A conserved family of proteins facilitates nascent
lipid droplet budding from the ER
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Lipid droplets (LDs) are found in all cells and play critical roles in lipid metabolism. De novo LD biogenesis occurs in the
endoplasmic reticulum (ER) but is not well understood. We imaged early stages of LD biogenesis using electron micros-
copy and found that nascent LDs form lens-like structures that are in the ER membrane, raising the question of how these
nascent LDs bud from the ER as they grow. We found that a conserved family of proteins, fat storage-inducing transmem-
brane (FIT) proteins, is required for proper budding of LDs from the ER. Elimination or reduction of FIT proteins in yeast
and higher eukaryotes causes LDs to remain in the ER membrane. Deletion of the single FIT protein in Caenorhabditis
elegans is lethal, suggesting that LD budding is an essential process in this organism. Our findings indicated that FIT
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proteins are necessary to promote budding of nascent LDs from the ER.

Introduction

Lipid droplets (LDs) are ubiquitous organelles that play cen-
tral roles in energy and lipid metabolism (Murphy and Vance,
1999; Murphy, 2001; Martin and Parton, 2006). Neutral lipid
sequestration into LDs is crucial for cellular defense against li-
potoxicity (Listenberger et al., 2003; Unger and Scherer, 2010).
It is also becoming clear that LDs have additional functions,
including important roles in protein degradation (Hartman et
al., 2010; Olzmann et al., 2013), the ER stress response (Fei et
al., 2009), and viral replication (Miyanari et al., 2007).

LDs have a unique architecture: a core of neutral lipids,
triacylglycerols (TAGs), and sterol esters (SEs) surrounded by
a phospholipid monolayer (Murphy, 2001; Martin and Parton,
2006; Wilfling et al., 2014). LD biogenesis is known to occur in
the ER, but the mechanism is not well understood (Murphy and
Vance, 1999; Wiltermann et al., 2005; Andersson et al., 2006;
Wolins et al., 2006; Ploegh, 2007; Ohsaki et al., 2009, 2014;
Robenek et al., 2009; Skinner et al., 2009; Walther and Farese,
2009; Brasaemle and Wolins, 2012; Pol et al., 2014; Wilfling
et al., 2014). The most widely held model states that as neutral
lipids are synthesized in the ER, they accumulate between the
two leaflets, forming lens (or blisters) that grow and bud into the
cytoplasm (Fig. 1 A; Murphy and Vance, 1999; Czabany et al.,
2007; Gross and Silver, 2014; Ohsaki et al., 2014; Wilfling et
al., 2014). Mature LDs may completely separate from the ER,
or it has been suggested that, at least in yeast, LDs remain con-
nected to the ER by a membrane bridge (Jacquier et al., 2011).

How nascent LDs form in the ER is not well understood,
and what role proteins play is unclear. Three families of pro-
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teins are thought to participate in de novo LD biogenesis:
seipins (Szymanski et al., 2007), lipins (Adeyo et al., 2011), and
fat-storage-inducing transmembrane (FIT) proteins (Kadereit
et al., 2008; Gross et al., 2011). Lipins play important roles in
regulating TAG formation (Carman and Han, 2009; Kohlwein,
2010; Henry et al., 2012; Siniossoglou, 2013), and there is ev-
idence that they promote TAG formation in regions of the ER
where LD biogenesis occurs (Adeyo et al., 2011; Karanasios et
al., 2013). Seipin (BSCL2 in humans and Fld1p in yeast) is an
ER transmembrane protein that localizes to ER-LD junctions in
yeast and modulates LD abundance and size (Szymanski et al.,
2007; Fei et al., 2008). Mutations in human BSCL2/Seipin result
in the most severe form of congenital generalized lipodystrophy
(Magré et al., 2001; Agarwal and Garg, 2004). FIT proteins
are conserved transmembrane proteins that are ER localized
(Kadereit et al., 2008). Humans have two FIT proteins, FIT1
and FIT2; FIT1 is primarily found in muscle, whereas FIT2 is
ubiquitously expressed. FIT proteins are not homologous with
other known proteins (Kadereit et al., 2008). They bind TAG in
vitro (Gross et al., 2011), and it has been found that knockdown
of FIT2 causes a dramatic reduction in the number and size of
lipid droplets (Kadereit et al., 2008). Knockdown of FIT2 in
the adipose tissue of mice results in lipodystrophy and insulin
resistance (Miranda et al., 2014). The role of FIT proteins in
LD biogenesis is not well understood. It has been proposed that
FIT proteins generate nascent LDs by concentrating TAG be-
tween the leaflets of the ER, thus promoting LD budding (Goh
and Silver, 2013). Consistent with this proposal, it was recently

This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No
Mirror Sites license for the first six months after the publication date (see http://www.rupress
.org/terms). After six months it is available under a Creative Commons License (Attribution—
Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons

.org/licenses/by-nc-sa/3.0/).

JCB

261

920z Aenigad 20 uo 3senb Aq jpd 290605102 a0l/S9£0091/192/2/1 L Z/Hpd-8jone/qal/Bio ssaidny//:dpy woly papeojumoq


http://www.rupress.org/terms
http://www.rupress.org/terms
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/
mailto:

262

A

LD budding

cytoplasm

TAG synthesis

Dgal Lro1 ER

“lens”

ER lumen

(40nm) @
ER
ER lumen
C W LD in the ER membrane
70 M LD in the ER lumen
juxtaposed to the membrane
60 n=90

found that postnatal knockdown of FIT2 causes the absence of
cytosolic LDs in the intestinal cells of mice (Goh et al., 2015).

In this study, we show that FIT proteins facilitate proper
LD budding from the ER. We find that nascent LDs form lens-
like structures in the ER membrane and that in the absence of
FIT proteins, nascent LDs fail to bud from the ER and instead
grow and remain in the ER membrane. This function of FIT
proteins is conserved in yeast, worms, and mammalian cells. In-
terestingly, worms lacking the single FIT gene in this organism
are not viable, indicating that proper LD budding from the ER
is essential in higher eukaryotes.

Results and discussion

To visualize early stages of LD biogenesis, we used a Sac-
charomyces cerevisiae strain in which de novo LD biogene-
sis can be controlled. Four ER-resident enzymes synthesize
neutral lipids in yeast: Dgalp and Lrolp catalyze TAG for-
mation, and Arelp and Are2p produce SEs. Yeast cells lack-
ing all four proteins are viable but lack detectable LDs and
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GAL-LRO1 dga1A are1A are2A

Figure 1. Nascent LDs form lenses in the ER
membrane. (A) Model of LD biogenesis. Dgal
and Lro1 are the two TAG synthases in yeast.
(B) GAL-LROT dgalA arelA are2A cells were
grown to mid-logarithmic growth phase in a
medium with raffinose. Galactose was added
ER to the medium to induce TAG formation, and
10 min later, the cells were harvested and visu-
alized by cryo-EM. Two examples are shown.
Arrows indicates the ER lumen. N, nucleus.
(C) Quantification of location of nascent LDs.
(D) Tomographic reconstruction of an ear-
ly-stage LD inside the ER bilayer membrane.
Orthogonal projection x/y and x/z are
shown; arrowheads indicate the bifurcating
ER membrane that encases the nascent LD.
(E) Segmentation analysis of the tomogram.
The bifurcating ER membrane encasing the
LD (marked in purple) is shown in yellow.
The nonbifurcating ER membrane is shown in
blue. (F) Sequential tomography slices (with
or without contours shown in red) of the LD
shown in D. Z, slice number.

ER lumen

neutral lipids (Sandager et al., 2002). In this study, we used
a strain that lacks three of these enzymes, whereas expres-
sion of the fourth is under the regulatable GALI promoter
(GALI-LRO1, dgalA arelA are2A; Jacquier et al., 2011). This
promoter is off in media containing raffinose but is activated
when galactose is added to the medium. Thus, in media con-
taining raffinose, GALI-LROI dgalA arelA are2A cells lack
LDs but begin to produce TAG and form LDs when galactose
is added to the medium.

Nascent LDs form lenses in the

ER membrane

To visualize nascent LD formation, GAL-LRO1 dgalA arelA
are2A cells growing in a raffinose-containing medium were
supplemented with galactose and grown for 10 min, which is
sufficient to induce TAG production (Jacquier et al., 2011).
The cells were then subjected to high-pressure freezing
(HPF), automatic freeze substitution, and visualized by EM
and EM tomography. Small, white, lens-like, electron-trans-
parent structures were observed (labeled LD in Fig. 1 B).
Typically, one or two of these structures were observed per
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cell. These structures are probably nascent LDs for three rea-
sons. First, they were never observed before TAG production
was induced (Jacquier et al., 2011). Second, it is well es-
tablished that LDs are electron-transparent structures in EM
of the ultrathin sections of cells (Binns et al., 2006; Adeyo
et al., 2011; Jacquier et al., 2011, 2013; Cartwright et al.,
2015). Third, the electron-transparent structures were only
found in the ER, where LD biogenesis is known to occur; all
nascent LDs were found either in the ER membrane or in the
ER lumen closely apposed to the ER membrane (Fig. 1 C).
The nascent LDs had diameters that ranged from 30 to 60
nm. Lens formation upon TAG production was not unique
to Lrolp, which unlike Dgalp has an active site facing the
ER lumen (Choudhary et al., 2011). Similar lens-like struc-
tures were observed when TAG was produced by Dgalp in-
stead of Lrolp (Fig. S1 A).

To determine if the nascent LDs are in or next to the ER
membrane, we performed EM tomography and 3D reconstruc-
tion. This analysis revealed that the nascent LDs are encased
in the ER membrane, which appears to split where the nascent
LDs are present (Fig. 1, D-F). Thus, nascent LDs form lens-like
structures that are probably between the two leaflets of the ER
membrane (Fig. 1, D and E), as has been predicted by some
models of LD biogenesis (Murphy and Vance, 1999; Khandelia
et al., 2010; Ohsaki et al., 2014; Wilfling et al., 2014).

Nascent LD formation is abnormal in cells
lacking FIT proteins

As nascent LD lens grow larger, they are thought to protrude
and bud from the ER toward the cytoplasm to form mature LDs
(Fig. 1 A). We examined the role of FIT proteins in LD growth
and maturation. S. cerevisiae has two homologues of FIT2,
called Scs3p and Y{t2p (Kadereit et al., 2008; Moir et al., 2012),
and no FIT1 homologues. We verified that both FIT proteins in
yeast reside in the ER, as has been shown for the mammalian
proteins (Kadereit et al., 2008; Fig. S1 B).

To determine whether FIT proteins play a role in na-
scent LD protrusion and budding from the ER toward the
cytoplasm, we deleted SCS3 and YFT2 in GAL-LRO1, dgalA
arelA are2A cells. The resulting strain was grown in a
raffinose-containing medium. TAG production was induced
by adding galactose to the medium and the cells were grown
for 45 min, chemically fixed, and visualized by EM. Surpris-
ingly, an electron-dense membrane was found surrounding
most LDs (Fig. S1 C). This finding prompted us to examine
mature LDs in cells lacking only the FIT proteins and not
lacking neutral lipid synthesizing enzymes. Wild-type cells
and yeast mutants lacking Scs3p, Yft2p, or both proteins
were chemically fixed and visualized by EM. In cells miss-
ing either or both FIT proteins, some LDs were wrapped by
an additional membrane that was not usually found around
LDs in wild-type cells (Fig. 2, A-F). Quantification revealed
that ~30% of LDs were membrane wrapped in cells lacking
either of the FIT proteins and ~70% of LDs were wrapped in
cells that lacked both proteins (Fig. 2 G).

Yeast lacking Scs3p grow very poorly in media lacking
inositol (Hosaka et al., 1994). However, we have no evidence
that the inositol auxotrophy of cells lacking Scs3p is related
to the abnormal LD biogenesis in cells lacking FIT proteins.
EM analysis of LDs in scs3A yft2A cells grown in media
with or without inositol revealed no morphological differ-
ence (unpublished data).

The membrane surrounding LDs in FIT
mutants is not related to autophagy

We investigated the origin of the membrane that wraps most
LDs in cells lacking FIT proteins. The membrane is probably
not related to autophagosomal degradation of LDs in cells lack-
ing FIT proteins. LDs in yeast can be degraded by macroauto-
phagy and microlipophagy, the direct engulfment of LDs by the
vacuole (van Zutphen et al., 2014).

We found that membrane wrapping of LDs still occurs in
cells lacking both FIT proteins and Atg proteins needed for both
macroautophagy and microlipophagy (Fig. S2 A). We also did
not find evidence that LDs are undergoing degradation in cells
lacking FIT proteins. If lipophagy were occurring, LDs would
be seen inside the vacuolar lumen and fluorescently tagged pro-
teins on the surface of lipid droplets, such as Erg6p, would be
in vacuoles (van Zutphen et al., 2014). However, we did not
see LDs or Erg6-GFP in the vacuoles of cells lacking FIT pro-
teins (Fig. S2 B). Together, these observations suggest that the
membranes surrounding LDs in cells lacking FIT proteins are
unrelated to autophagy of LDs.

The membrane surrounding LDs in FIT
mutants is the ER
Analysis of cells lacking FIT proteins by fluorescence micros-
copy suggested that the membrane wrapping LDs is part of the
ER. We expressed the ER luminal marker RFP-HDEL in cells
and visualized LDs using the lipophilic dye BODIPY 493/503,
which is known to stain LDs (Guo et al., 2008; Adeyo et al.,
2011; Jacquier et al., 2011; Cartwright et al., 2015). In wild-
type cells, LDs appeared to be adjacent to the ER but usually
did not overlap with it (Fig. 3 A), suggesting that the ER does
not surround LDs. In contrast, most LDs in cells lacking Scs3p
and Yft2p remain closely associated with or colocalized with
the ER (Fig. 3 A), suggesting that the membrane found sur-
rounding many LDs in cells lacking FIT proteins is the ER.
Further evidence that it is the ER membrane that sur-
rounds LDs in cells lacking FIT proteins was obtained when
they were imaged by EM after HPF and automatic freeze sub-
stitution. This analysis revealed that the membrane surrounding
LDs in the cells is decorated with ribosomes and is thus part of
the ER (Fig. 3, B and C). Notably, ribosomes were excluded
from the space between LDs and the surrounding membrane.

LDs fail to emerge from the ER in cells
lacking FIT proteins

There are two reasons why ribosomes might be excluded from
the regions between LDs and the ER membrane that surrounds
them in cells lacking FIT proteins. Either the ER becomes so
closely associated with LDs that ribosomes are excluded or LDs
remain in the ER membrane and therefore the region between
LDs and the surrounding membrane is the ER lumen (Fig. 3 G).
We found that the second possibility is correct by using immu-
nogold labeling to determine whether an ER luminal protein
was present in region between LDs and the surrounding ER
membrane. We have previously shown that GFP with an N-ter-
minal signal sequence and the C-terminal ER retention signal
HDEL (ss-GFP-HDEL) resides in the ER lumen (Prinz et al.,
2000). Immunogold labeling of cells lacking FIT proteins and
expressing ss-GFP-HDEL revealed that it is present in the area
between LDs and the surrounding membrane (Fig. 3, D-F), in-
dicating that this region is part of the ER lumen. It should be
noted that the majority of the gold particles were on the ER
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Figure 2. Most LDs in yft24 scs3A cells are surrounded by a membrane. (A-F) Cells were grown in YPD medium and visualized by EM after chemical
fixation. Arrowheads indicate membranes wrapping the LDs. In A and D, the red boxes indicate regions shown at higher magnification. M, mitochondria;
N, nucleus; V, vacuole. (G and H) Quantification of percentage of LDs that are wrapped in the indicated strains (n = 50 in G, n = 35 in H).

(~75% of 800 gold particles observed). Therefore, most LDs
in cells lacking FIT proteins fail to emerge from the ER and
remain in the ER membrane (Fig. 3 G). Consistent with this,
it has recently been shown that mouse intestinal cells lacking
FIT2 are devoid of cytoplasmic LDs (Goh et al., 2015).

We wondered whether the LDs that fail to emerge from
the ER membrane in cells lacking FIT proteins could bud nor-
mally from the ER when FIT proteins are reexpressed in these
cells. To address this, expression of Scs3p was placed under the
GALI promoter in cells lacking Yft2p. In media with raffinose,
this strain lacks FIT proteins and ~80% of LDs are wrapped
by the ER membrane (Fig. 2 H). When galactose was added to
the medium to induce Scs3p production, there was almost no
reduction in the percent of ER-wrapped LDs (Fig. 2 H), sug-
gesting that once LDs fail to emerge from the ER membrane,
they cannot be rescued by FIT proteins.

LDs in cells lacking FIT proteins remain
accessible to cytoplasmic proteins

We wondered whether some LDs in cell lacking FIT proteins
completely detach from the ER membrane into the ER lumen
and would therefore no longer be accessible to lipases, which
probably have active sites facing the cytoplasm and not the ER
lumen (Athenstaedt and Daum, 2003, 2005; Koffel et al., 2005).
If this were correct, neutral lipid mobilization from LDs might
be impaired. However, we found no difference in the rates at
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which neutral lipids were mobilized from wild-type cells and
those lacking FIT proteins. TAGs and SEs are mobilized from
LDs when yeast cells are treated with the fatty acid synthesis
inhibitor cerulenin and terbinafine, which inhibits sterol bio-
synthesis. We treated cultures of wild-type and scs3A yfi2A
cells with these drugs and found no significant difference in the
rates of neutral lipid mobilization (Fig. S3 A). This indicates
that LDs in scs3A yft2A cells remain accessible to lipases in the
cytoplasm and thus probably do not bud completely into the
ER lumen. Consistent with this, we showed that Erg6p, an LD
protein that binds to the cytosolic surface of LDs (Yang et al.,
2012), was found on all LDs in scs34 yft2A cells (Fig. S3 B).
Together, these findings indicated that LDs in cells lacking FIT
proteins are accessible to proteins in the cytoplasm and do not
bud completely into the ER lumen.

Knockdown of FIT proteins in mammalian
cells results in LD wrapping

We next asked if FIT proteins are necessary for proper LD bud-
ding from the ER in higher eukaryotes. Mouse 3T3-L1 fibro-
blasts express only FIT2 (Kadereit et al., 2008), and we were
able to efficiently knock down expression of the FIT2 gene in
these cells using siRNA (Fig. 4 A). 3T3-L1 cells treated with
control RNAi and FIT2-RNAi were chemically fixed and pro-
cessed for EM. Although few LDs were wrapped with a mem-
brane in cells treated with control RNAIi (Fig. 4 B), most LDs
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in FIT2-RNAi-treated cells were membrane wrapped (Fig. 4,
C-E); 66% of LDs were membrane wrapped in cells depleted
of FIT2, and only 9% of LDs were membrane wrapped in con-
trol cells (Fig. 4 F). Analysis of the EM images suggested that
the membranes wrapping LDs in FIT2-RNAi-treated cells are
continuous with the ER. Thus, in both a mouse cell line and in
yeast in which FIT proteins have been eliminated or reduced,
the majority of LDs become wrapped by the ER, probably be-
cause LDs fail to emerge from the ER membrane.

The sole FIT protein in Caenorhabditis
elegans is essential and plays a role in LD
biogenesis

To determine if loss of FIT proteins has adverse effects on higher
eukaryotes we used C. elegans, which has only one homologue
of FIT2 and no homologue of FIT1 (Kadereit et al., 2008).
The C. elegans ORF ZK265.9 encodes a protein that is 29%
identical to human FIT2. We named this gene fitm-2. Two mu-
tant alleles of fitm-2 were characterized: a deletion (rm3632A)
generated by the National Bioresource Project (Japan) and an

Figure 3. The membrane surrounding LDs
in yft2A scs34 cells is the ER. (A) Wild-type
and yft2A scs34 cells expressing ER luminal
marker RFP-HDEL were grown to mid-logarith-
mic phase and stained with BODIPY 493/503
to visualize LDs. Optical sections showing con-
secutive 0.4-pm z-section images are shown.
Arrowheads indicate close association of LDs
with the ER. (B and C) Visualization of LDs in
scs34 yft2A cells using cryoEM. Red arrow-
heads indicate the ribosomes. Yellow arrows
indicate the ER lumen, and green arrows de-
note the ER membrane. (D-F) Inmunogold EM
images of scs34 yft2A cells expressing ss-GFP-
HDEL using anti-GFP antibodies. Arrowheads
indicate the gold particles. CW, cell wall; PM,
plasma membrane. (G) Model of LD growth in
wild-type and scs34 yft24 cells.

ER

SRR UMeni ST

mature LD

cytoplasm

allele with early nonsense mutations (av4/) that we generated
using the CRISPR/Cas9 coconversion protocol (Arribere et
al., 2014). Animals with the m3632A or the av41 alleles had
identical phenotypes; homozygous animals segregating from
fitm-2 heterozygous mothers hatched and developed normally
through the larval stages but died as young adults. Homozy-
gous animals had very small broods, most of which hatched and
arrested as L1 and L2 larvae (mean brood size was 28 with a
range of 0-128; 36% of mothers burst). Development of nem-
atodes involves embryogenesis, followed by four larval stages
(L1, L2, L3, and L4) and then adulthood. Survival to the adult
stage could be due to maternal rescue or could indicate that the
fitm-2 gene product is not required until late in development.
Homozygous fitm-2(av41) animals had dramatically fewer and
smaller LDs than heterozygous animals (Fig. 5, A and B). These
results are consistent with an earlier study that found that de-
pletion of FIT2 in 3T3-L1 cells or in zebrafish caused a reduc-
tion in the number and size of LDs (Kadereit et al., 2008). In
addition, EM analysis revealed that a membrane wrapped most
LDs in the intestinal cells of homozygous fitm-2(av41) animals,
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Figure 4. FIT2 knockdown in 3T3-L1 cells causes LDs to become sur-
rounded by a membrane. (A) Knockdown of expression of FIT2 by RNAi
in cells quantitated by RT-PCR (mean = SD, n = 6 from two independent
experiments). (B-E) LDs from cells treated with control RNAi (B) or FIT2
RNAi (C-E). M, mitochondria. Blue arrowheads indicate ER membrane
wrapping LDs and yellow arrows point to ER lumen. (F) Quantification
of LD wrapping (n = 85).

but not in heterozygous animals (Fig. 5, C-G), suggesting that
aberrant LD budding occurs in the intestinal cells of C. elegans
lacking FITM-2 as it does in yeast cells lacking FIT proteins.
We used EM to quantitate the dramatic decrease in number and
size of LDs in homozygous worms compared with heterozy-
gous worms. There was a significant eightfold decrease in the
number of LDs per area in fitrm-2 worms compared with fitm-
2/+ worms (fitm-2 =~ 2 LDs, fitm-2/+ =~ 17 LDs per 100 pm?;
n =5 worms; Fig. 5 H). Similarly, homozygous worms had a
significant threefold decrease in mean LD size compared with
heterozygous worms (mean LD size in fitm-2 =~ 200 nm, and in
fitm-2/+ ~ 600 nm; n = 50; Fig. 5 I). These findings suggest that
homozygous fitm-2(av41) animals are dying because of a severe
LD biogenesis defect caused by aberrant LD budding. It may be
that the presence of LDs in the ER membrane somehow disrupts
lipoprotein production in the ER. This could explain why FIT
proteins are essential in C. elegans but not in yeast; worms pro-
duce lipoproteins in the ER lumen (Branicky et al., 2010; Zhang
et al., 2013), but yeast do not.

In summary, we have found that nascent LDs form lens-like
structures in the ER membrane and that FIT proteins are necessary
for LD budding from the ER; in the absence of FIT proteins, LDs
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fail to leave the ER membrane, causing them to frequently become
wrapped by the ER membrane. How FIT proteins facilitate LD
emergence toward the cytoplasm is a fascinating question. One
possibility is that FIT proteins directly facilitate bending of the ER
membrane at sites of LD biogenesis. However, FIT proteins are not
homologous to proteins known to facilitate membrane deformation.
Our findings suggest that FITs play a role in LD biogenesis after
the initial formation of neutral lipid lenses in the ER membrane,
which may not require any proteins. Indeed, we found that the for-
mation of nascent LD lenses is normal in cells lacking FIT proteins
(Fig. S1 D). We propose that FIT proteins incorporate TAG into
nascent LDs lenses in a way that promotes LD protrusion toward
the cytoplasm, perhaps by adding TAG to the cytosolic side of
nascent LD lenses in the ER membrane. Understanding how FIT
proteins regulate the growth and budding of nascent LDs in the
ER membrane will be critical for understanding the earliest stages
of de novo LD biogenesis.

Materials and methods

Yeast strains and growth conditions

Yeast strains and plasmids used in this study are listed in Table S1.
Cells were grown in YPD medium (1% Bacto yeast extract, 2% Bacto
Peptone, and 2% glucose) unless otherwise indicated. In some cases,
the glucose in YPD was replaced with 2% raffinose. Galactose was
added to 2% to media containing raffinose. Cells containing plasmids
were grown in synthetic complete media containing 6.7 g/ yeast ni-
trogen base without amino acids (USBiological), an amino acid mix
(USBiological), containing either 2% glucose or raffinose.

Fluorescence microscopy and BODIPY staining of yeast

Cells were washed once with PBS and imaged live using an Olympus
BX61 microscope, a UPlanApox100/1.35 lens, and a QImaging Retiga
EX camera, and processed using iVision software (version 4.0.5). Im-
ages being directly compared were obtained using identical microscope
settings. Brightness and contrast were adjusted using Photoshop CS2.
To visualize LDs in yeast, cells growing in synthetic complete media
were stained with BODIPY 493/503 (1 ug/ml final concentration; In-
vitrogen) for 15 min at RT. After washing twice with PBS, cells were
visualized live using the GFP filter.

Mobilization of neutral lipids

Mobilization of neutral lipids was performed as described previously
(Jacquier et al., 2011). Cells were grown to stationary growth phase in
YPD medium (20-24 h) and diluted to an ODg, of 2.5 in fresh YPD
containing cerulenin (10 ug/ml) and terbinafine (30 ug/ml). At the indi-
cated times, 5 ml of the cultures was collected and lipids were extracted
as described (Parks et al., 1985). To quantitate TAG and SE, the lipids
were spotted onto silica gel 60 TLC plates (Merck) and developed with
hexane-diethylether-acetic acid (70:30:1). Glycerolphospholipids were
separated by TLC as described (Vaden et al., 2005). Lipids on TLC
plates were quantified on a RITA Star Thin Layer Analyzer (Raytest).

Electron microscopy of yeast cells

Sample preparation for EM was done as described previously (Bernales
et al., 2006; Jacquier et al., 2011; Lahiri et al., 2014). Yeast cells were
grown to mid-logarithmic growth phase, and 10 ODy, units of cells
were harvested and fixed in 1 ml fixative media (1% glutaraldehyde,
0.2% paraformaldehyde, and 40 mM potassium phosphate, pH 7.0) for
10 min at RT. Cells were harvested and again resuspended in 1 ml fresh
fixative media and incubated on ice for 50 min. Cells were centrifuged
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Figure 5. Deletion of fitm-2in C. elegans causes a profound defect in LD biogenesis and results in most LDs being wrapped by a membrane. Adult animals
were stained with BODIPY to visualize LDs and imaged live. A single focal plane focusing on the intestine in heterozygous (A) and homozygous (B) fitm-2
animals is shown. (C-G) EM images of LDs from intestinal cells in adult heterozygous (C and D) and homozygous (E-G) fitm-2 worms. Boxed regions are
shown in higher magnification. Red arrowheads indicate the membrane that is wrapping the LD in the homozygous fitm-2 animals. (H) Quantification of
LDs per area. Bar graph showing average number of LDs per 100 pm? area in homozygous and heterozygous fitm-2 worms (mean = SD, n = 5 individual
worms). (I) Quantification of average size of LD. Histogram showing average size of LDs in homozygous and heterozygous fitm-2 worms (mean + SD,
n = 70 for fitm-2/+, n = 50 for fitm-2 worms). **, P < 0.01; ***, P < 0.001, independent two-ailed t test.

and washed twice with 0.9% NaCl and once with water. Cells were
incubated with 2% solution of KMnO, for 5 min at RT, centrifuged, and
again resuspended with fresh solution of 2% KMmO, for 45 min at RT
for en bloc staining. The cells were then dehydrated using graded series
of ethanol (50%, 70%, 80%, 90%, 95%, and 100%) for 10 min each,
with two more incubations in 100% ethanol from a freshly opened
bottle. The samples were subsequently embedded stepwise using
Spurr’s low-viscosity resin (EMS). Samples were infiltrated for 2 h
each with a 3:1, 1:1, 1:3 dehydrating agent/embedding media mixture.
Cells were incubated overnight with 100% fresh resin. The next day,
cells were again resuspended in fresh 100% resin for 2-3 h, transferred
into BEEM capsules (EMS), and polymerized at 70°C for 72 h. Semi-
and ultrathin sections were produced with a diamond knife (Diatome)
on an ultramicrotome (Ultracut UCT; Leica Microsystems), collected
on 200 mesh copper grids (EMS), poststained with uranyl acetate and
lead citrate, and visualized with a Tecnai T12 transmission electron mi-
croscope (TEM; FEI), operating at 120 kV. Pictures were recorded on
a below-mounted Gatan 2k x 2k charge coupled device (CCD) camera.

Immunogold EM of yeast cells

Sample preparation for immunogold EM was performed as described
previously (Wright, 2000). Cells were fixed in Pipes buffer (0.2 M
Pipes, pH 6.8, 0.2 M Sorbitol, 2 mM MgCl,, 2 mM CaCl,, 1% glutaral-
dehyde, and 4% formaldehyde) for 1 h on ice. Cells were harvested and
washed twice with water. Thereafter, cells were treated with 1% sodium

metaperiodate (15 min) and 1% NH,CI (15 min) and washed twice with
water. Samples were dehydrated in graded ethanol series (50%, 70%,
80%, 90%, 95%, and 100%) for 10 min each, with two more incuba-
tions in 100% ethanol from a freshly opened bottle. Samples were in-
filtrated and embedded using London resin white resin (Polysciences).
Samples were infiltrated for 2 h each with a 3:1, 1:1, 1:3 dehydrating
agent/embedding media mixture. Cells were incubated overnight with
100% fresh London resin white resin. Next day cells were again resus-
pended in fresh 100% resin for 2-3 h, transferred into gelatin (size 00)
capsules (EMS), and polymerized at 45°C for 24—48 h. Blocks were
sectioned, and ultrathin sections (80—100 nm) were collected onto 200
mesh nickel grids (EMS). Sections were blocked and immunogold-la-
beled using a mouse anti-GFP antiserum (Roche) and 10 nm protein
A-gold (EMS) as per the manufacturer’s instructions, poststained with
uranyl acetate and lead citrate, and visualized with a Tecnai T12 TEM,
operating at 120 kV. Pictures were recorded on a below-mounted 2k x
2k CCD camera. For quantification, a gold particle was assigned to a
compartment if it was within 25 nm of the limiting membrane or cyto-
plasm. The relative distribution of the immunogold labeling was deter-
mined by randomly analyzing 800 gold particles in yft2A scs3A cells.

EM of mammalian cells

3T3-L1 fibroblasts treated with control RNAi or FIT2-RNAi were col-
lected after trypsin digestion and fixed in a mixture of 2.5% glutaralde-
hyde, 1.25% paraformaldehyde, and 0.1 M sodium cacodylate buffer,
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pH 7.4, for 1 h at RT. Cells were then washed in 0.1 M sodium cacodyl-
ate buffer, postfixed with 1% osmium tetroxide in 0.1 M sodium cac-
odylate buffer for 1 h, and washed twice in distilled water. To enhance
contrast, fixed cells were stained with 1% aqueous uranyl acetate for
1 h. Samples were then dehydrated in increasing concentration of etha-
nol (50%, 70%, 80%, 90%, 95%, and 100%) for 10 min each, with two
more incubations in 100% ethanol from a freshly opened bottle. Sam-
ples were rinsed twice in acetone (EM grade), infiltrated and embedded
in Embed 812 resin (EMS) for 2 h each with a 3:1, 1:1, 1:3 acetone/
embedding media mixture. Cells were incubated overnight with 100%
fresh resin. The next day, cells were again resuspended in fresh 100%
resin for 2-3 h, transferred into BEEM capsules (EMS), and polymer-
ized at 65°C for 48 h. Semi and ultrathin sections were produced with
a diamond knife (Diatome) on an ultramicrotome (Ultracut UCT; Leica
Microsystems), collected on 200 mesh copper grids (EMS), poststained
with uranyl acetate and lead citrate, and examined with a Tecnai T12
TEM, operating at 120 kV. Pictures were recorded on a below-mounted
Gatan 2k x 2k CCD camera.

EM of C. elegans

EM fixation on worms was adapted from Zhou et al. (2014), with some
modifications. Homozygous and heterozygous fitm-2 worms were fixed
in a mixture of 2.5% glutaraldehyde, 1% osmium tetroxide, and 0.1 M
sodium cacodylate buffer, pH 7.4, overnight at 4°C. The next morning,
animals were rinsed several times in 0.1 M sodium cacodylate buffer
and then restained in 1% osmium tetroxide in 0.1 M sodium cacodylate
buffer for 1 h at RT. Samples were washed twice in distilled water.
Later, one or two worms were aligned next to each other on an agar
pad (2% agarose in dH,0) under dissection microscope and overlaid
with molten agar, and the sandwich was allowed to solidify. Agar block
was trimmed under dissection microscope so as to have worms sand-
wiched in a small area of agarose. Trimmed blocks of agarose were
placed in glass vials with caps or scintillation vials. To enhance the
contrast, blocks were stained en bloc with 2% aqueous uranyl acetate
for 1 h at RT. Samples were dehydrated in increasing concentration of
ethanol, embedded in Embed 812, and polymerized as described above.
Ultrathin sections were produced using a diamond knife, collected onto
formvar-coated copper grids, poststained, and visualized with a Tecnai
T12 TEM, operating at 120 kV as described in the previous section.

HPF and automatic freeze substitution

HPF and automatic freeze substitution was performed as previously de-
scribed (Walther and Ziegler, 2002). HPF allows for rapid cryo-immo-
bilization of nonpretreated samples up to 200-pm thick with minimal or
no ice crystal damage (Studer et al., 2008). The HPF method was used
in Fig. 1, Fig. 3, and Fig. S1. Yeast cells were centrifuged, decanted,
and residual media aspirated to have a thick pellet. 0.5—1 pl of cells was
loaded into carriers and cryofixed on a Leica Microsystems EMPACT-2
at ~2,050 bar and automatically cooled into liquid nitrogen. After HPF,
the samples were transferred under liquid nitrogen to a Leica Microsys-
tems AFS-2 unit for freeze substitution using 2% (wt/vol) osmium te-
troxide, 0.1% (wt/vol) uranyl acetate, and 3% (vol/vol) water in acetone
(water free). The automatic freeze substitution unit was programmed
to keep samples frozen at —90°C for 22 h. The temperature was in-
creased by 2°C/h for 15 h and then was held at —60°C for 8 h before
increasing again at a rate of 2°C/h for 15 h and was held at —30°C for
8 h. Samples were held at 0°C for 2 h, followed by three washes in
acetone. Samples were embedded stepwise in increasing concentration
of epon (3:1, 1:1, 1:3) for 2 h each. Cells were incubated overnight
with 100% fresh resin. The next day, cells were resuspended in fresh
100% resin for 2-3 h, transferred into BEEM capsules, and polymer-
ized at 70°C for 72 h. Semi- and ultrathin sections were produced with
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a diamond knife (Diatome) on an ultramicrotome (Ultracut UCT; Leica
Microsystems), collected on 200 mesh copper grids (EMS), poststained
with uranyl acetate and lead citrate, and visualized with a Tecnai T12
TEM, operating at 120 kV. Pictures were recorded on a below-mounted
Gatan 2k x 2k CCD camera.

EM tomography

Electron tomography reconstructions were performed on 200 nm—thick
cryosections. Single-axis tilt series were recorded using a Tecnai T12
TEM, operating at 120 kV, with an angular range of —60° to +60° with
1° increments. The acquired tilt series were aligned and 3D reconstruc-
tion analysis were performed using INSPECT 3D software (FEI). Or-
thogonal projection and segmentation analyses of 3D tomograms were
performed using AMIRA software (FEI).

Cell culture

3T3-L1 preadipocyte cells (ATCC) were maintained in DMEM/Nutri-
ent Mixture F-12 supplemented with 10% FBS (Gibco) and 1% strepta-
vidin and penicillin. 3T3-L1 preadipocyte cells were used for siRNA
transfections to silence FIT2. siRNA-transfected cells were later used
for real-time quantitative PCR and to analyze lipid droplets using EM.

siRNA treatment

Specific siRNAs (21-mers) to silence FIT2 were purchased from Am-
bion as double-stranded DNA. Selected sequences of siRNA specific
for mouse FIT2 are shown in Table S2. The control siRNA oligonu-
cleotide was also obtained from Ambion. For siRNA transfections,
3T3-L1 preadipocyte cells were plated at 50% confluency in six-well
plates and left overnight at 37°C in DMEM/Nutrient Mixture F-12
along with 10% FBS. The next day, cells were transfected with 25
pmol control and FIT2 siRNA oligonucleotides using Lipofectamine
RNAiMax (Life Technologies) according to the manufacturer's instruc-
tions. 48 h posttransfection, cells were scraped for real-time quantita-
tive PCR and EM analysis.

Fit2 mRNA expression and real-time quantitative PCR

Total RNA was isolated from FIT2- and control siRNA—treated 3T3
L1 preadipocyte cells using PureLink RNA Mini kit (Ambion) accord-
ing to the manufacturer's instructions. cDNA was synthesized from 1
ug total RNA with gScript cDNA SuperMix (Quanta Biosciences) in
20 pl reaction volume according to the enzyme supplier's instructions.
Quantitative real-time PCR was performed in a 20 ul reaction mixture
containing 2 ul cDNA, primers, and SYBR Green mix (Applied Bio-
systems). The sequences of primers used for FIT2 amplification are
shown in Table S2. The enzyme was activated at 95°C for 20 s. After
activation, the reaction mixture was amplified for 40 cycles under the
following conditions: denaturing for 1 s at 95°C and annealing and ex-
tension for 20 s at 60°C. Real-time PCR analysis was done on 7900HT
FAST Real-Time PCR system (Applied Biosystems). Gene expression
was normalized to that of actin and data are presented as the “-fold
change” relative to the corresponding siRNA for control and FIT2 ac-
cording to the 2-AACT (change in cycling threshold) method.

Characterization of fitm-2(tm36324) C. elegans

A deletion allele was generated by the National BioResource Project
of Japan; this deletion deletes most of exons 5 and 6. We obtained this
deletion allele (1m3632A) as a heterozygote from S. Matani (Tokyo
Women's Medical University School of Medicine, Tokyo, Japan),
outcrossed it eight times against unc-13(e450), and maintained it as
fitm-2(tm3632A)/unc-13(e450). To better balance this deletion, we
then crossed in the translocation balancer hT2 [bli-4(e937) let-?(q782)
qls48] (I;11I), which carries an insertion of myo-2::GFP. Heterozy-
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gous animals are scored as having a green pharynx. Nongreen animals
were isolated for the characterization of tm3632A homozygotes. The
deletion was followed throughout the outcrosses by PCR with the
following primers: F1, 5-"CAACCAATCGTTGATGTGTGC-3'; R3,
5-’ATGCGGTAGGTCACAAACC-3". The deletion was confirmed by
sequencing and deletes 278 bp of the gene (47 of which is an intron).
This deletion is predicted to delete 77 amino acids but remain in frame.

Generation of fitm-2(av41) C. elegans

To characterize the null phenotype of C. elegans lacking fitm-2,
A. Fabritius (National Institute of Diabetes and Digestive and Kidney
Diseases, Bethesda, MD) generated an early nonsense mutation in the
fitm-2 gene using the CRISPR/Cas9 coconversion protocol (Arribere et
al.,2014). Codons 17 and 20 were replaced with stop codons and veri-
fied by sequencing. Two guide RNAs (gRNAs) were designed (Table
S2) to target two overlapping fitrm-2 Cas9 sites. gRNAs were cloned
into plasmid pDD162 (a gift from D.J. Dickinson and B. Goldstein,
University of North Carolina, Chapel Hill, NC; Dickinson et al., 2013)
using a Q5 Site-Directed Mutagenesis kit (New England Biolabs)
along with gRNA primers (FITM-2 gRNA-1 and FITM-2 gRNA-2;
Table S2), reverse primer 5'-CAAGACATCTCGCAATAGG-3’, and
plasmid. A repair oligonucleotide was synthesized bearing mutations
to convert both targeted PAM sites into stop codons (codons 17 and
20) and to introduce a HindIII restriction site for screening purposes
(Table S2). The PAM site mutations were designed to prevent the
2RNAs from targeting the repair template (Paix et al., 2014). Repair
oligonucleotide encompassed 50 nt of flanking homology on either
side of the targeted region of interest.

The edited allele, fitm-2(av41), was sequence confirmed from
three independent lines. All three lines were balanced over the 272 trans-
location balancer. For characterization of the mutant phenotype, non-
GFP animals were picked and observed. For the rm3632A allele and the
av41 edited nonsense allele, the same “plate” phenotype was observed.

Microinjection and screening of C. elegans

Plasmid DNA was prepared using QIAprep Spin Miniprep kit (Qia-
gen) and quantified using Nanodrop. 19 N2 animals were injected with
DNA mixture consisting of fitm-2 gRNAs cloned in pDD162, repair
oligo for fitm-2, pSS4 (the dpy-10 sgRNA in pDDI162 (a gift from
S. Shrestha, National Institute of Diabetes and Digestive and Kidney
Diseases, Bethesda, MD), and its repair oligo to create the dominant
dpy-10(cn64) allele. Injected animals were rehydrated in M9 buffer
before being placed on a small nematode growth media plate seeded
with OP50. F1 progeny were collected from the animals that survived
microinjection and were further screened for Roller progeny.

The F1 progeny were screened for Roller phenotypes 1-3 d after
injection. 60 Roller animals were picked, pooling two Rollers each into
4 pl lysis buffer (10 mM Tris, pH 8.2, 50 mM KCI, 2.5 mM MgCl,,
0.45% NP-40, 0.45% Tween-20, and 0.01% gelatin) with Proteinase K
(60 pg/ml). The worms were frozen overnight at —80°C and then incu-
bated for 1 h at 60°C followed by 15 min at 95°C to make a crude worm
genomic DNA preparation. The lysates were then used for worm PCR.

Worm PCR and sequencing

For screening of the F1 Rollers, worm lysates were PCR-amplified
using thermo Taq polymerase (New England Biolabs) along with fitm-2
primers (FITM-2 PCR forward and reverse; Table S2). The enzyme
was activated at 95°C for 2 min. After activation, the reaction mixture
was amplified for 35 cycles under the following conditions: denaturing
for 30 s at 95°C, annealing for 30 s at 48°C, and extension for 1 min
at 68°C. The PCR-amplified DNA fragment was digested with HindIII
enzyme (New England Biolabs).

The edited allele, fitm-2(av41), was sequence confirmed from
three independent lines. PCR was performed as described in the previ-
ous paragraph, followed by clean up using a MinElute PCR Clean-Up
kit (Qiagen) and sequenced using the fitrm-2 sequencing primer
(FITM-2 seq; Table S2).

Worm BODIPY staining

fitm-2 heterozygous and homozygous worms were harvested as L4 lar-
vae and adults. Animals were incubated in M9 buffer containing BOD
IPY 493/503 at 1 pg/ml concentration for 15-20 min at RT. Subsequent
to three M9 washes, worms were imaged live.

Determination of terminal phenotypes of homozygous fitm-2(av41)
worms

Nongreen L4 animals were picked from firm-2(av41)/hT2 plates and
placed on separate plates for brood size determination. Mothers were
transferred daily until they no longer laid embryos. Hatched and un-
hatched embryos were counted; those that hatched were followed daily
to determine their terminal phenotype.

Online supplemental material

Fig. S1 shows formation of nascent LDs upon induction of Dgalp,
localization of yeast FIT proteins, and a time course of nascent LD
formation. Fig. S2 shows that LD wrapping in FIT mutants is not
related to autophagy. Fig. S3 shows that the rates of neutral lipid
mobilization in FIT mutants and wild-type cells are similar. Table
S1 shows the strains and plasmids used in this study. Table S2 shows
oligonucleotides used. Online supplemental material is available at
http://www.jcb.org/cgi/content/full/jcb.201505067/DCI1.
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