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The Endoplasmic Reticulum Enzyme DGAT2 Is Found in
Mitochondria-associated Membranes and Has a
Mitochondrial Targeting Signal That Promotes Its
Association with Mitochondria™
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The synthesis and storage of neutral lipids in lipid droplets is a
fundamental property of eukaryotic cells, but the spatial organiza-
tion of this process is poorly understood. Here we examined the
intracellular localization of acyl-CoA:diacylglycerol acyltrans-
ferase 2 (DGAT?2), an enzyme that catalyzes the final step of triacyl-
glycerol (TG) synthesis in eukaryotes. We found that DGAT2
expressed in cultured cells localizes to the endoplasmic reticulum
(ER) under basal conditions. After providing oleate to drive TG
synthesis, DGAT? also localized to near the surface of lipid drop-
lets, where it co-localized with mitochondria. Biochemical frac-
tionation revealed that DGAT?2 is present in mitochondria-associ-
ated membranes, specialized domains of the ER that are highly
enriched in lipid synthetic enzymes and interact tightly with mito-
chondria. The interaction of DGAT2 with mitochondria depended
on 67 N-terminal amino acids of DGAT2, which are not conserved
in family members that have different catalytic functions. This tar-
geting signal was sufficient to localize a red fluorescent protein to
mitochondria. A highly conserved, positively charged, putative
mitochondrial targeting signal was identified in murine DGAT2
between amino acids 61 and 66. Thus, DGAT2, an ER-resident
transmembrane domain-containing enzyme, is also found in mito-
chondria-associated membranes, where its N terminus may pro-
mote its association with mitochondria.

Most eukaryotic cells can synthesize neutral lipids, such as
triacylglycerols (TGs)> and sterol esters, and store them in cyto-
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solic lipid droplets. Yet, a molecular understanding of this proc-
ess and how it is spatially organized is lacking. For example,
lipid substrates for TG synthesis (fatty acids and glycerolipid
precursors) are found in the cytoplasm and membranes, energy
for activating fatty acids (by converting to fatty acyl-CoA)
comes from mitochondria, and the enzymes that catalyze TG
formation are primarily found in the mitochondria and endo-
plasmic reticulum (ER). How the cell orchestrates this complex
anabolic process to maximize lipid synthesis and storage during
times of substrate excess is poorly understood.

In most cells, TG synthesis occurs via the glycerol 3-phos-
phate (Kennedy) pathway and involves multiple enzymatic
reactions in different subcellular compartments (1). The fatty
acids for TG synthesis must first be “activated” by acyl-CoA
synthases, a family of enzymes that localize to membranes of
different compartments, including the ER, mitochondria, and
plasma membrane (2), and utilize ATP to ligate CoA to the fatty
acyl chain. Next, these fatty acids enter the Kennedy pathway of
glycerolipid synthesis, in which the first two reactions occur in
both the ER and mitochondria. In the first reaction, glycerol
3-phosphate and a fatty acyl-CoA are combined to yield lyso-
phosphatidic acid through the actions of glycerol-3-phosphate
acyltransferase enzymes (1, 3). In the second reaction, 1-acyl-
glycerol-3-phosphate O-acyltransferase enzymes catalyze the
esterification of lysophosphatidic acid with fatty acyl-CoA to
form phosphatidic acid (1, 4). Next, phosphatidic acid is
dephosphorylated at membrane surfaces by phosphatidate
phosphatase to yield diacylglycerol (1, 5, 6). All these steps are
highly organized spatially, which is likely to be important for
the efficiency of the pathway.

The final reaction of TG synthesis is catalyzed by acyl-CoA:
diacylglycerol acyltransferase (DGAT) enzymes (7-9). The two
mammalian DGATs, DGAT1 and DGAT2 (10, 11), which are
encoded by genes of different families, have distinct roles in TG
synthesis (12). DGAT2 is the major TG biosynthetic enzyme in

4-bora-3a,4a-diaza-s-indacene; DGAT, acyl-CoA:diacylglycerol acyltrans-
ferase; ER, endoplasmic reticulum; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GFP, green fluorescent protein; HSP70, heat-shock pro-
tein 70; MAM, mitochondria-associated membranes; MGAT, monoacyl-
glycerol acyltransferase; 18:1, oleate; RFP, monomeric red fluorescent pro-
tein; PBS, phosphate-buffered saline.
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eukaryotes. Dgat2-deficient mice die shortly after birth and are
almost completely devoid of TG (13), indicating an essential
requirement for DGAT?2. Catalysis of TG synthesis is conserved
in the DGAT?2 gene family, with functional orthologs in many
species, including Dgalp in Saccharomyces cerevisiae, which
contributes to a major portion of TG synthesis (14-16).

Little is known about the intracellular localization of DGAT
enzymes. DGAT activity is present in microsomes (7, 17, 18),
but in vitro assays do not distinguish between DGAT1 and
DGAT2. ADGAT?2-green fluorescent fusion protein expressed
in HeLa cells localized to the ER (19), and Dgalp activity in S.
cerevisiae localizes to the ER and lipid droplets (16). DGAT1
and DGAT?2 expressed in COS-7 cells localized primarily to the
ER (20). A recent study of the subcellular localizations of tung
tree DGAT1 and DGAT?2 in tobacco BY-2 cells revealed that
the enzymes are located in distinct, non-overlapping regions of
the ER (21). Most recently, DGAT2 was reported to co-localize
with lipid droplets in cultured adipocytes (22). As a step toward
a better understanding of the cellular organization of processes
that contribute to TG synthesis and storage, we determined the
subcellular localization of murine DGAT2 in mammalian cells.

EXPERIMENTAL PROCEDURES

Construction of Plasmids—Murine DGAT2, DGATI1, and
human acyl-CoA:monoacylglycerol acyltransferase-2 (MGAT?2),
with N-terminal FLAG epitopes (MGDYKDDDDG, epitope
underlined) were cloned into pCDNA3.1 (Invitrogen). For co-
expression of DGAT1 and DGAT?2 in COS-7 cells, DGAT1 and
DGAT?2 were cloned in-frame into the pBudCE4.1 dual expres-
sion vector (Invitrogen). The resulting plasmid contained
DGAT1 with a C-terminal myc tag (EQKLISEEDL) and
DGAT2 with an N-terminal FLAG tag. A55, A30-67, and
W3RKK3A DGAT2 mutants were generated, using DGAT?2 as
a template, in mutagenesis reactions with the QuikChange II
site-directed mutagenesis kit (Stratagene). The plasmid,
N67RFP, was constructed by cloning a PCR-amplified fragment
of DGAT2 (amino acid residues 1-67), in-frame, to the N ter-
minus of monomeric RFP (a gift from Dr. Roger Tsien) (23, 24).
Mutants 1-30RFP, 30— 67RFP, and 67RKKA3-RFP were gen-
erated by using N67RFP as a template in mutagenesis reactions
and the QuikChange II kit. All plasmids were sequenced to
confirm the presence of the desired mutations.

Cell Culture and Transfection—COS-7 cells (American Type
Tissue Culture Collection) were cultured in Dulbecco’s modi-
fied Eagle’s medium with 10% fetal bovine serum in a 37 °C
incubator with 5% CO,,. For transfections, 3 ug of plasmid DNA
was incubated with 9 ul of FUuGENE 6 transfection reagent
(Roche Diagnostics) in 200 ul of Dulbecco’s modified Eagle’s
medium for 30 min at room temperature. The transfection
mixture was added to a 100-mm culture dish containing 9 ml of
medium and cells at ~75% confluence. After 24 h, transfected
cells were harvested and used for DGAT activity assays or sub-
cellular fractionation experiments. McArdle rat hepatoma
RH7777 cells stably expressing DGAT1 and DGAT2 were gen-
erated as described before (13).

DGAT Activity Assays—Transfected COS-7 cells were
washed twice with ice-cold PBS, harvested by scraping, and
collected by centrifugation (1000 X g). To lyse cells, the pel-
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let was resuspended in 200 wl of 50 mm Tris-HCI (pH 7.4)
and 250 mM sucrose and passed through a 27-gauge needle
15 times. Cell debris and nuclei were pelleted by centrifuga-
tion at 600 X g for 5 min. The supernatant or mouse liver
membrane fractions (10-50 ug of protein) were used for in
vitro DGAT activity assays, performed as described (13). In
some experiments, cell lysates were preincubated with 0.5
mM DGAT1 inhibitor (2-((1s,4s)-4-(4-(4-amino-7,7-dimeth-
yl-7H-pyrimido[4,5-b][1,4]oxazin-6-yl)phenyl)cyclohex-
yl)acetic acid) to reduce endogenous DGAT activity. The
inhibitor was synthesized by Syngene International Ltd.
(Bangalore, India).

Immunoblot Analyses—Protein samples were separated by
SDS-PAGE on 10% polyacrylamide gels, transferred to polyvinyli-
dene difluoride membranes (Bio-Rad), and incubated with the
following antibodies: mouse anti-FLAG-M2 (Sigma, 1:2,000),
rabbit anti-FLAG (Sigma, 1:2,000), rabbit anti-DGAT2
(1:2,000), anti-calnexin (Stressgen, 1:1,000), anti-c-Myc (9E10,
Calbiochem, 1:1,000), anti-cytochrome c (Upstate Biotechnol-
ogies, 1:10,000), anti-heat-shock protein 70 (HSP70, Affinity
Bioreagents, 1:2,000), anti-GAPDH (Covance, 1:2,000), anti-
RFP (Chemicon, 1:1,000), anti-cytochrome ¢ oxidase subunit
IV (clone 20E8, Molecular Probes, 1:1,000), anti-mouse IgG
(Amersham Biosciences, 1:2,000), and anti-rabbit IgG (Bio-
Rad, 1:2,000). Protein-antibody complexes were visualized with
the SuperSignal West Pico kit (Pierce). Membranes were
exposed to Fuji RX film. Bands were quantified by scanning
densitometry with Image] image analysis software (National
Institutes of Health, rsb.info.nih.gov/ij/).

Immunofluorescence Microscopy—COS-7 cells in 6-well
dishes were transfected with 1 ug of plasmid DNA and 3 ul of
FuGENE 6. 24 h after transfection, cells were trypsinized and
re-plated into 12-well plates containing glass coverslips and
processed for immunofluorescence microscopy. In some
experiments, cells were incubated with 0.5 mMm oleate com-
plexed to 0.5% fatty acid-free bovine serum albumin for 12 h to
promote lipid droplet formation. Cells were fixed with 4%
paraformaldehyde in PBS for 10 min and permeabilized with
0.2% Triton X-100 in PBS for 5 min. Cells were then incubated
with 3% bovine serum albumin in PBS for 5 min to block non-
specific antibody binding and then incubated at room temper-
ature for 1 h with the indicated primary antibodies: mouse
anti-FLAG-M2 (1:500) and rabbit anti-calnexin (1:200), rabbit anti-
Mito(1491) (a rabbit polyclonal antibody that recognizes an
unknown mitochondrial protein; a generous gift from Dr. Peter
Walter, University of California, San Francisco) (1:200), or rab-
bit anti-giantin. For some experiments, fixed cells were incu-
bated with mouse anti-c-Myc (1:200) and rabbit anti-FLAG
(1:200). After incubation with primary antibodies, cells were
exposed to goat anti-rabbit Alexa Fluor 488 (1:200) and donkey
anti-mouse 594 (1:200) secondary antibodies (Molecular
Probes) for 30 min. All manipulations were performed at room
temperature. To visualize lipid droplets, fixed cells were stained
with the neutral lipid stain, BODIPY 493/503 (Molecular
Probes), during incubation with donkey anti-mouse 594 sec-
ondary antibody. In some experiments, mitochondria were
visualized by incubating cells expressing FLAG-tagged DGAT2
with 0.5 um MitoTracker Red for 20 min. Cells were fixed as
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described above and incubated first with mouse anti-FLAG,
and then with goat anti-mouse fluorescein isothiocyanate (Cal-
biochem). To visualize the lipid droplet protein, adipose differ-
entiation-related protein (ADRP), COS-7 cells were co-trans-
fected with plasmids containing an ADRP-GEFP fusion protein
(a gift from C. Sztalryd, University of Maryland) and FLAG-
tagged DGAT?2. Cells were fixed as described above, and
DGAT?2 was detected by staining cells with mouse anti-FLAG
and donkey anti-mouse 594. ADRP was visualized detecting
GEFP fluorescence. Coverslips were mounted on glass slides
with a drop of Immuno-Fluore mounting medium (ICN) and
allowed to set overnight. Confocal images were acquired with a
LSM510 confocal microscope (Zeiss). Images were processed
with LSM Image Browser (Zeiss), ImageJ, and Adobe Photo-
shop. Lipid droplet diameters from 2 to 4 cells (9 —17 lipid drop-
lets) were measured with the LSM Image Browser. The number
of lipid droplets per cell (3—5 cells) was determined with Image]J
(25). Images shown represent the majority of transfected cells
in each experiment.

Subcellular Fractionation—Microsomal, mitochondria-as-
sociated membranes (MAM), and mitochondrial fractions
were isolated from cultured cells as described (26). Cells were
homogenized in isolation medium (250 mM mannitol, 5 mm
Tris-Cl, pH 7.4, and 0.5 mm EGTA) with 15-20 up-and-down
strokes in a Potter-Elvehjem motor-driven homogenizer. The
homogenate was centrifuged at 600 X g for 5 min to remove
cellular debris and nuclei, and the supernatant was centrifuged
at 10,000 X g for 10 min to pellet the fraction containing mito-
chondria plus MAM. The 10,000 X g supernatant was centri-
fuged at 100,000 X g for 30 min in a Beckman Ti-70.1 rotor at
4 °C to pellet microsomes, which were resuspended in isolation
medium. The mitochondria plus MAM pellet was resuspended
in 800 ul of isolation medium and layered on top of 8 ml of
Percoll medium (225 mMm mannitol, 25 mm Tris-Cl, pH 7.4, 1
mM EGTA, and 30% Percoll (v/v)) and centrifuged for 30 min at
95,000 X g. A dense band containing purified mitochondria was
recovered from ~3/4 down the tube, diluted with isolation
medium, and washed twice by centrifugation at 6300 X g for 10
min. The mitochondrial pellet was resuspended in isolation
medium. Purified MAMs were recovered from the Percoll gra-
dient as a diffuse white band located above the mitochondria.
MAMs were diluted with isolation medium and centrifuged at
6300 X g for 10 min. The supernatant, containing MAMs, was
then centrifuged at 100,000 X g for 30 min in a Beckman Ti-70.1
rotor. MAMs were resuspended in isolation medium.

Statistical Analyses—Data are presented as mean * S.D. Dif-
ferences between groups were compared by the Kruskal-Wallis
test, followed by the Tukey test.

RESULTS

DGAT?2 Is Localized to the ER and Associates with Lipid
Droplets—To determine the subcellular localization of murine
DGAT?2, we expressed N-terminal FLAG-tagged DGAT2 in
COS-7 cells and compared its distribution with that of calnexin,
a resident ER membrane protein. Under basal culture condi-
tions, DGAT2 exhibited a typical ER (reticular) staining pattern
and co-localized extensively with calnexin (Fig. 1A, upper
panel). DGAT2 and calnexin were also concentrated in the
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FIGURE 1. Oleate loading alters the subcellular distribution of DGAT2.
Confocal immunofluorescence microscopy of DGAT2 transiently expressed
in COS-7 cells. A, COS-7 cells transfected with DGAT2 were treated with 0.5 mm
oleate (+18:1) for 12 h or left untreated (—18:1) and then stained with anti-
FLAG and anti-calnexin antibodies. (The nuclear calnexin staining (lower
panel) likely reflects nuclear membrane staining in animage from a plane that
did not bisect the nucleus.) B, DGAT2 co-localizes with ADRP-GFP. COS-7 cells
were co-transfected with DGAT2 and ADRP-GFP. Transfected cells were then
incubated with 0.5 mm oleate for 12 h. Cells were fixed and DGAT2 was visu-
alized with anti-FLAG. ADRP was visualized by detecting GFP fluorescence.
Scale bars, 10 pm.

perinuclear region. When COS-7 cells transiently expressing
DGAT?2 were treated with 0.5 mMm oleate for 12 h, both DGAT2
and calnexin were concentrated at the surface of large spherical
structures that appeared to be lipid droplets (Fig. 14, lower
panel). Calnexin, but not DGAT2, has been identified as a lipid
droplet-associated protein (27-30). Total cellular DGAT activ-
ity in McArdle RH7777 cells expressing DGAT2 and treated
with 0.25 mM oleate for 12 h was not increased relative to
untreated cells (data not shown), indicating that the enzymatic
activity did not change upon the change in localization.

To confirm that the spherical structures were lipid droplets,
we compared the localization of DGAT2 with that of a lipid
droplet protein, ADRP. COS-7 cells were co-transfected with
DGAT?2 and a plasmid that expresses an ADRP-GFP fusion
protein. In transfected cells that were treated with oleate,
DGAT2 and ADRP co-localized at the surfaces of lipid droplets
(Fig. 1B). We also co-stained DGAT2-transfected cells with the
neutral lipid dye, BODIPY 493/503. In oleate-treated cells,
DGAT? had a striking ring-like localization around lipid drop-
lets, which were concentrated in the perinuclear region (Fig.
2A). These findings agree with those reported by Kuerschner
et al. (22), who also showed that DGAT?2 co-localizes with lipid
droplets in oleate-loaded COS-7 cells. In that study, a hemag-
glutinin epitope tag at the N or C termini of DGAT?2 restricted
its localization to the ER, whereas untagged DGAT?2 localized
predominantly to lipid droplets after lipid loading, suggesting
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FIGURE 2. DGAT2, butnot DGAT1 or MGAT?2, is associated with lipid drop-
lets after oleate loading. Confocal immunofluorescence microscopy of
DGAT2, DGAT1, and MGAT2 transiently expressed in COS-7 cells. Transfected
COS-7 cells treated with 0.5 mm oleate (+18:1) for 12 h or left untreated
(—18:1) and then stained with anti-FLAG and BODIPY 493/503 to visualize
lipid droplets. Scale bars: 10 um.

that an epitope tag interferes with DGAT2 localization. This
was apparently not the case for DGAT2 with the N-terminal
FLAG-epitope that was used in our experiments. Both FLAG-
epitope-tagged DGAT?2 and untagged DGAT?2 exhibited typi-
cal ER staining patterns and were present around lipid droplets
in oleate-loaded cells (data not shown). We therefore per-
formed all subsequent studies with FLAG-tagged DGAT?2.
Unlike DGAT?2, the lipid acyltransferases DGAT1 and
MGAT-2 showed predominantly an ER-staining pattern and did
not redistribute to a similar degree around lipid droplets in oleate-
treated cells (Fig. 2, Band C). We also examined the size and num-
ber of lipid droplets produced by cells expressing DGATI,
DGAT?2,and MGAT?2 that had been treated with 0.5 mm oleate for
12 h (Table 1). (The lipid droplet staining pattern of untransfected
COS-7 cells treated with or without 0.5 mm oleate is shown in
supplemental Fig. S1.) Lipid droplets in cells expressing DGAT1 or
MGAT?2 were similar in size to control cells but were ~3-fold and
~1.6-fold more numerous, respectively (supplemental Fig. S2). In
contrast, lipid droplets in COS-7 cells expressing DGAT?2 exhib-
ited a 2-fold greater diameter than control cells and a marked
reduction (~60%) in the number of lipid droplets, which could
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TABLE 1

Analysis of lipid droplet size from cells expressing DGAT1, DGAT2,
and MGAT2 that were incubated with 0.5 mm oleate for 12 h

Diameter (um)

Lipid droplet
Control DGAT2 DGAT1 MGAT2
With oleate  1.99 = 0.33 4.11 = 1.02*  2.06 = 0.20 1.89 £ 0.39
Number/cell
Without 131.2 £46.5 214.7 £ 60.7 147.0 =470 1353+ 9.5
oleate
With oleate ~ 88.0 == 8.3 37.8 + 11.7% 269.7 + 54.9°? 148.0 = 43.7

“ p < 0.001 versus control-transfected cells.

b p < 0.001 versus DGAT2-expressing cells.

¢ p < 0.001 versus oleate-loaded, control-transfected cells.
% p < 0.05 versus DGAT1-expressing cells.

result from coalescence of smaller droplets to produce fewer large
lipid droplets. This is similar to the findings in McArdle RH7777
rat hepatoma cells stably expressing DGAT1 and DGAT?2 (13),
where DGAT1-transfected cells had numerous small lipid drop-
lets, while DGAT2-transfected cells had only a few large cytosolic
lipid droplets.

Co-localization of DGAT2 with Mitochondria after Lipid
Loading—We next compared the localization of DGAT2 to
that of other organelles, such as mitochondria and the Golgi
apparatus. For mitochondria, we used the markers Mito-
Tracker Red and Mito(1491). Mito(1491) is a protein with an
undefined function that resides exclusively in the mitochon-
dria and completely co-localizes with MitoTracker Red (sup-
plemental Fig. S3). In COS-7 cells transfected with DGAT2
not treated with oleate, mitochondria displayed a typical worm-
like staining pattern for both MitoTracker Red and Mito(1491)
and partially co-localized with DGAT?2 (Fig. 3, A and B, upper
panels). Strikingly, when COS-7 cells expressing FLAG-
DGAT?2 were incubated with 0.5 mm oleate to promote lipid
droplet formation, mitochondria underwent a dramatic re-or-
ganization around lipid droplets and co-localized almost com-
pletely with DGAT2 (Fig. 3, A and B, lower panels). To deter-
mine if the rearrangement around the lipid droplet surface was
specific for mitochondria, we examined the subcellular distri-
bution of the Golgi marker, giantin, under identical conditions.
Unlike mitochondria, giantin did not undergo re-organization
around the lipid droplet surface of oleate-loaded COS-7 cells
expressing DGAT2 and displayed a typical Golgi staining pat-
tern in both the absence and presence of oleate (Fig. 3C). Mito-
chondrial re-organization was not observed in COS-7 cells
expressing MGAT?2 or DGAT1 (data not shown).

DGAT?2 Is Present in MAM—DGAT activity is enriched in
MAM (31), a subdomain of the ER that co-isolates with mito-
chondria and is enriched with lipid synthetic enzymes (26, 31,
32). The co-localization of DGAT2 with mitochondria by
immunofluorescence suggested that DGAT2 is present in
MAM. We therefore examined biochemical fractions of
McArdle rat hepatoma cells, a cell line in which MAM has been
well characterized (26), that stably expressed DGAT2 (13).
Immunoblotting showed that DGAT?2 and calnexin were pres-
ent in the microsomal fraction and were also enriched several-
fold in MAM (Fig. 4A4). Our finding that calnexin is enriched in
MAM is consistent with a report that the majority of calnexin in
HeLa cells is present in MAM (33).
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FIGURE 3. DGAT2 co-localizes with mitochondria after oleate loading.
COS-7 cells expressing DGAT2 were incubated in the presence (+18:1) or
absence (—18:1) of 0.5 mm oleate for 12 h. DGAT2 was visualized with anti-
FLAG. Mitochondria were visualized with MitoTracker Red (A) or with anti-
Mito(1491) (B). As a negative control, DGAT2-expressing COS-7 cells were also
stained for the Golgi marker, giantin (C). Scale bars: 10 um.

To confirm that DGAT2 is present in MAM, we also measured
DGAT activity in microsomal and mitochondria plus MAM frac-
tions that were isolated from livers from DGAT1 knockout mice
that were fed a high fat diet. DGAT activity, which should reflect
only that of DGAT?2, was ~2-fold higher in the mitochondria plus
MAM fraction than in the microsomal fraction (Fig. 4B). These
data are consistent with our immunolocalization studies. Thus,
biochemical analyses of both cultured cells and murine livers show
that DGAT2 is present in MAM.
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FIGURE 4. DGAT2 is present in microsomes (Micro.) and enriched in MAM.
A, subcellular fractions were isolated from McArdle cells stably expressing
DGAT2. An equal amount of protein (30 ug) from each fraction was analyzed
by immunoblotting with anti-DGAT2, anti-calnexin, and anti-cytochrome C
(Cyt O) antibodies (Mito., mitochondria). B, in vitro DGAT activity of micro-
somes and mitochondria plus MAM (mito./MAM) from livers of DGAT knock-
out mice fed a high fat diet for 1 week. Data are from one experiment, per-
formed in triplicate, which was repeated once with similar results.*, p = 0.038
versus mean for microsomes.

oL

The N-terminal 67 Amino Acids of DGAT2 Targets RFP to
Mitochondria—Because DGAT2 co-localized with mitochon-
dria by immunofluorescence studies and was present in MAM,
we hypothesized that it might contain a mitochondrial target-
ing sequence. Such sequences typically consist of a region of
positively charged amino acids flanking a hydrophobic region
(34). Unlike other members of the DGAT?2 family, DGAT2 con-
tains an N-terminal extension of 67 amino acids that is exposed
to the cytosol (35). Within this stretch of 67 amino acids, we
identified a candidate mitochondrial targeting sequence con-
sisting of three positively charged amino acids (Arg-61, Lys-63,
and Lys-66 of murine DGAT?2) that immediately precede the
membrane-embedded domain of DGAT?2 and are highly con-
served across species (Fig. 5A4).

To determine if the N terminus of DGAT2 is involved in
mitochondrial targeting, we fused amino acids 1-67 to the N
terminus of RFP (N67RFP) (Fig. 5B), expressed the fusion pro-
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FIGURE 5. The N-terminal 67 amino acids of DGAT2 target RFP to mito-
chondria. A, DGAT2 has three positively charged basic amino acids adjacent
to the first transmembrane domain (green) that are highly conserved across
species (Arg-61, Lys-63, and Lys-66 of mouse DGAT2). B, COS-7 cells were
transfected with an expression plasmid containing amino acids 1-67 of
DGAT2 fused to the N terminus of RFP (N67RFP). C, N67RFP was visualized
with anti-FLAG. Mitochondria (upper panel) and Golgi (lower panel) were
detected with anti-Mito(1491) and anti-giantin antibodies, respectively.
D, cytosolic (Cyt.), microsomal (Micro.), and mitochondria plus MAM (Mito./
MAM) fractions were isolated from cells expressing N67RFP. An equal amount
of protein (15 ng) from each fraction was separated by SDS-PAGE, transferred
to a polyvinylidene difluoride membrane, and immunoblotted with anti-
FLAG, anti-HSP70, anti-calnexin, and anti-GAPDH antibodies (left panel). In
cells expressing RFP alone, RFP was detected only in the cytosolic fraction
with an anti-RFP antibody (right panel). Scale bars: 10 um.

tein in COS-7 cells, and examined its subcellular localization.
N67RFP had a worm-like staining pattern and completely co-
localized with Mito(1491) (Fig. 5C, upper panel), whereas RFP
alone exhibited a diffuse cytosolic expression pattern (not
shown). N67RFP did not co-localize with the Golgi marker
giantin (Fig. 5C, lower panel).

We also examined the subcellular distribution of N67RFP
biochemically. As in the immunofluorescence studies, N67RFP
protein was more abundant in the fraction containing mito-
chondria plus MAM than in the cytosolic and microsomal frac-
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FIGURE 6. Arg-61, Lys-63, and Lys-66 are required for targeting N67RFP
to mitochondria. A, amino acids 1-30 (1-30RFP) and 30-67 (30-67RFP) of
DGAT2 were fused to the N terminus of RFP. Additionally, amino acids Arg-61,
Lys-63, and Lys-66 (a potential mitochondrial targeting sequence) were
mutated (asterisks) to alanines (67RKKA3-RFP). B, RFP fusion proteins were
expressed in COS-7 cells and visualized with anti-FLAG (red). Mitochondria
were visualized with anti-Mito(1491) (green). Scale bars: 10 um.

tions (Fig. 5D, left panel). In contrast, REP alone was found only
in the cytosolic fraction and was not localized to mitochondria
(Fig. 5D, right panel). The purity of each fraction was assessed
by immunoblotting with known organelle markers (mitochon-
drial HSP70 (mtHSP70, mitochondria), calnexin (microsomes),
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(cytosol)) (Fig. 5D, left panel). mtHSP70 was found exclusively
in the mitochondria plus MAM fraction. Calnexin was detected
in microsomes, but was most abundant in the mitochondria
plus MAM fraction, likely because it contains MAM. GAPDH
was most abundant in the cytosolic fraction. Thus, data from
both immunolocalization and biochemical fractionation stud-
ies suggested that a mitochondrial targeting sequence resides
within the first 67 amino acids of DGAT2.

N67RFP Contains a Mitochondrial Targeting Signal—We
next sought to identify the sequences within the N-terminal 67
amino acids of DGAT2 that mediate mitochondrial targeting.
We initially examined the localization of constructs containing
amino acids 1-30 (1-30RFP) or 30-67 (30—67RFP) of the N
terminus (Fig. 6A4). 1-30RFP displayed a diffuse cytoplasmic
staining pattern and did not co-localize with Mito(1491) (Fig.
6B). In contrast, amino acids 30 — 67 were sufficient to localize
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RFP to mitochondria. To determine if amino acids Arg-61, Lys-
63, and Lys-66 are required for targeting RFP to mitochondria,
we generated a triple mutant in which these three amino acids
were mutated to alanine (67RKKA3-RFP) (Fig. 6A). This
mutant did not co-localize extensively with mitochondria (Fig.
6B), indicating that these three amino acids are required for
mitochondrial targeting.

Mutagenesis of the Mitochondrial Targeting Sequence in
DGAT2—To determine if the findings in studies of the RFP
fusion proteins were also seen with full-length DGAT2, we
expressed DGAT2 mutants in COS-7 cells. Two mutants
included those in which either amino acids 1-55 (A55) or
30-67 (A30-67) were deleted and one in which key residues in
the putative mitochondrial targeting signal were mutated to
alanines (Arg-61, Lys-63, Lys-66, and a highly conserved tryp-
tophan (Trp-58), termed Mito4A) (Fig. 7A). We first examined
DGAT activity in cells expressing these mutants. Both the A55
and Mito4A mutants had levels of in vitro DGAT activity com-
parable to that of wild-type DGAT2 (Fig. 7B). However, the
A30-67 deletion mutant was mostly inactive, with DGAT
activity ~90% lower than that of wild-type DGAT?2 (Fig. 7B),
suggesting that amino acids 56— 67 are necessary for the full
catalytic activity of DGAT2. The ability of DGAT2 expression
to promote the formation of large lipid droplets correlated with
activity levels (Fig. 7D, left panels, and supplemental Fig. S4).

Next, we looked for these DGAT2 mutants in biochemical
fractions. Deletion of amino acids 1-55 did not appear to alter
the mitochondrial association of DGAT?2, because both A55
and DGAT?2 were present in mitochondria plus MAM fraction
in similar amounts (~85-90%) (Fig. 7C). However, either dele-
tion (A30-67) or point mutations (Mito4A) of the putative
mitochondrial targeting sequence markedly reduced the pro-
portions of DGAT?2 in the mitochondria plus MAM fraction
(Fig. 7C). Essentially all (~98%) of the control protein HSP70
was present in the mitochondria plus MAM fraction.

We also utilized immunofluorescence to examine the co-
localization of DGAT2 and the A55, A30-67, and Mito4A
mutants with the mitochondrial marker HSP70. In agreement
with the biochemical fractionation data, the A30-67 and
Mito4A mutants, but not the A55 mutant, had reduced mito-
chondrial association (Fig. 7D and quantified for multiple cells
in Table 2). Interestingly, the ability of DGAT?2 to associate with
lipid droplets was not affected by the A30-67, A55, or Mito4A
mutations (Fig. 7D, left panels), nor was lipid droplet associa-
tion dependent on the catalytic activity of these DGAT2
mutants.

DISCUSSION

In this study, we examined the subcellular distribution of
DGAT?2, the major enzyme of TG biosynthesis in eukaryotes.
By immunofluorescence microscopy and biochemical fraction-
ation, we found that DGAT2 was present in the ER and
enriched in MAM. DGAT?2 also associated with the surface of
lipid droplets and co-localized with mitochondria, particularly
when cells were loaded with oleate. Targeting to the MAM and
mitochondrial compartments appears to require in part a
highly conserved, positively charged mitochondrial targeting
signal that is present in the N terminus between amino acids 61
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and 66 of murine DGAT?2, where it likely promotes peripheral
association of DGAT2 with mitochondria. Our findings suggest
that DGAT?2 is dynamically localized to different subcellular
compartments, including the ER, lipid droplets, and MAM/mi-
tochondria. This localization may promote the efficient synthe-
sis and storage of TG in lipid droplets.

DGAT enzymes were reported decades ago to be present in
the ER. Studies of microsomes from rat adipocytes or livers
revealed DGAT activity (17, 18, 31, 36, 37). In this study, we
focused on the localization of DGAT2, which was indeed pres-
ent in the ER, as demonstrated by both immunofluorescence
and biochemical fractionation studies. However, when cells
were oleate-loaded to promote lipid droplet formation, DGAT2
became concentrated around lipid droplets. This localization
was not found to a similar extent for either DGAT1 or MGAT?2
and was not dependent on the size of the lipid droplets. Indeed,
DGAT?2 was present near the surfaces of both larger and
smaller droplets, whereas DGAT1 and MGAT2 were not pres-
ent around lipid droplets of similar size.

Our finding that DGAT2 localizes to lipid droplets agrees
with a report of lipid-droplet localization for activity of Dgalp,
the S. cerevisiae ortholog of DGAT2 (18). Furthermore,
DGAT?2 in the fungus Mortierella ramanniana was purified
from the lipid body fraction (38). Recently, DGAT2 overex-
pressed in COS-7 cells and endogenous DGAT?2 in 3T3-L1 adi-
pocytes was reported to associate with lipid droplets (22).

Our studies show that DGAT?2 co-localizes with ADRP, a
lipid-droplet protein, when cells were oleate-loaded. However,
because of the limited resolution of light microscopy, our stud-
ies do not distinguish between DGAT2 directly embedded on
the surface of lipid droplets and DGAT?2 in membrane bilayers
of the ER in close proximity to lipid droplets. Murine DGAT2
has a long hydrophobic region spanning amino acids 66-115
that comprises either two transmembrane domains or a single
extended domain that is embedded in the bilayer (35). The lat-
ter conformation could enable the protein to directly associate
with the lipid droplet surface. Indeed, recent localization stud-
ies using immunoelectron microscopy showed partial local-
ization of DGAT2 on purified lipid droplets (22). On the
other hand, a conformation with two membrane-spanning
domains would make it more likely that DGAT2 is present in
a membrane bilayer in close proximity to the droplet. The
latter possibility is suggested by the results of numerous
analyses of the proteomes of lipid droplets isolated from cells
and tissues (27-30, 39 —44) that did not identify DGAT2 as a
droplet component.

We also found that DGAT2 was present in MAM fractions
isolated from McArdle RH7777 hepatoma cells, and DGAT
activity in livers of DGAT1 knockout mice was enriched in
mitochondria plus MAM fractions compared with micro-
somes. MAM is an ER-like membrane fraction that co-isolates
with mitochondria and is enriched in activities of lipid biosyn-
thetic enzymes, such as acyl-CoA:cholesterol acyltransferase,
DGAT, and phosphatidylserine synthase-1 and -2 (26, 31, 32).
MAM is hypothesized to serve as a membrane bridge between
the ER and mitochondria and to facilitate the transport of lipids
between these organelles (45—48). Our data show that DGAT2
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FIGURE 7. Mutagenesis of the mitochondrial targeting signal in DGAT2 disrupts mitochondrial targeting. A, map of mutant DGAT2 proteins. Red indicates the
N-terminal 67 amino acids of DGAT2; black boxes indicate transmembrane domains in DGAT?2; asterisks indicate point mutations. B, in vitro DGAT activities of lysates
from COS-7 cells expressing DGAT2, A55, A30-67, and Mito4A. To reduce background DGAT activity, lysates from transfected cells were preincubated with 0.5 mm
DGAT1 inhibitor for 20 min on ice before DGAT activity was determined. The activities of untransfected cells and cells transfected with wild-type DGAT2 were 5.9 and
317 pmol/mg protein/min, respectively. C, COS-7 cells were transfected with DGAT2, A55, A30-67, and Mito4A. Microsomal (Mic.) and mitochondrial plus MAM
(Mito./MAM) fractions were isolated, and the amount of DGAT and various DGAT2 mutants in each fraction was determined by immunoblotting. D, COS-7 cells
transfected with DGAT2, A55, A30-67, and Mito4A were treated with 0.5 mm oleate for 12 h and stained with anti-FLAG and BODIPY 493/503. Scale bars: 10 um.

TABLE 2

Co-localization of mitochondria with DGAT2 and mutants in
oleate-loaded COS-7 cells

Mutant Pearson’s correlation coefficient
DGAT2 0.357 = 0.184
A55 0.291 = 0.132
A30-60 —0.242 = 0.190*
Mito4A —0.001 * 0.178"

“ p < 0.001 versus control-transfected cells. Co-localization was determined in 3—-7
cells/genotype. The degree of co-localization was calculated from 2—6 regions/
cell, and each cell contained at least 3 droplets/region.
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accounts for at least a portion of DGAT activity in the MAM
compartment.

An unexpected finding was the striking co-localization of
DGAT?2, but not DGAT1 or MGAT?2, with mitochondria in
cells that were oleate-loaded. These findings suggested that a
portion of DGAT?2 overexpressed in cells associates with mito-
chondria. Unfortunately, a polyclonal DGAT?2 antibody did not
recognize endogenous DGAT?2 in cells such as 3T3-L1 adipo-
cytes. Therefore, we were unable to determine whether endog-
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enous DGAT?2 undergoes the same mitochondrial association/
rearrangement in oleate-loaded cells.

The presence of DGAT2 in MAM and the striking co-local-
ization of DGAT2 with mitochondria in immunofluorescence
studies prompted us to investigate whether DGAT2 had a mito-
chondrial targeting sequence. We focused on the N-terminal
region of DGAT2, which contains a 67-amino acid region that
is not found in other family members (e.g. acyl- MGAT's or wax
synthases). Amino acids 1-67 targeted RFP to the mitochon-
dria, where it became peripherally associated with the outer
mitochondrial membrane. Further, three positively charged
amino acids, Arg-61, Lys-63, and Lys-66, were required for
the mitochondrial association of RFP and promoted the
mitochondrial association of DGAT2. These amino acids are
located just proximal to the membrane-embedded regions of
DGAT, conforming to the typical location of mitochondrial
targeting signals (34).

Our findings raise the question of whether DGAT?2 is a true
mitochondrial enzyme or is present in a compartment, such
MAM, which is associated with mitochondria. Based on our
data, we favor a model in which DGAT?2 is enriched in MAM,
and DGAT?2 in this compartment associates with mitochondria
as a peripheral protein via its N terminus. In this model,
DGAT?2 would not be present directly in mitochondrial mem-
branes. In support of this conjecture, ~700 proteins have been
identified in the mitochondrial proteomes from human and
mouse tissues (49 -51), but DGAT2 was not found.

Why DGAT2 in MAM associates with mitochondria is
unclear. We speculate that this arrangement may serve as a
bridge between the MAM and mitochondria that promotes the
exchange of substrates and products for TG synthesis. Consist-
ent with this notion, many enzymes of the glycerolipid
(Kennedy) pathway of lipid synthesis, which is responsible for
the synthesis of both TG and phospholipids, are located in both
ER and mitochondria (1, 52). Furthermore, the close proximity
of lipid droplets, mitochondria, and the ER has been reported
by several other investigators (53—55). These findings provide
further evidence that these three organelles are intimately asso-
ciated, possibly to promote the efficient synthesis of lipids.

Our findings in this study provide insights into the spatial
compartmentalization of lipid synthesis and storage. DGAT?2,
the major enzyme of TG synthesis, is not localized only to the
ER; it is dynamically associated with lipid droplets and the
MAM and mitochondrial compartments, which are important
during active lipid synthesis. Our findings support the notion
that robust lipid synthesis and storage are characterized by a
reorganization of organelles to maximize this process. Through
a bridging function, the N terminus of DGAT2 may promote
this reorganization. Further studies of this enzymatic machin-
ery and lipid droplet biogenesis will undoubtedly shed more
light on this complex yet fascinating aspect of cell biology.
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