATL1) was expressed alone in COS7 cells, no obvious
changes in LD size were observed (Figures S4A-S4C), although
the ER morphology was visibly altered at higher expression
levels, as previously reported (Hu et al., 2009). By contrast,
when human ATL1 was coexpressed with human REEP1, a
member of the DP1/REEP5 protein family, large BODIPY-posi-
tive spherical structures were seen (Figure 4A). ATL1 and
REEP1 both localized to the rim of these structures (shown for
ATL1 in the inset of Figure 4A). In addition, a population of
much smaller endogenous LDs was still seen and did not stain
for ATL1. Expression of REEP1 alone resulted in its localization
on microtubules (Figure S4C), as previously reported (Park
et al., 2010), consistent with the existence of a microtubule-bind-
ing domain in REEP1. Large BODIPY-stained structures were
also induced upon coexpression of REEP1 with either ATL2 or
ATL3 (Figure S4D), although the LDs were somewhat smaller
with ATL2 and were not always uniformly stained with BODIPY
in the case of ATL3. Similar observations were made when
ATL1 was coexpressed with REEP2, 3, or 4 (Figure S4D). In
contrast, no large LDs were generated upon coexpression of
ATL1 with REEP5 (Figure S4D) or REEP6 (data not shown),
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Figure 2. Sustained Requirement for ATLN-
1 in Maintaining LD Size in C. elegans

(A) A transgenic animal was analyzed, which
carried a heat-shock-inducible transgene for
expression of a dominant-negative ATLN-1
mutant (hjEx17[mRuby::ATLN-1(K80A)]) and a
single-copy transgene expressing an LD marker
(hjSi56[GFP::DGAT-2]). Shown is a control for the
absence of mRuby::ATLN-1(K80A) expression
without heat-shock treatment. The second intes-
tinal segment of a larval L4 animal was imaged. A
projection of 8 um z stacks is shown. Scale bar =
10 pm.

(B) As in (A), but the cells were imaged for LDs by
analyzing GFP fluorescence (in green). Auto-
fluorescence is shown in magenta.

(C) As in (A), but with an animal subjected to heat
shock. Expression of ATLN-1 is visualized by
mRuby fluorescence (in red). The white dotted
lines indicate the cell boundaries. The asterisk in-
dicates a cell not expressing ATLN-1(K80A).

(D) As in (B), but with an animal subjected to heat
shock.

(E) A transgenic animal was analyzed,
which carried a heat-shock-inducible transgene
for expression of wild-type ATLN-1
(hjEx15[mRuby::ATLN-1]) and a single-copy
transgene expressing an LD marker (hiSi56
[GFP::DGAT-2]). The endogenous ATLN-1 was
depleted by RNAi. Shown is a control for the
absence of mRuby::ATLN-1 expression without
heat-shock treatment. The second intestinal
segment of a larval L4 animal was imaged.

(F) As in (E), but the cells were imaged for LDs by
analyzing GFP fluorescence.

(G) As in (E), but with an animal subjected to heat
shock.

(H) As in (F), but with an animal subjected to heat
shock. The same observations as in (D) and (H)
were made with animals carrying independent
extrachromosomal arrays for ATLN-1(K80A) and
ATLN-1 expression, respectively. All animals were
grown at 25°C.
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consistent with the fact that REEP1-4 are structurally distinct
from REEP5/6. Cell-fractionation experiments showed that
some ATL1 and REEP1 molecules localized to LDs, as shown
by copurification with the LD marker adipocyte differentiation-
related protein (ADRP) and separation from markers of other or-
ganelles (Figure 4C). REEP1 expression alone resulted in a small
amount of the protein cofractionating with LDs (Figure 4C),
although giant LDs were not visibly induced (Figure S4C). Taken
together, these data indicate that the simultaneous overexpres-
sion of atlastins and REEP1-4 leads to the appearance of large
LDs in mammalian cells. Because overexpression of ATLN-1
alone is sufficient to induce large LDs in C. elegans intestinal cells
(Figures S2B-S2D), it appears that REEP proteins may not be
limiting in these cells.

Next, we asked whether the induction of giant LDs requires the
membrane fusion activity of ATL1. We generated a Drosophila
atlastin mutant of ATL1 (A136V), analogous to the A172V
C. elegans mutant found in the screen. Drosophila ATL (A136V)
was purified and reconstituted into proteoliposomes, and fusion
activity was tested by lipid mixing using a fluorescent-lipid
dequenching assay (Bian et al., 2011; Orso et al., 2009). The ac-
tivity of the mutant was severely reduced compared with that of
wild-type Drosophila ATL1 (Figure 4D). When the equivalent
mutant of human ATL1 (A161V) was coexpressed with REEP1
in COS7 cells, only a few large LDs were generated (Figures
4B and 4E), suggesting that the fusion activity of ATL1 is required
to generate large LDs. This assumption was confirmed by testing
the generation of large LDs with several other mutants of human
ATL1, corresponding to Drosophila ATL1 mutants that had pre-
viously been shown to be defective in in vitro fusion assays
(Bian et al., 2011; Liu et al., 2012). Indeed, there was a reason-
able correlation between the fusion activity of ATL1 mutants
and the number of large LDs generated upon coexpression
with REEP1 (Figures 4D and 4E). For example, mutant K80A
(K51A in Drosophila ATL) had a strong defect in both assays.
Consistent with the absence of giant LDs, the coexpression of
ATL1(K80A) with REEP1 resulted in smaller amounts of REEP1
floating with LDs (Figure 4C). The suppressor mutation T362F
found in the screen in C. elegans (S373F in C. elegans) partially
restored the ability of the A161V mutant to induce large LDs (Fig-
ure 4E), although the in vitro fusion activity was low, likely
because the Drosophila protein was not stable after purification
(R.W.K., unpublished data). Taken together, our results indicate
that the membrane fusion activity of atlastin is required to sup-
port the generation of large LDs.

DISCUSSION

Our results provide an unexpected, evolutionarily conserved link
between the atlastins and LD size regulation. Gain- and loss-of-
function studies in C. elegans, Drosophila, and mammalian cells
suggest that the atlastins have a significant effect on LD size,
which strongly correlates with their in vitro membrane fusion
activity. We propose that atlastin-mediated ER fusion is required
for LD expansion. Nevertheless, atlastin does not seem to be
required for the initial steps of LD formation, i.e., the local accu-
mulation of neutral lipids between the two leaflets of the
phospholipid bilayer that results in their separation to form a hy-
drophobic inclusion surrounded by a phospholipid monolayer.
This is because LDs persist upon atlastin depletion by RNAi in
C. elegans, Drosophila, and several mammalian cell lines (Y.G.
and Y.S., unpublished data). In yeast, it has been reported that
LDs remain associated with the ER during their subsequent
growth phase (Jacquier et al., 2011). It seems possible that
LDs are associated with a specific ER domain. This ER domain
could be a dense ER network or a sheet structure around the
LDs, and its formation may depend on atlastin-mediated fusion
of ER membranes. In principle, atlastin could also move into
LDs and fuse them directly, but atlastin does not seem to localize
to LDs in C. elegans or mammalian cells. We therefore favor the
idea that atlastin affects LD size indirectly through its role in ER
membrane fusion. Consistent with this assumption, LD size
reduction correlates with ER morphology defects, although LD
size appears to be more sensitive to defects in atlastin function
based on our observation in C. elegans (Figures 1K-1M).

Regardless of the exact mechanism by which atlastin affects
LD size, itis clear that atlastin’s function is important for fat stor-
age in worms and flies. It seems possible that ER morphology
defects may also cause defects in lipid metabolism in humans.
This has important implications for the pathogenesis of heredi-
tary spastic paraplegias, because many other forms are caused
by mutations in proteins directly involved in lipid biosynthesis
(Blackstone, 2012).

EXPERIMENTAL PROCEDURES

Strains and Transgenes

The wild-type C. elegans strain was Bristol N2. All animals were maintained at
either 20°C or 25°C. The following alleles were used: LG IV, atin-1(2013), atin-
1(@015), atin-1(@015 hj60), and atin-1(a015 hj62). The following transgenes
were used:

Figure 3. Atlastin Regulates LD Size in Drosophila Fat Bodies

(A) LDs were imaged in fresh third-instar larval fat bodies by CARS. Analyzed were fat bodies from wild-type animals (w'"'®), or flies depleted of the lipase Bmm or
of atlastin (Atl) by expression of RNAi constructs under the fat-body-specific CgGal4 driver. The white dotted lines indicate the cell boundaries. Scale bar =10 um.
The right panel shows the quantification of LD size determined from five independent fields for each condition. A total of 1,494 LDs were counted for the control
and 1,497 LDs for the Atl knockdown. LD sizes were grouped as indicated. *p < 0.05, t test.

(B) Transmission electron micrographs of fat bodies of wild-type and ATL knockdown animals. The upper panels show LDs and the lower panels show the ER.

Scale bar = 10 um (upper panel) and 0.5 um (lower panel).

(C) The triglyceride levels of 1 day virgin female and male flies were determined. Controls for the ATL knockdown were performed with wild-type animals
(CgGal4/w'""®) and animals not expressing the Gal4 driver (UAS-AtI"NA/w'118) Values are mean + SD from three experiments. *p < 0.001, determined by a one-

way ANOVA F-test, followed by a Bonferroni’s post hoc test.

(D) Female and male flies were starved and the number of surviving animals was determined. Values are average + SD of three experiments.

See also Figure S3.
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Figure 4. The Generation of Large LDs in COS7 Cells Is Dependent on the Fusion Activity of Atlastin
(A) Atlastin-1 (ATL1) tagged at its N terminus with myc was expressed together with REEP1 tagged at its C terminus with hemagglutinin (HA). The cells were
stained for ATL1 with myc antibodies (and for REEP1 with HA antibodies, data not shown), as well as for LDs with BODIPY 493. The right panel shows a merged
image, and the inset shows an enlarged view of the boxed area.
(B) As in (A), but with ATL1(A161V), corresponding to C. elegans ATLN-1 A172V, instead of wild-type ATL.
(C) REEP1 and myc-tagged atlastin (ATL) were expressed alone or together in HEK293 cells, as indicated. As a control, an ATL1 mutant was used (ATL1[K80A]).
The cells were lysed and the extracts were subjected to centrifugation. Ten micrograms of protein of the total extract (input) and of the floated fraction containing
LDs were analyzed by SDS-PAGE and immunoblotting with different antibodies. LAMP1, calnexin, Tim23, and ADRP are markers for lysosomes, ER, mito-
chondria, and LDs, respectively.
(D) Relative fusion activity of wild-type and mutant Drosophila atlastin. The fusion efficiency of the purified proteins was determined by an in vitro lipid mixing assay
using reconstituted proteoliposomes (Bian et al., 2011; Liu et al., 2012). The fusion efficiency of each mutant was normalized with respect to the activity of the
wild-type protein, determined in the same experiment. The mutations of the Drosophila protein are indicated in brackets below the corresponding mutations in
human atlastin.

(legend continued on next page)
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hjSi56[vha-6p::3xFLAG-TEV-GFP::dgat-2::let-858 3'UTR] IV
hjSi158[vha-6p::SEL-1(1-79)::mCherry::HDEL::let-858 3UTR ] |
hjSi185[vha-6p::3xFlag::mRuby::atin-1 (RNAI resistant) cDNA::let-858 3’
UTR] Il

hjEx15, hjEx16[hsp::3xFlag::mRuby::atin-1 (RNAI Resistant) cDNA::let-858
3" UTR (10ng/ul); tub-1::gfp (20ng/ul); pBluescript (70ng/ul)] injected into
hjSi56.

hjEx17,  hjEx18[hsp::3xFlag::mRuby::atin-1(K80A) (RNAi  Resistant)
cDNA::let-858 3 UTR (10ng/ul); tub-1:gfo (20ng/ul); pBluescript
(70ng/ul)] injected into hjSi56.

hjEx19, hjEx20[vha-6p::3xFlag::mRuby::Atlastin cDNA::let-858 3 UTR
(30ng/ul); pBluescript (70ng/ul)] injected into hjSi56.

C. elegans Genetic Screens

The atin-1 (a013) and atin-1 (a015) alleles were isolated as second-generation
progeny of ethyl-methanesulfonate (EMS)-mutagenized  hjls60[vha-
6p::R0O1B10.6::gfp] animals, which expressed the R01B10.6::GFP fusion pro-
tein in intestinal cells. Mutant animals with altered GFP signal were monitored
and selected using a microfluidic device mounted on a wide-field microscope
(Leica DM4500) equipped with a 63 X, numerical aperture (NA) 1.4 oil objective,
and a charge-coupled device (CCD) camera (Infinity 3-1; Lumenera). The a013
and a015 alleles were genetically linked to hjls60, which placed them on LG IV.
The genome of mutant animals carrying the a013 and a0715 alleles were
sequenced (lllumina), and atin-1 was the only gene on LG IV that harbored in-
dependent missense mutations. Molecular cloning of the atin-1 gene was
confirmed by transgenic rescue of atin-1 (a015) with a vha-6p::gfp::atin-1
transgene. The atin-1 (a015) allele was separated from hjls60 by genetic
recombination and outcrossed twice with wild-type N2 animals.

In addition to phenotypes associated with LD size and distribution, the atin-
1(a015) mutant animals also have a low brood size at 25°C. We mutagenized
atin-1(a015) hjSi56[gfp::dgat-2] animals with EMS and selected for animals
that had an elevated brood size over ten generations at 25°C. Mutant animals
were then examined for their LD size and distribution using the GFP::DGAT-2
marker. We identified molecular lesions of the at/n-1 gene in animals carrying
the hj60 and hj62 alleles by Sanger sequencing. In both cases, we detected the
mutation associated with the parental a075 allele and an additional missense
mutation in the atin-1 gene. The atin-1(a015 hj60) and atin-1(@015 hj62)
mutants were outcrossed twice with wild-type N2 animals to confirm that
the suppression of the atin-1 (a015) phenotypes was not due to unlinked extra-
genic mutations.

Live Imaging of C. elegans

Confocal images of L4 larval animals were acquired on a spinning disk
confocal microscope (Ultraview, Perkin Elmer) using a 100x, NA 1.45 oil
Plan-Apochromat objective, on a CCD camera (Orca-R2, Hamamatsu)
controlled by the Volocity software (PerkinElImer). For GFP, a 488 nm laser
was used for excitation and signals were collected with a 500-555 nm emis-
sion filter. For mRuby or mCherry, a 561 nm laser was used for excitation
and signals were collected with a 415-475 nm and 580-650 nm dual-pass
emission filter. For autofluorescence from lysosome related organelles, a
488 nm laser was used for excitation and signals were collected with a (415-
475 nm) (580-650 nm) dual-pass emission filter. Optical sections were taken
at 0.25 pm intervals and z stacks of 8.0 um were exported from Volocity to
Imaris 6.2.1 (Bitplane) for identification, annotation, and measurement of LD
diameter. Maximum projection of the same z stacks were also exported
from Volocity and processed in Photoshop (Adobe).

Ectopic Expression of ATLN-1 in C. elegans
Heat-shock experiments were performed on L2 larval animals at 33°C for
30 min in a water bath. Animals were allowed to recover and develop into L4

stage at 20°C for 24 hr before imaging. The strain hjSi56[vha-6p::3xFLAG-
TEV-GFP::dgat-2::let-858 3'UTR]; hjEx15[hsp::3xFlag::mRuby::atin-1 (RNAi
Resistant) cDNA::let-858 3' UTR] was used for ectopic overexpression
of ATLN-1. The strain hjSi56[vha-6p::3xFLAG-TEV-GFP::dgat-2::let-858
3'UTRYJ; hjEx17[hsp::3xFlag::mRuby::atin-1 (K8OA)(RNAI Resistant) cDNA::let-
858 3’ UTR] was used for ectopic overexpression of ATLN-1(K80A).

Lipid Analysis of C. elegans

Lipid extraction and quantification of triglyceride levels by thin-layer chroma-
tography and gas chromatography from synchronized L4 larval animals were
performed as previously described (Zhang et al., 2010).

Antibodies and Western Blotting

Antibodies against ATLN-1 were raised by simultaneous injection of two pep-
tides into rabbits ('METTPQNEHNEHQQQQHAGHVED, S5°°RTANATAAP
GAADGLRKRH) (YZ3315, Yenzym). Antibodies were purified with Melon gel
(452086, Pierce) and used in western blotting at a dilution of 1:100. Anti-histone
H3 antibodies (ab1791, Abcam) were used at 1:2,000. Images were captured
with a GeneGnome5 bio imager (Syngene) and quantified with the GeneTools
analysis software (Syngene). Antibodies used for analysis of the cellular frac-
tions by western blot were against REEP1: rabbit polyclonal against residues
174-191 of human REEP1 (Park et al., 2010); Calnexin: mouse monoclonal
(lgG1, clone 37; BD Biosciences Transduction Laboratories); ADRP: rabbit
polyclonal (LifeSpan BioScience).

Drosophila Experiments

Fly stocks were raised on standard corn meal-agar medium (Nutri-Fly BF for-
mula, Genesee Scientific, San Diego, CA). The CgGal4 (Asha et al., 2003) driver
line was backcrossed to the white1118 line (ID 60000) from the Vienna
Drosophila RNAi center (VDRC) for more than ten generations. Male UAS-
RNAi Atl transgenic flies (ID 6719, VDRC) were crossed with CgGal4 virgin flies.
Fat bodies from third-instar larvae of the progeny were dissected in PBS and
imaged immediately on a FluoView FV1000 MPE microscope (Olympus Amer-
ica, Center Valley, PA) using the CARS application. A XLPlanN 25x/1.05w MP
objective lens was used, and the Mai Tai DeepSea laser (Spectra-physics) was
tuned to 800 nm. For transmission electron microscopy, fat bodies were pro-
cessed following the Malachite Green staining protocol (Cocchiaro et al.,
2008). Serial sections were cut at 0.09 um thickness, and individual micro-
graphs were collected and stacked. Micrographs were acquired using a
JEOL 1400 Transmission Electron Microscope (JEOL, Peabody, MA) at 80
kV. Image stacks were aligned, analyzed, and visualized using freeware
Reconstruct Software (SynapseWeb, written by John C. Fiala, Ph.D.). For tri-
glyceride measurement, 1 day virgin flies were processed according to a pub-
lished protocol (Hildebrandt et al., 2011) using the Infinity Triglycerides reagent
(TR22421, Thermo Fisher Scientific). For starvation assays, 1 day virgin flies
were starved in vials with 1% agar, and surviving flies were scored every 8 hr.

Protein Expression in COS Cells

Myc tagged wild-type human atlastin-1 (mycATL1), mycATL1(K80A), and
hemagglutinin (HA)-tagged REEP1 (REEP1-HA) were described previously
(Park et al., 2010). Point mutants in ATL1 corresponding to Drosophila mutants
defective in fusion were generated by site-directed mutagenesis using the
Quikchange kit (Stratagene) and verified by sequencing.

COS7 cells were transfected using 1 ug DNA per construct and the transfec-
tion reagent lipofectamine (Invitrogen). The cells were incubated for 12 hr at
37°C in DMEM, 10% fetal bovine serum, and 1 mM sodium pyruvate in the
presence of 5% CO,. Forimmunofluorescence and fluorescence microscopy,
cells were trypsinized and transferred onto acid-washed glass coverslips and
incubated for 24 hr in a 12-well tissue culture dish (BD Biosciences). Cells were
fixed by replacing the medium with PBS containing 4% paraformaldehyde and

(E) The number of large LDs in COS7 cells coexpressing REEP1 and either wild-type or mutant ATL1 was quantitated. Images were analyzed with the software
Imaged, and LDs with a diameter larger than 1 um were counted. The average number of large LDs per cell is plotted for each mutant (+ SEM; n = 10 cells; total LDs

counted 1,500—2,000).
See also Figure S4.
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incubated for 20-30 min at room temperature. The cells were washed with
PBS and permeablized by incubation for 10 min in PBS containing 0.1% Triton
X-100 (Thermo). Immunocytochemistry was carried out by incubating the per-
meabilized cells with antibodies against the Myc or HA epitope (Roche, mouse
monoclonal 9E10 and rat 3F10, respectively), diluted in PBS containing 1%
calf serum (GIBCO). The cells were washed three times in PBS and then incu-
bated with Alexa-Fluor-labeled secondary antibodies and 0.1 pg/ml BODIPY
493 (Invitrogen).

Images were captured using a Yokogawa spinning-disk confocal on a Nikon
TE2000U inverted microscope with a 100x Plan Apo NA 1.4 objective lens, a
Hamamatsu ORCA ER-cooled CCD camera, and MetaMorph software. For
quantification of the number of large LDs, the Myc-stained images were con-
verted to 8 bit grayscale images and thresholded using the software Imaged.
The binary images were processed by the “fill holes” and “watershed” func-
tions. LDs were counted by using the “analyze particle” function, and the
diameters were calculated from the measured area of each LD. LDs with a
diameter >1 um were considered to be large. For image quantification, at least
ten cells per experimental condition were analyzed. The bar diagrams show
the average number of giant lipid droplets per cell + SEM. For image presen-
tation, brightness levels and bit depth were adjusted using Adobe Photoshop.

Isolation of Lipid Droplets by Subcellular Fractionation

HEK293 cells were treated with 200 uM oleic acid for 24 hr. The cells were har-
vested and lipid droplets were isolated by subcellular fractionation on a su-
crose gradient as described previously (Cermelli et al., 2006; Martin and
Parton, 2008). After centrifugation at 150,500 x g (Beckman TLS55 rotor for
60 min), 0.1 ml was taken from the top of the gradient, precipitated by trichloro-
acetic acid, and washed with acetone. Aliquots of the cell lysate (10 pg protein;
~4% of the starting material) and ~5% of LD fraction were resolved by SDS-
PAGE and immunoblotted with the indicated markers.
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