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The process of lipid droplet (LD) formation is an evolutionarily
conserved process among all eukaryotes and plays an important
role in both cellular physiology and disease. Recently, fat storage-
inducing transmembrane proteins 1 and 2 (FIT1/FITM1 and FIT2/
FITM2) were discovered as an evolutionarily conserved family of
proteins involved in fat storage. In mammails, FIT1 is expressed pri-
marily in skeletal muscle and FIT2 is expressed primarily in adipose,
raising the possibility that FIT1 and FIT2 have unique functions.
These proteins are exclusively localized to the endoplasmic reticu-
lum (ER) and mediate triglyceride-rich LD accumulation when over-
expressed in cells, mouse liver, or muscle. Unlike the ER-resident
diacylglycerol O-acyltransferase family of triglyceride-synthesizing
enzymes, FITs do not synthesize triglyceride, but rather partition
triglyceride into LDs. The mechanism by which FIT proteins mediate
this process has not been determined. A simple hypothesis was
tested that FIT proteins bind to triglyceride to mediate LD forma-
tion. Here, it is shown that FIT proteins purified in detergent
micelles directly bind triolein with specificity and saturation-bind-
ing kinetics. A FIT2 gain-of-function mutant that formed larger
LDs, FLL(157-9)AAA, showed increased binding to triolein relative
to wild-type FIT2, whereas FIT1 and a FIT2 partial loss-of-function
mutant, N80A, had significantly lower triolein binding and pro-
duced smaller LDs. In summary, FIT proteins are transmembrane
domain-containing proteins shown to bind triglyceride. These find-
ings indicate that FITs have a unique biochemical mechanism in
mediating LD formation and implicates triglyceride binding as
important for FIT-mediated LD formation.

lipid droplets | diabetes | obesity | adipocytes

ipid droplets are cytosolic structures found in cells of all eu-

karyotes and are composed of a monolayer of phospholipids
surrounding a core of uncharged lipids such as triglyceride (TAG)
and sterol esters. These structures are considered organelles lar-
gely based on the findings that they contain a unique proteome
and are dynamic in nature (1). Lipid droplet (LD) formation in-
volves the partitioning of neutral lipids from their site of synthesis
at the endoplasmic reticulum (ER) to the cytosol and is consid-
ered to be a rapid process (2). The proteins that mediate the
partitioning of triglyceride into LDs have not been previously
identified; thus, the mechanism of LD formation is not known.
Several forward genetic screens were recently conducted in mod-
el organisms and cells to identify proteins important in LD biol-
ogy. These screens have surprisingly revealed that more than 1%
of the genes in eukaryotic genomes are involved in LD biology
(3-5), underscoring the importance of the LD in normal cellular
physiology. Several members of the perilipin family, namely plin2,
plin3, and plin4, have been implicated as having roles in LD
formation (6-8). However, most evidence supports a role of the
plin family in the regulated lipolysis of LDs (9). Interestingly, the
ER-resident membrane protein seipin, which is responsible for
the most severe known form of generalized lipodystrophy, has
been suggested to play a role in either LD formation or regulation
of droplet morphology based on loss-of-function studies (5, 10).
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By unknown mechanisms, it has also been suggested that seipin
has tissue-specific effects in regulating lipogenesis and also plays
a role in adipogenesis (11-13).

We recently identified an evolutionarily conserved family of
ER-resident transmembrane proteins that are important in trigly-
ceride LD formation and named them fat storage-inducing trans-
membrane protein 1 and 2 (FITM1/FIT1 and FITM2/FIT2) (14).
FIT1 and FIT2 are 292- and 262-aa long, respectively, and have
six transmembrane domains with both N and C termini facing the
cytosol (14, 15). FIT1 and FIT2 share a similarity of 50% at the
amino acid level, but do not share homology to known protein
domains or other protein families. FIT2 is the ancient orthologue
of the FIT family and has orthologues found in Saccharomyces
cerevisiae. Orthologues of FIT1 are found as early as bony fish.
In mammals, FIT1 is primarily expressed in skeletal muscle,
whereas FIT2 is ubiquitously expressed at low levels in mamma-
lian tissues, having the highest expression in adipose tissue (14).
These findings suggest that FIT1 and FIT2 have distinct physio-
logical roles in mammals. Expression of FIT1 or FIT2 in cell cul-
ture resulted in triglyceride droplet formation. FIT proteins
exhibit a unique function in LD biology in that they mediate the
partitioning of de novo synthesized triglyceride into the LD with-
out mediating triglyceride biosynthesis (14). In line with these
findings, a recent report (16) demonstrated that mouse embryo-
nic fibroblasts deficient in both diacylglycerol O-acyltransferases
1 and 2 (DGAT1 and DGAT2)—enzymes that catalyze the rate-
limiting step in the formation of triglyceride—are incapable of
forming triglyceride LDs, providing strong genetic evidence that
no other mammalian proteins can synthesize triglyceride. Impor-
tantly, FIT2 deficiency in adipocytes resulted in reduced size and
number of LDs per cell, indicating an important role of FIT2 in
LD formation (14). Given these combined findings we hypothe-
size and demonstrate here that FIT proteins bind directly and
specifically to triglyceride and that triglyceride binding is impor-
tant for FIT-mediated LD formation.

Results

Solubilization and Purification of FIT2. To purify FIT2, we used a
baculovirus expression system in Hi5 insect cells to express the
protein linked to C-terminal tandem Hiss and StrepII (Trp-Ser-
His-Pro-Gln-Phe-Glu-Lys) tags. The resulting recombinant pro-
tein is designated FIT2-Hisg-Strepll. To prove that FIT2-Hisg-
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Strepll was functional we examined insect cells expressing FIT2-
Hisg-Strepll for the presence of LDs. Insect cells transduced with
recombinant FIT2 baculovirus showed massive accumulation of
LDs compared to cells transduced with control baculovirus
(Fig. 14). This effect of FIT2 on LD accumulation was consistent
with previous work (14, 15). Based on the use of Fos-choline 13
(a zwitterionic phospholipid-like detergent) to purify the sterol-
sensing domain of sterol response element-binding protein clea-
vage activating protein (SCAP) and the ER-resident membrane-
spanning protein Insig-2 (17, 18), we purified FIT2-Hise-Strepll
using this detergent. Similar to SCAP and Insig-2, FIT2-Hise-
StreplI was only stable in the Fos-choline series of detergents (see
Materials and Methods). Following solubilization in Fos-choline
13 detergent, the recombinant protein was purified to homoge-
neity using a tetrameric Strep-tactin column (Fig. 1B, Coomassie
blue-stained gel). FIT2-Hisg-Strepll ran as an apparent doublet
when expressed in Hi5 cells. The upper band of this doublet
was consistent with the form of the protein that retains its signal
sequence, a common finding with overexpression of membrane
proteins in insect cells in which the signal peptide peptidase is
saturated with recombinant substrate (19).

Gel filtration of FIT2-Hisg-Strepll showed that the recombi-
nant protein is monodisperse and eluted as a ~60 kDa species
in this detergent. Because the calculated molecular mass of FIT2-
Hisg-StrepIl monomer is 33 kDa and that of a Fos-choline 13
micelle is ~25 kDa, the estimated molecular weight was consis-
tent with FIT2-Hisg-Strepll as a monomeric protein (Fig. 1C).
Far UV CD of FIT2-Hiss-Strepll in Fos-choline 13 micelles
indicated a highly helical protein with characteristic minima at
approximately 206 and 222 nm (Fig. 1D). This result supports
previous findings showing that the majority of FIT2 is comprised
of transmembrane domains (15) and suggests that the transmem-
brane domains are a-helical in nature.

FIT2 Specifically Binds Triglyceride. Based on assays developed
for SCAP and Insig-2 (17, 18), we probed the direct binding of
[9,10-*H(N)]-triolein ([*H]-TAG) to FIT2-Hiss-Strepll bound
to Strep-tactin resin. FIT2-Hisg-Strepll was incubated with [*H]-
TAG followed by elution of FIT2-Hise-Strepll from Strep-tactin
beads. Upon elution of FIT2-Hiss-Strepll from the Strep-tactin
column, it was observed that both FIT2-Hisg-Strepll and [*H]-
TAG coeluted, indicating that recombinant FIT2 bound [*H]-
TAG in this assay (Fig. 24). Equilibrium binding was achieved
after approximately 3 h (Fig. S1). As an indication of specific
binding to triglyceride, we performed a dose-response assay with
increasing concentrations of [*H]-TAG at a constant FIT2-His,-
Strepll concentration. FIT2-Hisg-Strepll bound [*H]-TAG in
Fos-choline 13 micelles with saturation binding kinetics, reaching
half-maximal binding at ~100-250 nM as judged from multiple
experiments (Fig. 2B). Maximal binding of [*H]-TAG was substoi-

=3
A B £: C
= L O
> 2 =
a ©o S
£ o W
- FIT2 +FIT2
. 2
c 18
314
®
g2
€8
i
<2
2 0
<

Fig. 1.

chiometric. At saturation, approximately one molecule of trigly-
ceride was bound to approximately 150-160 molecules of FIT2-
Hisg-Strepll. This substoichiometric binding was likely caused by
the dilution effects of detergent micelles, as previously observed
for the substoichiometric binding of cholesterol to SCAP (17).

As a further test of specificity, we examined the ability of other
recombinant proteins to bind [*’H]-TAG. Purified recombinant
GFP-Hiss-Strepll and amyloid-B precursor protein transmem-
brane domain-Hiss-Strepll failed to bind to [*H]-TAG (Fig. 2C,
Fig. S2). Purified aquaporin 9-Hisg, like FIT2 has six transmem-
brane domains and is of similar molecular weight, also failed to
bind to [*H]-TAG (Fig. 2C, Fig. S2). As a further indication of
specificity the purified ER-resident membrane protein, DGAT2-
Hisg-Strepll, failed to bind to [*’H]-TAG (Fig. 2C, Fig. S2). Taken
together, these experiments rule out the possibility that [P°H]-TAG
was binding to the affinity tags used to purify FIT2 and indicate
that FIT2 binds to TAG with specificity.

Recombinant FIT2 Binds a Specific Set of Uncharged Glycerolipids.
Because LDs contain other noncharged lipids in addition to TAG,
namely diacylglycerol (DAG) and steryl-esters, we tested the pos-
sibility that FIT2 binds to these lipids. A competitive binding assay
was developed to probe lipid specificity by mixing [*H]-TAG with
FIT2-His,-StreplI with or without saturating amounts of unlabeled
competitor lipid. A concentration of [*H]-TAG that resulted in
half-maximal binding at a fixed concentration of FIT2-Hisg-Strepll
was chosen for these experiments. Competition experiments
showed that excess unlabeled triolein and 1-palmitoyl-2-oleoyl-sn-
glycerol [diacylglycerol (DAG)] competed for the binding of [*H]-
TAG to FIT2-Hisg-Strepll (Fig. 34). To further probe the validity
of this competition assay, direct binding of FIT2-Hisg-Strepll to
[1,2,3-*H]-dioleoyl-rac-glycerol ([*H]-DAG) was also measured.
FIT2 bound [*H]-DAG with saturation binding kinetics that could
be competed with excess unlabeled DAG (Fig. 3B). Similar to
[*H]-TAG binding by FIT2, half-maximal binding to [*H]-DAG
was achieved at #100-250 nM (Fig. 3B). These experiments indi-
cated that FIT2 specifically bound [*H]-TAG and [*H]-DAG.

Given that competitive binding existed between these neutral
glycerolipids, we tested if another neutral lipid found in LDs of
mammalian cells, cholesteryl oleate (CO) was able to bind FIT2.
CO did not compete for [*H]-TAG binding to purified FIT2-
Hisg-Strepll (Fig. 34). These experiments indicate that FIT2
binds specifically to TAG and DAG, and further demonstrates
the specificity of FIT2 as a triglyceride-binding protein.

FIT Triglyceride-Binding Affinity Correlates with Lipid Droplet Size.
FIT1 is primarily expressed in skeletal muscle, which character-
istically produces small LDs, whereas FIT2 is highly expressed
in adipose tissue, which is characterized by large LDs. Indeed,
expression of FIT2 resulted in larger LDs than those produced by
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Purification and characterization of FIT2-Hisg-Strepll. (A) Immunofluorescence microscopy of Sf9 cells stained for LDs (BODIPY 493/503, green) and

nuclei (Hoechst 33342, blue) 36 h posttransduction with plEX-Bac1-FIT2-Hisg-Strepll baculovirus revealed that FIT2 overexpression in insect cells resulted in the
accumulation of LDs. Images are representative of three independent experiments. (B) Recombinant FIT2-Hisg-Strepll protein was purified as described in
Materials and Methods, subjected to 15% SDS-PAGE, and visualized by Coomassie blue staining. Input designates total cellular lysate; flow-through designates
protein not bound to Strep-tactin resin; elution designates protein bound specifically to column. Arrow indicates purified FIT2-Hisg-Strepll. (C) Gel filtration
chromatography of purified FIT2-Hisg-Strepll. Molecular mass is indicated with arrows. The apparent molecular mass of FIT2-Hisg-Strepll is 60 kDa. FPLC traces
are representative of three independent experiments. (D) CD spectroscopy of FIT2-Hisg-Strepll. The average of six spectra is shown.
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Fig.2. Binding of [9,10-3H(N)]-triolein to FIT2-Hiss-Strepll is saturable and specific. (A) Binding and elution assay demonstrates that FIT2-Hisg-Strepll and [9,10-
3H(N)]-triolein ([3H]-TAG) coelute from an affinity column (see Materials and Methods). (Top) Shows 3H-radioactivity eluted from affinity column. (Bottom)
Anti-Hisg immunoblot for FIT2-Hisg-Strepll. This experiment was reproduced five times with similar results. (B) Dose-response curve of FIT2-Hisg-Strepll binding
to [9,10-*H(N)]-triolein ([3H]-TAG) shows saturable binding kinetics. Data are represented as mean = SD. (C) Saturable binding of [*H]-triolein ([*H]-TAG) to
FIT2-Hisg-Strepll is specific. Dose-response curves as in B were generated for GFP-Hisg-Strepll (GFP), APP TM Domain-Hisg-Strepll (APP TM Domain), aquaporin
9-Hisg (AQP9), and DGAT2-Hisg-Strepll (DGAT2) alongside FIT2-Hisg-Strepll. Data are represented as mean =+ SD. This experiment was replicated three times with

similar results.

FIT1 when expressed in HEK293 cells (Fig. 44). Quantification
of LD number and size in FIT1- versus FIT2-expressing cells
using three-dimensional reconstructions of z-stacked confocal mi-
croscopy images indicated that the LDs produced by FIT2 were
~80% larger than FIT1; however, there was no significant differ-
ence in the number of LDs produced by either FIT1 or FIT2
(Fig. S3). Previously, we identified a gain-of-function FIT2 mu-
tant, FLL(157-9)AAA, that formed LDs that were significantly
larger than wild-type FIT2 in HEK293 cells (Fig. 44) (15). In
these experiments, FIT1-VS, FIT2-VS, and FIT2-FLL(157-9)
AAA-V5 expression levels were similar, and all were localized
to the endoplasmic reticulum (Fig. S4, Fig. S5). Importantly,
FIT2-FLL(157-9)AAA had an altered conformation relative to
wild-type FIT2 as determined by limited proteolysis, suggesting
that FIT2 undergoes an activating conformational change (15).
We hypothesized that if TAG binding is important for function,
then the FIT2-FLL(157-9)AAA gain-of-function mutant will
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Fig. 3. FIT2 exhibits lipid binding specificity. (A) Competition binding assay.
FIT2-Hisg-Strepll was incubated with [9,10-3H(N)]-triolein in the absence or
presence of the indicated excess unlabeled lipid. Data are represented as
mean =+ SD. These results are representative of five experiments. (NC, no com-
petitor; TAG, triolein; DAG, 1-palmitoyl-2-oleoyl-sn-glycerol; CO, cholesteryl
oleate). (B) Direct binding of FIT2-Hisg-Strepll to [1,2,3-3H]-dioleoyl-rac-
glycerol (3H]-DAG) and competition by unlabeled 1-palmitoyl-2-oleoyl-sn-
glycerol. Data are represented as mean =+ SD. This experiment was replicated
twice with similar results.
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have increased binding to [*H]-TAG. If this hypothesis is true,
then it would be expected that triglyceride-binding affinity by
FIT1, FIT2, and FIT2-FLL(157-9)AAA should be correlated
with droplet size as an indication of FIT2 activity. To test this hy-
pothesis, we made baculoviruses for murine FIT1-Hiss-Strepll
and FIT2-FLL(157-9)AAA-Hiss-Strepll and purified these re-
combinant proteins in Hi5 insect cells.

Murine FIT1-Hisg-Strepll purified from insect cells migrated
as an approximately 30 kDa doublet on reducing SDS gels, and
FIT2-FLL(157-9)AAA-Hisg-Strepll migrated as an approxi-
mately 26 kDa doublet similar to FIT2-His-Strepll (Fig. 1B,
Fig. 4B). Gel filtration showed that FIT1-Hise-Strepll and
FIT2-FLL(157-9)AAA-Hisg-Strepll were monodisperse when
solubilized in Fos-choline 13 (Fig. S6). Furthermore, far UV
CD demonstrated that FIT1-Hisg-Strepll and FIT2-FLL(157-
9)AAA-Hiss-Strepll both have similar secondary structures to
FIT2-Hiss-Strepll (Fig. 4C) and are also primarily a-helical in
nature.

To test if LD sizes produced by FIT1, FIT2, and FIT2-FLL
(157-9)AAA correlated with triglyceride binding, FIT1-Hise-
Strepll, FIT2-Hisq-Strepll, and FIT2-FLL(157-9)AAA-Hisg-
Strepll were purified side-by-side and subjected to dose-response
binding assays identical to those in Fig. 2. FIT1-His¢-Strepll,
FIT2-Hise-Strepll, and FIT2-FLL(157-9)AAA-Hiss-Strepll all
showed saturation binding kinetics; however, FIT2-FLL(157-9)
AAA-Hisg-Strepll showed a significant increase in capacity for
triglyceride binding compared to FIT2-Hiss-Strepll (Fig. 4D).
In addition, half-maximal binding by FIT2-FLL(157-9)AAA-
Hisg-Strepll was reached at lower triolein concentration than
FIT2-Hise-Strepll, implying a higher affinity for triglyceride than
wild-type FIT2. Half-maximal triolein binding by FIT1-Hiss-
Strepll was reached at higher triolein concentration than FIT2-
Hisg-Strepll (see Fig. 4D), suggestive of a lower binding affinity
of FIT1-Hise-Strepll for triglyceride than FIT2-Hisg-Strepll.
Similar differences in binding characteristics were observed for
direct binding to [*H]-DAG by FIT1-Hisg-Strepll, FIT2-Hiss-
Strepll, and FIT2-FLL(157-9)AAA-Hiss-StrepIl as shown for
binding to [*H]-TAG (Fig. 4E). These data once again highlight
the specificity of FIT proteins for binding TAG and DAG and
indicate that TAG- and DAG-binding capacity and/or affinity are
lower for FIT1 and higher for FIT2-FLL(157-9)AAA relative to
wild-type FIT2, correlating LD size with TAG- and DAG-binding
capacity and/or affinity. These data indicate that TAG-binding,
and possibly DAG-binding, by FIT proteins is important and
functionally relevant for the biochemical mechanism by which
they generate triglyceride-rich LDs.

Identification of a FIT2 Partial Loss-of-Function Mutant. To further
support a role of triglyceride binding in FIT2 function, we sought
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Lipid droplet size correlates with FIT TAG- and DAG-binding affinity. (4) HEK293 cells were transfected with empty pcDNA3.1 vector (Mock), or ex-

pression vectors for FIT1-V5, FIT2-V5, or FIT2-FLL(157-9)AAA-V5. Cells were stained for lipid droplets (LDs, green) using BODIPY 493/503 and nuclei using
Hoechst 33342 (blue). Images are representative of five independent experiments. Scale bar, 10 um. (B) Coomassie blue-stained gel of FITM1-Hisg-Strepll,
FIT2-Hisg-Strepll, and FIT2-FLL(157-9)AAA-Hiss-Strepll. Recombinant proteins were purified as described in Materials and Methods, subjected to 15% SDS-PAGE,
and visualized using Coomassie blue. (C) CD spectroscopy of purified FIT proteins. The average of six spectra for each protein is shown. (D) Dose-response curves
of FIT1-Hisg-Strepll, FIT2-Hisg-Strepll, and FIT2-FLL(157-9)AAA-Hisg-Strepll display differential [9,10-*H(N)]-triolein ([*H]-TAG) binding affinities and capacities.
Data are represented as mean =+ SD. This experiment was replicated five times with similar results. (E) Dose-response curves of FIT1-Hisg-Strepll, FIT2-Hisg-
Strepll, and FIT2-FLL(157-9)AAA-Hisg-Strepll display differential [1,2,3-3H]-dioleoyl-rac-glycerol ([*H]-DAG) binding affinities and capacities. Data are repre-
sented as mean + SD. This experiment was replicated three times with similar results.

to identify a loss-of-function mutant of FIT2 and determine its
ability to bind to triglyceride. FIT2 tagged at the C terminus with
a V5-Hisq tag (FIT2-V5-Hisg) was subjected to alanine scanning
mutagenesis. Mutagenesis efforts were focused on transmem-
brane domains, as these domains contain the most highly con-
served residues. HEK293 cells were used as a model system to
identify FIT2 mutants that were defective in LD formation upon
overexpression. Using this approach, we identified FIT2-NS0A-
V5 as a mutant that was defective in LD formation (Fig. 54). In
these experiments, FIT2-V5, and FIT2-N80OA-V5 expression
levels were similar, and both were localized to the endoplasmic
reticulum (Fig. S4, Fig. S5). The NS8OA mutant of FIT2 displayed
a #30% reduction in LD size and only a small, but insignificant
reduction in LD number per cell compared to wild-type FIT2-V5,
indicating partial loss-of-function (Fig. 5B). We next tested the
hypothesis that the NSOA mutant of FIT2 had reduced binding
to triglyceride. We developed a simple and rapid cell culture-
based approach to screen for [*H]-TAG binding (see Materials
and Methods for details). This method screens for triglyceride
binding defects by expressing and purifying a mutant FIT2 from
HEK?293 cells via immunoprecipitation in Fos-choline 13 buffer.
Using this approach, binding assays were performed on immuno-
precipitated FIT2 in buffer containing Fos-choline 13 detergent.
Dose-response binding assays with the NS8OA mutant of FIT2
displayed reduced triglyceride-binding capacity relative to wild-
type FIT2-V5 (Fig. 5C). The maximum specific binding of
[*H]-TAG to FIT2-N80A-V5 was reduced by ~55% compared
to wild-type FIT2-V5 (Fig. 5C). Similarly, in dose-response bind-
ing assays using [*H]-DAG, maximum specific binding of [*H]-
DAG to FIT2-N80A-V5 was reduced by ~58% compared to wild-
type FIT2-VS. (Fig. 5D). These data further support the conclu-
sion that triglyceride and diacylglycerol binding to FITs is specific
and important for FIT-mediated triglyceride LD formation.

Discussion
The experiments in the present study indicate that FIT2 is a
triglyceride-binding protein with specificity for neutral glyceroli-
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pids. This conclusion is based on a series of in vitro biochemical
studies showing direct, and specific binding of triglyceride and
diacylglycerol to purified FIT2. FIT2 is a unique triglyceride-
binding membrane protein. This finding is consistent with the
function of FIT2 in LD biogenesis.

To study FIT2 binding to triglyceride, we modeled our experi-
mental design on the work of Radhakrishnan et al. (17, 18), in
which assays were established to measure direct binding of the
sterol-sensing domain of SCAP to cholesterol and Insig-2 to
oxysterols. The problems we encountered in measuring direct
binding of FIT2 to triglyceride were similar to the obstacles to
measuring direct binding of SCAP(TM1-8) and Insig-2 to their
respective, highly water-insoluble ligands—cholesterol and oxy-
sterols. TAG has very low solubility in aqueous phase, and has
a maximal estimated bilayer concentration of 2.8 mol % (20).
None of the commonly used detergents yielded monodisperse
FIT2. Furthermore, only the Fos-choline series of detergents
was capable of solubilizing FITM2 and retaining its TAG-binding
characteristics, indicating that FIT2 is only stable in detergents
that are similar in structure to biological lipids. Because of these
limitations, we needed to solubilize the TAG used in our direct
binding experiments in buffer containing micelles of Fos-choline
13. An obvious limitation of studying ligand interactions using
the in vitro system presented here is the observed substoichio-
metric binding of triolein to FIT2, making quantification of exact
kinetic constants of the binding reaction complex.

The conclusion that FIT2 binds specifically to TAG is consis-
tent with previous studies that demonstrated that expression of
FIT1, FIT2, and FIT2-FLL(157-9)AAA results in increased
cellular TAG content without significantly altering other lipid
species such as DAG, cholesteryl ester, or phospholipids (14, 15).
Given these findings, the biological significance of FIT2 binding
to DAG is unclear. However, several recent studies in which
DAG levels were increased in mammalian cells (21) and S. cer-
evisiae (22) suggests that DAG may have a role in LD formation.

A notable finding from the present study is that the FIT2
homologue, FIT1, binds TAG and DAG with reduced affinity
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Fig. 5. FIT2 partial loss-of-function mutant has decreased TAG- and DAG-binding affinity. (A) HEK293 cells were transfected with empty pcDNA3.1 vector
(Mock), or expression vectors for wild-type FIT2-V5 or FIT2-N80A-V5. Cells were stained for LDs using BODIPY 493/503 (green) and nuclei using Hoechst 33342
(blue) and imaged by fluorescence microscopy. Images are representative of five independent experiments. Scale bar, 10 pm. (B) HEK293 cells transfected with
FIT2-V5 or FIT2-N80A-V5 were stained as in A and subjected to confocal fluorescence microscopy. Z-stacks were captured and three-dimensional renderings
were constructed and analyzed using Volocity software (Perkin Elmer). Analysis was performed on 10 independent three-dimensional renderings from two
independent experiments. Each rendering contained approximately 200-300 cells. (Left) Quantification of LD size is shown (wild-type versus N80A*,
p <5.5% 1073). (Right) Quantification of LD number per cell is shown (wild-type versus N8OA). (C) Dose-response curves generated using cell culture-based
assay display reduced [9,10-3*H(N)]-triolein ([*H]-TAG) binding capacity for FIT2-N80A-V5 compared to wild-type FIT2-V5. Data are represented as mean + SD.
This experiment was replicated three times with similar results. (D) Dose-response curves display reduced [1,2,3->H]-dioleoyl-rac-glycerol ([3H]-DAG) binding
capacity for FIT2-N80A-V5 compared to wild-type FIT2-V5. Data are represented as mean + SD. This experiment was replicated four times with similar results.

and/or capacity. Oppositely, a gain-of-function mutant of FIT2,
FIT2-FLL(157-9)AAA, binds TAG and DAG with greater capa-
city and/or affinity. Importantly, the average sizes of LDs formed
by these three proteins are distinctly different. FIT2 expression
resulted in large LDs that are ~80% larger than FIT1 LDs, which
are similar in size to LDs produced by DGAT?2 overexpression
(15). Overexpression of FIT1 or FIT2 did not result in a signifi-
cant difference in the number of LDs per cell. On average, FIT2-
FLL(157-9)AAA expression resulted in fivefold larger LDs than
FIT2 (15). In addition, we identified a FIT2 partial loss-of-func-
tion mutant, NS8OA, which produced LDs that were on average
30% smaller than LDs produced by wild-type FIT2. Importantly,
maximum specific binding of TAG and DAG to NSOA was
reduced by ~55% and ~58%, respectively, compared to wild-type
FIT2. In the absence of structural information of FIT2, it is not
known if N80 coordinates TAG or TAG binding. Taken together,
these data indicate that LD size is correlated to TAG and DAG-
binding capacity and/or affinity, and supports that idea that TAG
and/or DAG binding is important to the biochemical mechanism
by which FIT proteins form LDs in cells.

In addition to triglyceride binding by FIT proteins, we specu-
late that FIT proteins undergo a conformational change to form
LDs in cells. This notion is supported by our previous findings
that the gain-of-function mutant FIT2-FLL(157-9)AAA has an
altered conformation relative to wild-type FIT2 (15). The present
study suggests that FIT2-FLL(157-9)AAA may have a lower K,
and higher capacity for binding TAG and DAG compared to
FIT2. Collectively, these data suggest that FIT2-FLL(157-9)
AAA may have a more favorable conformation for making LDs,
and may imply that the reaction mechanism of FIT-mediated
droplet formation might first require TAG/DAG binding that
induces an activating conformational change. We attempted to
detect an activating conformational change in purified FIT2-
Hisg-Strepll in the presence of TAG and DAG; however, limited
proteolysis, CD spectroscopy, and thermal denaturation-CD
spectroscopy failed to detect any differences in conformation or
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secondary structure of FIT2 in the presence of these lipids. The
inability to detect conformational changes using these methods is
most likely due to the substoichiometric binding of TAG/DAG to
FIT2, or to the possibility that TAG/DAG binding to FIT2 has a
rapid on-off rate. Given the TAG- and DAG-binding function of
FIT proteins, it is possible that the multispanning FIT proteins
act via a TAG-transport mechanism by translocating TAG from
the ER membrane into a nascent LD. Testing of these ideas
awaits the development of in vitro reconstitution assays.

In addition to their differing TAG- and DAG-binding features,
an important distinction between FIT1 and FIT2 is their respec-
tive tissue expression pattern. FIT2 is ubiquitously expressed at
low levels in mouse and human tissues, but transcripts and pro-
tein levels are extremely high in adipose depots (14). The high
level of FIT2 in adipose is likely explained by its direct regulation
by the nuclear hormone receptor peroxisome proliferator-acti-
vated receptor y (23, 24). FIT1 is almost exclusively expressed
in skeletal muscle, with lower levels found in heart (14). This dis-
tinct tissue distribution of FIT1 and FIT2 and the finding that
FIT2 strongly binds TAG, whereas FIT1 binds weakly, suggest
distinct physiological roles for each FIT protein in lipid metabo-
lism. What might their distinct functions be? FIT2-driven LD
formation may have a role in long-term TAG storage in adipose,
whereas FIT1 forms small LDs that are characteristic of the
rapidly turning over LDs found in skeletal muscle (25-28),
suggesting that FIT1-directed LD formation may play a role in
linking myocellular TAG energy reservoirs to mitochondrial re-
spiration. The dynamics of LD turnover for the release of fatty
acids would be expected to play an important role in the main-
tenance of energy homeostasis in tissues such as skeletal muscle
that rely heavily on fatty acid oxidation for ATP production.

In conclusion, we have demonstrated that FIT proteins directly
bind triglyceride and diacylglyceride in detergent micelles, and
that lipid binding capacity correlates with LD size. The precise
molecular mechanism by which this evolutionarily conserved
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family of fat-storing proteins functions to form triglyceride LDs
is the goal of future studies.

Materials and Methods

Reagents and Buffers. Reagents are shown in S/ Materials and Methods.
Buffer A, 50 mM Tris-HCl pH 7.4 and 150 mM NaCl. Buffer C, buffer A with
0.1% (wt/vol) Fos-choline 13 (unless otherwise indicated). Buffer F, buffer C
with 10% (wt/vol) glycerol. All other buffer compositions are detailed in S/
Material and Methods.

Solubilization of Lipids. Lipids were dried down and resuspended in ethanol to
a final concentration of 50 nM to 100 uM prior to initiating binding assays.
See SI Materials and Methods for details.

Purification of Recombinant FIT1, FIT2, and FIT2 FLL(157-9)AAA. See S/ Materials
and Methods for details of baculovirus construction. Detergent extracts of
Hi5 insect cells expressing recombinant proteins were passed over a column
containing Strep-tactin resin, followed by 200-300 column bed volume of
buffer to wash. Protein was eluted from the column and concentrated to
1 mg/mL before use. See SI Materials and Methods for details of this pro-
cedure.

Gel Filtration Chromatography of FIT1, FIT2, and FIT2 FLL(157-9)AAA. Recombi-
nant FIT proteins were chromatographed on a Superdex 200 HR 10/30
column (Amersham) at a flow rate of 0.5 mL/ min in a buffer F. Absorbance
was monitored at 280 nm to detect elution of proteins.

CD Spectroscopy. Spectra of FIT proteins in buffer C were collected on a Jasco
J-815 CD Spectrophotometer using a 2-mm path length cuvette at room
temperature. See S/ Materials and Methods for details.

Immunoblot Analysis. See S/ Materials and Methods for details.
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Coelution Assay. Recombinant FIT2 protein and radioactive triolein were
coincubated in binding reactions, followed by elution with desthiobiotin.
Fractions were collected and analyzed for radioactivity and FIT2 protein.
See S/ Materials and Methods for details.

Radiolabeled-Lipid Binding Assays with Purified Strepll-Tagged Proteins. Puri-
fied protein was mixed with Ni-nitrilotriacetate beads or Strep-tactin slurry
(GE Healthcare or IBA, respectively) in buffer C, and 3H-lipids. After approxi-
mately 4 h incubation, beads were extensively washed in buffer C and as-
sayed for retained radioactivity. See S/ Materials and Methods for details.

Competition Binding Assays. Competition experiments in Fig. 3 were con-
ducted as standard binding assays, but contained excess unlabeled (cold) lipid
competitor. See S/ Materials and Methods for details.

Cell Culture-Based Binding Assays. HEK293 cells were transfected with V5-
tagged FIT2 constructs. Cells were extracted in Fos-choline 13 at 4 °C, immu-
noprecipitated, and standard binding assays were performed. See S/
Materials and Methods for details.

Cell Culture, Microscopy, and Quantification of LD Size and Number. HEK293
cells transfected with FIT constructs were imaged using confocal microscopy
and LD size and number was quantified using Volocity software (Perkin El-
mer). Calnexin was used as an ER marker to determine ER localization of FIT
proteins in cells. See SI Materials and Methods for details.
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