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Abstract

Acyl CoA diacylglycerol acyltransferase (DGAT) is an integral membrane protein of the
endoplasmic reticulum that catalyzes the synthesis of triacylglycerols. Two DGAT enzymes have
been identified (DGAT1 and DGAT2) with unique roles in lipid metabolism. DGAT1 is a
multifunctional acyl-transferase capable of synthesizing diacylglycerol, retinyl, and wax esters in
addition to triacylglycerol. Here, we report the membrane topology for murine DGAT1 using
protease protections assays and indirect immunofluorescence in conjunction with selective
permeabilization of cellular membranes. Topology models based on prediction algorithms
suggested that DGAT1 had eight transmembrane domains. In contrast, our data indicate that
DGAT1 has three transmembrane domains with the N terminus oriented toward the cytosol. The
C-terminal region of DGAT1, which accounts for ~50% of the protein, is present in the
endoplasmic reticulum lumen and contains a highly conserved histidine residue (His-426) that
may be part of the active site. Mutagenesis of His-426 to alanine impaired the ability of DGAT1 to
synthesize triacylglycerols as well as retinyl and wax esters in an /n vitro acyltransferase assay.
Finally, we show that the N-terminal domain of DGAT1 is not required for the catalytic activity of
DGAT1 but, instead, may be involved in regulating enzyme activity and dimer/tetramer formation.

Acyl coenzyme A:1,2-diacylglycerol acyltransferase (DGAT)? is a membrane-bound
enzyme that catalyzes the biosynthesis of triacylglycerols (TGs) (1). TGs are a class of
neutral lipid that represents the major form of stored energy in eukaryotic organisms (2).
However, excessive accumulation of TG in tissues can lead to obesity and insulin resistance,
whereas increased TG in the blood is a risk factor for atherosclerosis (3-5).

DGAT catalyzes the formation of an ester bond between a long chain fatty acid (fatty acyl
coenzyme A (CoA)) and the free hydroxyl group of diacylglycerol (DG), generating TG.

SThe on-line version of this article (available at http://www.jbc.org) contains supplemental Table 1.

1o whom correspondence should be addressed: Dept. of Biochemistry, University of Saskatchewan, 107 Wiggins Rd., Saskatoon,
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2The abbreviations used are: DGAT, acyl-CoA:diacylglycerol acyltransferase; ACAT, acyl-CoA:cholesterol acyltransferase; ARAT,
acyl-CoA:retinol acyl-transferase; DG, diacylglycerol; DSS, disuccinimidyl suberate; ER, endoplasmic reticulum; PDI, protein
disulfide isomerase; TG, triacylglycerol.
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Two DGAT genes have now been identified, Dgatl and DgatZ, which share no sequence
homology. DGATL1 belongs to a large family of membrane-bound O-acyltransferases
(MBOAT) that includes acyl-CoA:cholesterol acyltransferase-1 and -2 (ACAT-1 and -2),
which catalyze cholesterol ester biosynthesis (6—-10). DGAT2 belongs to the DGAT2/acyl-
CoA:monoacylglycerol acyltransferase gene family including monoacylglycerol acyl-CoA
acyltransferases 1-3 and wax synthase (9, 11-16). Biochemical analyses have indicated that
DGAT1 and DGAT? have distinct roles in TG metabolism. When overexpressed in cells,
DGAT2 yielded a much larger increase in intracellular triacylglycerol than DGAT1 (17). In
in vitro assays, DGAT1, but not DGAT2, was capable of using a broad array of acyl
acceptors to synthesize diacylglycerol, retinyl, and wax esters in addition to triacylglycerol
(18).

In vivo experiments in mice have also provided strong evidence that DGAT1 and DGAT2 do
not serve redundant roles in lipid metabolism. Dgati-deficient (DgatZ~/~) mice were viable
with modest reductions in TG content, were resistant to diet-induced obesity, and had
improved glucose metabolism (19-22). More recently, overexpression of DGAT1 in mouse
macrophages had a protective effect against the activation of inflammatory pathways
induced by diet-induced obesity (23). In contrast, DGAT?2 appears to be much more involved
in promoting bulk TG synthesis. Dga2-deficient (Dgat2”~) mice had a ~90% reduction in
carcass TG content and died within a few hours after birth due to skin abnormalities (17).

DGAT1 and DGAT? are integral membrane proteins that reside at the endoplasmic reticulum
(ER) (24, 25). Interestingly, DGAT?2 also interacts with lipid droplets and mitochondria,
whereas DGAT1 does not. Topological studies of DGAT2 demonstrated that this enzyme has
two transmembrane domains, and the N and C termini are exposed to the cytosol (26). A
highly conserved four-amino acid sequence (HPHG) present in all DGAT2 family members
was required for the full catalytic activity of DGAT2 and is thought to be part of the active
site. The HPHG sequence of DGAT? faces the cytosol, which may be important for directing
newly synthesized TG for their storage in lipid droplets.

The topology of DGAT1 has not been mapped experimentally, although it has been predicted
to have 6-12 possible transmembrane domains (6). The membrane topologies of human
ACAT1 and ACAT2, which share 15-25% identity with DGAT1, have been determined.
ACAT1 appears to have 5-9 transmembrane domains with the N terminus facing the cytosol
and the C terminus in the ER lumen (27, 28). Two different models have been proposed for
human ACAT2. One model proposes that ACAT2 has two transmembrane domains, and both
the N and C termini face the cytosol (29). The second model suggests that ACAT?2 has five
transmembrane domains, and the termini are on opposite sides of the ER membrane (28).

ACAT1 and ACAT?2 are capable of forming homodimers and homotetramers (30, 31). For
ACATL1, homotetramer formation is important for the /n vitro catalytic efficiency of the
enzyme (32). Deletion of part of the N terminus changes ACAT1 from a tetramer to dimer
and increases the enzymatic activity of ACATL1. Like the ACAT enzymes, DGAT1 also can
form dimers and tetramers (33, 34). The functional significance of this higher order structure
for DGAT1 function has not been examined. It does appear that the ability to form a tetramer
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resides in the N-terminal domain and that the individual DGAT1 subunits of the tetramer
catalyze TG synthesis independently of each other (33).

In this report we determined the membrane topology of murine DGAT1 using protease
protection assays and immunofluorescence microscopy. We also identified a histidine
residue that may be part of the active site of DGAT1. Lastly, we provide evidence that the N
terminus of DGAT1 may be involved in regulating DGAT activity through tetramer
formation.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection

HEK-293T and COS-7 cells (American Type Tissue Culture Collection) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum in a 37 °C
incubator with 5% CO». For transfections, 20 sg of plasmid DNA was incubated with 430 /4
of 0.15 M NaCl and 120 /4 of 0.1% polyethyleneimine (pH 7.0) for 10 min at room
temperature. The transfection mixture was then added dropwise to a 100-mm culture dish
containing 10 ml of DMEM with10% fetal bovine serum and cells at ~50% confluence.
After 4 h, the medium was removed, and cells were washed and re-fed with media. 48 h
after transfection, cells were harvested and used for experiments.

Construction of DGAT1 Plasmids

N-terminal FLAG-tagged murine DGAT1 (FL-DGAT1) in the eukaryotic expression vector,
pCDNAZ3.1, was used as a template for all mutagenesis reactions. The various mutations and
insertion of Myc (EQKLI-SEEDL) and HA (YPYDVPDYA) epitope tags were generated
using the primer pairs listed in supplemental Table 1 with the QuikChange I site-directed
mutagenesis Kit (Stratagene). All plasmids were sequenced to confirm the presence of the
desired mutations (the cDNA for murine DGAT1 was a generous gift from Dr. Robert
Farese, Jr.).

Protease Protection Assays

HEK-293T cells expressing the various DGAT1 mutants were washed twice with ice-cold
PBS, harvested by scraping, and collected by centrifugation (1000 x g). Cell pellets were
resuspended in PBS and disrupted by 10 passages through a 27-gauge needle. Cell debris
and nuclei were pelleted by centrifugation at 1000 x g for 2 min. To isolate total cellular
membranes, the supernatant was centrifuged at 100,000 x g for 30 min at 4 °C. The
membrane pellet was resuspended in PBS. A typical 50-44 reaction contained 50 /g of total
membrane protein and 20 wg/ml trypsin (Sigma) with or without 1% Triton X-100, which
was incubated at 30 °C for 30 min. The reaction was terminated by the addition of soybean
trypsin inhibitor (0.4 19/ final concentration) (Sigma). An equal volume of 2x SDS
loading buffer (Bio-Rad) was added to the samples, which were then incubated at 37 °C for
20-30 min, separated by SDS-PAGE, and analyzed by immunoblotting.
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In Vitro Cross-linking

Total cellular membranes (1 g/ protein) were incubated with the cross-linker,
disuccinimidyl suberate (DSS) (Pierce) at a final concentration of 1 mM in 10 mM Hepes
(pH 7.4), 1 mM EDTA buffer for 50 min at room temperature. DSS was dissolved in DMSO
(2.5% (final)). Reactions were terminated by the addition of /1o volume of 1 M Tris-Cl (pH
8.0). Samples were then separated by SDS-PAGE and analyzed by immunoblotting.

DGAT Activity Assays

Transfected HEK-293T cells were washed twice with ice-cold PBS, harvested by scraping,
and collected by centrifugation (1000 x g). The cell pellet was resuspended in 200 /4 of 50
mM Tris-HCI (pH 7.6), 250 mM sucrose and passed through a 27-gauge needle 10 times.
Cell debris and nuclei were pelleted by centrifugation at 1000 x g for 2 min. Total cellular
membranes (50 g of protein) were used for /n vitro DGAT activity assays (17). For some
assays, the 1,2-diacylglycerol was replaced with either 0.2 mM all #rans-retinol or 0.2 mM 1-
hexadecanol to measure acyl-CoA:retinol acyltransferase (ARAT) and wax synthase
activities, respectively (35).

Immunoblot Analyses

Samples were separated by SDS-PAGE on 10% polyacrylamide gels, transferred to PVDF
membranes (Bio-Rad). Immunoblotting was performed by incubating PVDF membranes
with antibodies at the following dilutions: mouse anti-FLAG-M2 (Sigma), 1:4000; rabbit
anti-protein disulfide isomerase (PDI) (Stressgen), 1:1000; mouse anti-Myc (9E10
hybridoma supernatant), 1:10; mouse anti-HA (Sigma), 1:4000; anti-mouse 1gG-HRP
(Amersham Biosciences), 1:4000; anti-rabbit IgG-HRP (Bio-Rad), 1:4000. Protein-antibody
complexes were visualized using the Supersignal West Pico kit (Pierce). Membranes were
exposed to Hyblot CI (Denville Scientific) film.

Immunofluorescence Microscopy

COS-7 cells were transiently transfected with FL-DGAT1-Myc. Twenty-four hours after
transfection, cells were re-plated into 6-well dishes containing glass coverslips and allowed
to adhere overnight. After washing three times with PBS, cells were fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature. Plasma membranes were
selectively permeabilized with 10 zg/ml digitonin in 0.3 M sucrose, 5 mM MgCl,, 120 mM
KCI, 0.15 mM CaCl,, 2 mM EGTA, and 25 mM Hepes/KOH (pH 7.6) for 10 min on ice.
Alternatively, after fixation, total cellular membranes were permeabilized with 0.2% Triton
X-100 for 2 min at room temperature. After permeabilization, cells were washed 3 times
with PBS and incubated with 3% bovine serum albumin in PBS for 5 min to block non-
specific antibody binding. Cells were incubated at room temperature for 1 h with either
mouse anti-FLAG-M2 (1:500 dilution) and rabbit anti-PDI (1:200 dilution) or rabbit anti-
FLAG (1:200 dilution) and mouse anti-Myc (clone (9E10) (1:10 dilution) and then with goat
anti-rabbit Alexa Fluor 488 (Molecular Probes) (1:200 dilution) and donkey anti-mouse 594
(Molecular Probes) (1:200 dilution) secondary antibodies for 30 min at room temperature.
Cells were washed three times with PBS, and the coverslips were mounted on glass slides
with a drop of Immuno-Fluore mounting medium (ICN). Images were acquired using the
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appropriate filter sets with an Olympus Fluoview FV300 confocal microscope. Images were
captured using the same wavelength, light intensity, and acquisition settings. Images shown
are representative of results for the majority of transfected cells in each experiment.

RESULTS

Hydropathy Plot and Predicted Membrane Topology of DGAT1

A Kyte-Doolittle hydropathy plot (36) indicated that murine DGAT1 had several
hydrophobic regions that could be potential transmembrane domains (Fig. 1.4). Using
several different algorithms that predict hydrophobic regions of a protein (Table 1), a
consensus model of the membrane topology of murine DGAT1 was constructed (Fig. 15).
This model indicated that DGAT1 had eight potential transmembrane domains. No clear
consensus was obtained using these algorithms to determine the orientation of the N and C
termini. Some of the prediction algorithms suggested that the termini of DGAT1 were on the
same side of the ER membrane, whereas others indicated that they were on opposite sides.

To determine the orientation of the N and C termini of DGAT1, constructs were generated
that contained a FLAG epitope tag at the N terminus and either an HA (FL-DGAT1-HA) or
Myc (FL-DGAT1-Myc) epitope tag at the C terminus of murine DGAT1 (Fig. 1C).
Expression of both Myc and HA C-terminal-tagged DGAT1 proteins in HEK-293T cells was
confirmed by immunoblotting with anti-FLAG (Fig. 24). FL-DGAT1-HA and FL-DGAT1-
Myc migrated slightly slower by SDS-PAGE compared with FL-DGAT due to the presence
of the additional epitope tag at the C terminus. The presence of a C-terminal epitope tag
(Myc or HA) was not detrimental to DGAT1 function. /nn vitro DGAT activity in membranes
isolated from cells expressing FL-DGAT1-HA and FL-DGAT1-Myc was similar to that of
FL-DGAT1 and was ~20-fold higher than that of untransfected cells (Fig. 25).

To determine the orientation and number of the hydrophilic loops of DGAT1, internal HA or
Myc epitopes were inserted into FL-DGAT1-Myc or FL-DGAT1-HA, respectively. FL-
DGAT1-Myc constructs containing an internal HA epitope between amino acids 230 and
231 (230HA), 240 and 241 (240HA), and 250 and 251 (250HA) had DGAT activities at least
equal to that of FL-DGAT1-Myc (Fig. 2B8). Constructs with an internal HA epitope between
amino acids 129 and 130 (129HA) and 196 and 197 (196HA) of FL-DGAT1-Myc and an
internal Myc tag between amino acids 165 and 166 (165Myc) and 460 and 461 (460Myc) of
FL-DGAT1-HA showed increased DGAT activity compared with untransfected cells but was
lower than that of FL-DGAT1(Fig. 258).

The insertion of an internal Myc epitope between amino acids 337 and 338 (337Myc) and
436 and 437 (436Myc) into FL-DGAT1-HA led to a significant decrease in DGAT activities,
which were slightly above that of untransfected cells (Fig. 258). Attempts to place epitope
tags in adjacent areas were unsuccessful, indicating that these regions of DGAT1 are highly
susceptible to perturbation (data not shown).

Orientation of the N and C Termini of DGAT1

To determine the orientation of the N terminus of DGAT1, protease protection assays using
trypsin were performed with sealed membrane vesicles from HEK-293T cells expressing
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DGAT1 with an N-terminal FLAG tag (FL-DGAT1). Trypsin was chosen as it is a relatively
weaker protease that cannot digest proteins within a membrane bilayer. Membrane vesicles
were incubated with trypsin and then immunoblotted with anti-FLAG antibody. Under these
conditions, a 55-kDa protein corresponding to DGAT1 was detected only in the absence of
trypsin (Fig. 34, /ane 1). In the presence of the protease, with or without detergent (Fig. 3A4,
lanes 2and 3), the FLAG epitope was destroyed, suggesting that the N terminus of DGAT1
was exposed to the cytosol. The integrity of membrane vesicles was confirmed by
immunoblotting for the ER luminal protein, PDI. PDI could be detected both in the absence
and presence of trypsin, indicating that the membrane vesicles were intact (Fig. 34, /ane 1
and 2). However, PDI was not detected when Triton X-100 was included in the reaction mix
to solubilize membranes (Fig. 3A4, /ane 3).

To determine the orientation of the C terminus of DGAT1, protease protection assays were
performed using sealed membrane vesicles from HEK-293T cells expressing FL-DGAT1-
HA and FL-DGAT1-Myc. In samples not treated with trypsin, the N terminus could be
detected by immunoblotting with anti-FLAG (Fig. 3, Band C, /anes 1), and the C terminus
was detected with anti-HA (Fig. 38, /ane 4) or anti-Myc (Fig. 3C, /ane 4). When trypsin was
included in the assay, DGAT1 could not be detected with anti-FLAG (Fig. 3, Band C, /anes
2and 3). However, both anti-HA and anti-Myc detected a protected DGAT1 fragment that
was 25 kDa (~50% of the protein) (Fig. 3, Band C, /anes 5), but not when detergent was
added to the reaction (Fig. 3, Band C, /anes 6). Immunoblotting for PDI confirmed that the
membrane vesicles were intact (Fig. 3, Band C). Protease protection assays were also
performed on membrane vesicles from HEK-293T cells expressing FL-DGAT1-HA and FL-
DGAT1-Myc using proteinase K with identical results of the orientation of the N and C
termini of DGAT1 as trypsin (data not shown).

Indirect immunofluorescence was used to confirm the orientation of the N and C termini. In
COS-7 cells transfected with FL-DGAT-Myc, the N-terminal FLAG epitope was detected
when cellular membranes were completely permeabilized with detergent or when the plasma
membrane was selectively permeabilized with digitonin (Fig. 3D, upper panel). In contrast,
the C-terminal Myc epitope could only be detected when cellular membranes were
permeabilized with detergent (Fig. 3D, upper panel). Integrity of ER membranes after
permeabilization with digitonin was determined by probing for the ER luminal protein, PDI.
PDI was only detected when cells were permeabilized with detergent and not with digitonin,
indicating that the ER membranes were intact (Fig. 3D, lower panel). These results are
consistent with the data from our protease protection assays and confirm that the N terminus
of DGATL is exposed to the cytosol, whereas the C terminus is present in the ER lumen.

Determining the Location of the Transmembrane Domains of DGAT1 with Expression
Plasmids Containing Internal Epitope Tags

The cytosolic orientation of the N terminus and luminal orientation of the C terminus
suggested that DGAT1 has an odd number of transmembrane domains. Given the size of the
C-terminal-protected fragment (25 kDa) observed in the protease protection assays, it
appeared that DGAT1 also has fewer transmembrane domains than predicted in our
consensus model (Fig. 18), most likely only three. To determine the location of the
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transmembrane domains, protease protection assays were performed on DGAT1 constructs
containing internal HA or Myc epitope tags (described in Fig. 1Cand Fig. 2). Membrane
vesicles prepared from HEK-293T cells expressing 129HA, 196HA, 240HA, and 165Myc
were treated with trypsin with or without Triton X-100. DGAT1 in untreated samples was
detected by immunoblotting with anti-FLAG, anti-HA, and anti-Myc antibodies (Fig. 4A4,
lanes 1, 4, 7, and 10). When treated with trypsin, DGAT1 could not be detected with anti-
FLAG, but the 25-kDa protected fragment in the ER lumen that was observed in Fig. 3 was
detected with anti-Myc for 129HA, 196HA, and 240HA (Fig. 4A, /anes 2, 5, and &) and with
anti-HA for 165Myc (Fig. 4A, /ane 11). When trypsinized samples for 129HA and 196HA
were immunoblotted with anti-HA to detect the orientation of the internal HA tags, a 16-kDa
protected fragment was detected (Fig. 44, /anes 2and 5). The same 16-kDa fragment was
seen when 165Myc was treated with trypsin and immunoblotted with anti-Myc (Fig. 4A,
lane 11). These results indicate that the first transmembrane domain of DGAT1 precedes the
HA epitope inserted between amino acids 129-130 and likely resides between amino acids
97 and 118.

In contrast, the internal HA epitope of 240HA was not detected in the presence of trypsin
(Fig. 4A, /ane 8, indicating that this region of DGAT1 had a cytosolic orientation and was
not part of the 16- or 25-kDa protected fragments. Immunoblotting for PDI confirmed
membrane vesicles were intact in the absence or presence of trypsin (Fig. 4A4). When
membrane vesicles were disrupted with Triton X-100, PDI immunoreactivity was lost. These
data suggest that DGAT1 has two hydrophilic loops present in the ER lumen; that is, a 16-
kDa fragment near the N terminus and a second 25-kDa fragment containing the C-terminal
half of DGAT1.

The identification of the large 25-kDa C-terminal protected fragment in the ER lumen of
DGAT1 indicated that this region likely did not contain any transmembrane domains,
although our model predicted that there could be four, between amino acids 292-312, 343—
364, 439-459, and 467-484 (Fig. 15). We generated three DGAT1 constructs containing a
C-terminal HA epitope with internal Myc epitopes between each of the predicted
transmembrane domains (337Myc, 436Myc, and 460Myc) (Fig. 1C). When expressed in
HEK-293T cells, DGAT activity of 460Myc was similar to that of FL-DGAT (Fig. 25).
However, 337Myc and 436Myc were essentially devoid of DGAT activity, and the internal
Myc epitope could not be detected for 337Myc (Fig. 2B8). Attempts to place the internal tag
in these three constructs in adjacent areas and retain significant activity were unsuccessful.
337Myc was not used further. We did continue to use 436Myc in protease protection assays
because we could detect the internal Myc epitope.

In protease protection assays, 436Myc and 460Myc were both observed with anti-FLAG in
the absence but not presence of trypsin (Fig. 48). When samples were immunoblotted after
digestion of microsomes with trypsin, both anti-HA and anti-Myc antibodies detected a 25-
kDa protected fragment, indicating that the C-terminal region of DGAT1 resided in the ER
lumen and did not contain any of the predicted transmembrane domains (Fig. 48, /anes 2
and 5). Epitope tags at the N and C termini, and internal tags of 436Myc and 460Myc could
not be detected when samples were incubated with detergent and trypsin (Fig. 4B, lanes 3
and 6).
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436Myc and 460Myc had identical protease protection patterns, suggesting that the insertion
of a Myc tag between amino acids 436 and 437 likely disrupted the active site of the enzyme
rather than by altering its structure. The active site of DGAT has been predicted to be in this
region of DGAT1 (2).

The HA epitope of 240HA could not be detected in the presence of protease, suggesting that
this region of DGAT1 was orientated toward the cytosol and was flanked on either side by
the second and third transmembrane domains. Because the HA epitope tag of 196HA was
found in the 16-kDa protected region, we surmised that the second transmembrane domain
of DGATL is likely between amino acids 196 and 240, whereas the third trans-membrane is
likely between amino acids 240 and 337. To test this, we introduced an HA tag between
amino acids 230 and 231 (230HA) and 250 and 251 (250HA) of FL-DGAT1-Myc (Figs. 1C
and 2). Membrane vesicles were prepared from HEK-293T cells expressing 230HA and
250HA and used in protease protection assays. Both 230HA and 250HA were detected by
immunoblotting with anti-FLAG, anti-HA, and anti-Myc in the absence of trypsin (Fig. 5,
lanes 1 and 4). For both 230HA and 250HA, a 25-kDa protected C-terminal fragment was
observed in the presence of trypsin using anti-Myc. However, immunoblotting with anti-HA
identified a 16-kDa protected fragment for 230HA and a 25-kDa protected fragment for
250HA (Fig. 5, /anes 2and 5). These results indicate that the second transmembrane domain
is between amino acids 230 and 240, and the third transmembrane domain is between amino
acids 240 and 250. A model of the membrane topology of murine DGAT1 based on our
experimental data is shown in Fig. 6.

His-426 Is Important for DGAT Activity

A highly conserved histidine residue has been determined to be part of the active site for
human ACAT1 (His-460) and ACAT2 (His-438) (37, 38). Mutation of this amino acid in
ACATL1 or ACAT2 resulted in the complete loss of in vitro ACAT activity. Alignment of
ACAT/DGAT1 family members shows that this histidine is not only present in ACAT
enzymes but is also highly conserved in DGAT1 across species (histidine 426 of murine
DGAT1) (Fig. 7A). We sought to determine whether His-426 of murine DGAT1, which our
model suggests is present in the ER lumen, was important for DGAT activity by mutating it
to alanine (H426A). FL-DGAT1 and the H426 A mutant were expressed in HEK-293T cells
at almost equal levels as assessed by immunoblotting with anti-FLAG (Fig. 7B8). Although
the /in vitroactivity of FL-DGAT1 was 15-fold higher than that of untransfected cells, the
H426A mutant had no detectible enzymatic activity (Fig. 75).

We also determined if His-426 was required for the ARAT and wax synthase activities of
DGAT1. When 1,2-diacylglycerol (acyl acceptor) was replaced with either all-zrans retinol
and 1-hexadecanol in our acyltransferase assay, ARAT and wax synthase activities of FL-
DGAT1 were 18- and 50-fold higher than that of untransfected cells, respectively, but were
essentially undetectable in the H426 A mutant (Fig. 75).

Role of the N Terminus of DGAT1

Our topology experiments have indicated that the majority of DGAT1, including a potential
active site histidine, is orientated toward the ER lumen. However, the N terminus of DGAT1,
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consisting of approximately the first 100 amino acids, along with a small internal loop near
the middle of the protein were exposed to the cytosol. We sought to determine whether the N
terminus of DGAT1 was important for the catalytic activity of DGAT1. Total membranes
from untransfected HEK-293T cells or cells expressing FL-DGAT1 and FL-DGAT1-HA
were treated with or without trypsin, and then /n vitro DGAT activity was measured.
Immunoblotting with anti-FLAG demonstrated that protease treatment was effective in
destroying the N termini of FL-DGAT1 and FL-DGAT1-HA exposed to the cytosol (Fig.
8A). We were also able to detect the 25-kDa C-terminal protected fragment of FL-DGAT1-
HA when immunoblotting with anti-HA, indicating that DGAT1 had not been completely
degraded by protease. The integrity of membrane vesicles was confirmed by immunoblotting
for PDI, which could be detected both in the absence and presence of trypsin. /n vitro DGAT
activity in membranes from HEK-293T cells expressing FL-DGAT1 or FL-DGAT1-HA was
~9-fold higher than that of untransfected cells (Fig. 88). Surprisingly, in the presence of
trypsin, DGAT activity in untransfected cells and in cells expressing both FL-DGAT1 and
FL-DGAT-HA was increased 3—-4-fold compared with samples not exposed to trypsin.

Because the increase in DGAT activity in the presence of trypsin could also be due to
cleavage of the short cytosolic loop or other nonspecific effects, we generated two DGAT1
N-terminal deletion mutants. DGAT1 mutants lacking amino acids 2-37 (FL-DGAT1/A2-
37) and 2-84 (FL-DGAT1/A2-84) along with FL-DGAT1 were expressed in HEK-293T
cells as confirmed by immunoblotting (Fig. 8C). The amount of FL-DGAT1/A2-84 protein
was consistently less abundant than either FL-DGAT1 or FL-DGAT1/A2-37. DGAT activity
in membranes from cells expressing FL-DGAT1/A2-34 was comparable with that of FL-
DGAT1 (Fig. 8 D). However, consistent with our results in Fig. 8B, DGAT activity of the FL-
DGAT1/A2-84 mutant was ~14-fold higher than that of FL-DGAT1 when normalized to the
amount of DGAT1 protein. Taken together, these results suggest that the cytosolic N
terminus, in particular the region between amino acids 38—-84, may play a role in regulating
DGAT1 activity.

Identification of the Oligomerization Domains of Murine DGAT1

Human DGAT1, ACAT1, and ACAT2 have been demonstrated to exist in oligomeric forms
(30-34). Because murine DGAT1 lacks the dimer forming motif present in the N terminus of
ACAT1 (32), we sought to identify the region of murine DGAT1 that interacts to form
oligomers. Total membranes from HEK-293T cells expressing DGAT1 were cross-linked
with the membrane permeable cross-linker, DSS. After the cross-linking reaction was
quenched, samples were analyzed by SDS-PAGE and immunoblotted with anti-FLAG. In
the absence of cross-linker, a predominant 55-kDa band was observed that represented the
monomeric form of DGAT1 (Fig. 9A4, /ane 1). When DSS was included in the reaction, two
immunoreactive bands were observed of ~110 and 220 kDa, which represented a dimer (2x)
and tetramer (4x) of DGAT1, respectively (Fig. 9A, /ane 2).

To determine whether a region in the N terminus of DGAT1 was responsible for dimer/
tetramer formation, FL-DGAT1/A2-34 and FL-DGAT1/A2-95 were expressed in
HEK-293T cells, and cross-linking was performed on cellular membranes as described
previously. As expected, in the absence of DSS the monomeric forms of both DGAT1
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mutants were the predominant bands (Fig. 9A4, /anes 3and 5). When exposed to DSS, FL-
DGAT1/A2-37 formed dimers and tetramers of the expected size (Fig. 9A4, /ane 4). In
contrast, DGAT1 lacking amino acids 2-84 was only capable of forming a dimer when
cross-linked with DSS (Fig. 94, /ane 6). These results suggest that a region between amino
acids 37 and 84 is partially responsible for tetramer formation of DGAT1.

To determine whether other regions of DGAT1 contributed to dimer/tetramer formation, we
performed cross-linking reactions on 230HA with DSS in conjunction with protease
protection assays. After cross-linking with DSS, membrane vesicles from HEK-293T cells
expressing 230HA were incubated in the presence or absence of trypsin. In samples cross-
linked with DSS, the dimer and tetramer of DGAT1 could be seen when immunoblotted with
anti-FLAG, whereas only the monomer of DGAT1 was seen in untreated samples (Fig. 95,
/lanes 1 and 3). Trypsin treatment of both non-cross-linked and cross-linked samples
destroyed the N-terminal FLAG epitope, and DGAT1 could not be detected with anti-FLAG
(Fig. 9B, lanes 2and 4). Similar results were seen when immunoblotting with anti-Myc,
which recognizes the C terminus of DGAT1 (Fig. 958).

When samples were probed with anti-HA, a 16-kDa protected fragment of DGAT1 from
amino acids 119-230 was seen in samples treated only with trypsin (Fig. 5 and 95, /ane 2).
In /ane 2we also observed a faint 32-kDa band that likely represented incompletely
denatured DGAT1. When first cross-linked with DSS and then exposed to trypsin, anti-HA
recognized additional protected bands representing oligomers of the 16-kDa fragment (Fig.
9B, /ane 4). These oligomers were ~32 and ~48 kDa and were likely a dimer and trimer of
the 16-kDa fragment, respectively. A third oligomer of ~50 kDa of unknown composition
was also present. These data suggest that the 16-kDa fragment of DGAT1 present in the ER
lumen may also be involved in dimer/tetramer formation.

DISCUSSION

In this study we determined the membrane topology of murine DGAT1, identified a highly
conserved histidine residue (His-426) that is essential for DGAT1 function, and
demonstrated that the N terminus of DGAT1 is not required for DGAT activity but instead
may be required for tetramer formation.

Using protease protection assays and indirect immunofluorescence microscopy in
conjunction with epitope tagging, we provide evidence showing that DGAT1 has three
transmembrane domains, with its N terminus exposed to the cytosol and the C terminus in
ER lumen. This is in stark contrast to the eight transmembrane domains that were originally
predicted.

The first transmembrane domain of DGAT1 is located near the N terminus, approximately
between amino acids 97 and 118. The second and third transmembrane domains are more
centrally located within DGAT1 and appear to reside between amino acids 230 and 240 and
between 240 and 250, respectively. These two transmembrane domains were not identified
in our original consensus model. However, both of these regions have a significant number
of nonpolar amino acids that could potentially form a-helices. An alternative model to what
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has been proposed is that the second and third transmembrane domains do not completely
cross the ER membrane and are instead imbedded within the lipid bilayer. The addition of
the HA epitope to this region of DGAT1 (/.e. 240HA) may have forced the tag through the
ER membrane where it then became accessible to digestion by trypsin. However, in our
protease protection assays, we were still able to detect the 16- and 25-kDa protected
fragments in DGAT1 constructs lacking internal tags after digestion with protease.
Therefore, a portion of DGAT1 between amino acids 230-250 must completely span the ER
membrane and be accessible to protease.

Murine DGAT1 shares ~55% similarity and 27% identity to both human ACAT1 and
ACAT2. However, the membrane topology of DGAT1 resembles that of neither ACAT
enzyme. ACAT1 has nine transmembrane domains, with its N terminus facing the cytosol
and the C terminus in the ER lumen (37, 39). ACAT2 has only two transmembrane domains,
with both the N and C termini facing the cytosol (29). A second study reported that both
ACAT1 and ACAT?2 have five transmembrane domains, with their N and C termini on
opposite sides of the ER membrane (28). It has been speculated that the different membrane
topologies observed for ACAT1 and ACAT2 may be due to significant differences in the
amino acid sequences within the putative transmembrane domains (29). This may apply to
DGAT1 as well.

DGAT1 also has a different membrane topology than that of a plant DGAT1 orthologue from
Vernicia fordii, which has both its N and C termini exposed to the cytosol (40). Alignment of
the amino acid sequences of ACAT/DGAT1 family members showed that DGAT1
orthologues from several plant species actually shared more homology with mammalian
ACAT1 and ACAT? than with DGAT1. Therefore, it is possible that the plant orthologues of
DGAT1 are more structurally similar to ACATs than DGATL.

Our model suggests that the active site of DGAT1 resides in the ER lumen. All DGAT1/
ACAT family members have a highly conserved histidine residue (His-426 of murine
DGAT1), which has been shown to be essential for both ACAT1 and ACAT2 function and is
likely part of the active site of these enzymes (10, 29, 37). Our own studies demonstrated
that His-426 of DGAT1 is also essential for DGAT activity. Mutation of His-426 of murine
DGAT1 resulted in a non-functional enzyme that lacked the ability to synthesize TG, retinyl,
and wax esters. Histidine residues have now been shown to be important for the /in vitro
activities of both DGAT1 (His-426) and DGAT2 (HPHG motif) (26). However, it is not clear
if these two histidines have a similar role in catalyzing TG synthesis.

A pathway for the synthesis of TG in the ER lumen would require the transport of fatty acyl-
CoA substrates from the cytosol across the ER membrane. A carnitine acyltransferase
system capable of transporting fatty acids from the cytosol across membranes via a fatty
acylcarnitine intermediate has been identified at the ER (41-43). Carnitine acyltransferase
enzymes have previously been demonstrated to have a role in TG synthesis in the ER lumen
both /n vivoin rat small intestine and with a cell-free system, providing evidence for a
mechanism that could deliver fatty acid substrates across the ER membrane from the cytosol
to the active site of DGAT1 in the ER lumen (44, 45).
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The presence of its active site in the ER lumen suggests that DGAT1 could produce a pool of
TG readily accessible to the cellular machinery involved in the formation of chylomicrons
and very low density lipoproteins (VLDL). The luminal orientation of the DGAT1 active site
would provide an efficient way to channel TG to nascent lipoproteins. Other studies have
provided additional evidence that TG synthesis can occur in the ER lumen. A latent DGAT
activity was identified in rat liver microsomes after sealed microsomal vesicles were
disrupted with permeabilizing agents (44, 46—-48). In a separate study mice overexpressing
DGAT1, but not DGAT2, had increased latent DGAT activity with a corresponding increase
in VLDL secretion (49). Overexpression of DGAT1 was also able to stimulate secretion of
TG-rich VLDL from rat hepatoma (McArdle RH7777) cells (50). Taken together, DGAT1
appears to have a role in lipoprotein formation, whereas DGAT2 promotes bulk TG
synthesis that accumulates in large cytosolic lipid droplets (17).

The luminal localization of the active site of DGAT1 may also have a role in dietary retinol
absorption, which occurs in a very similar manner to that of TG (51). Dietary retinyl esters
are hydrolyzed by lipases in the intestinal lumen. Free retinol is transported across the
intestinal brush border where it is re-esterified to retinyl esters and incorporated into
chylomicrons that are released into the circulation. The re-esterification of retinol in the
small intestine has recently been shown to be at least partially dependent on the activity of
DGAT1. Chylomicrons isolated from DGAT1-deficient mice had less retinyl esters
compared with those of wild-type mice, establishing an /7 vivorole for DGATL in intestinal
retinol metabolism (52).

We investigated the role of the cytosolic N terminus of DGAT1 and found that this region of
the enzyme was not required for the catalytic activity of the enzyme. Similar observations
were made for both ACAT1 and DGAT?2 (24, 32). However, in the case of DGAT2, the N
terminus contained a mitochondrial targeting sequence. Like ACAT1, the N-terminal domain
of DGATL had a role in tetramer formation and may be involved in regulating DGAT1
activity. Using deletion mutants, we found that DGAT1 tetramer formation required amino
acids 37-84. When these amino acids were deleted, only a dimer of DGAT1 was observed.
These findings are consistent with a previous study in which a truncated form of DGAT1
lacking the last 101 amino acids was isolated from human adipose tissue (33). Although
catalytically inactive, this DGAT 1mutant was still capable of forming tetramers, suggesting
that sequences required for tetramer formation reside in the N terminus. The inability of
DGAT1 to form a tetramer also corresponded to a severalfold increase in /n vitro enzyme
activity, indicating that the functional catalytic unit of DGAT1 may be a dimer. We speculate
that DGAT1 activity may be regulated by switching between an active dimer to an inactive
tetramer.

A second region of DGAT1 was identified that may be involved in the quaternary
organization of the enzyme. When DGAT1 was cross-linked before digestion with trypsin,
an antibody specific for the 16-kDa loop present in the ER lumen detected material that was
~32 and ~48 kDa, possibly a dimer and trimer, respectively. In addition to the N terminus,
oligomerization of DGAT1 may also require the interaction of a domain present in the ER
lumen. Further mutagenesis experiments will be required to provide direct evidence for such
a role of this luminal region in the structural organization of DGATL.
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Our findings in this study provide valuable insight into the structural features of DGAT1 and
how this might relate to TG synthesis, storage, and secretion. The data from this study will
provide the basis for future experiments examining the importance of dimer/tetramer
formation in regulating DGAT1 activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Hydropathy plot and predicted transmembrane domains of murine DGAT1
A, a hydropathy plot of DGAT1 was generated by the method of Kyte and Doolittle using a

window size of 19 amino acids (36). B, shown is a consensus model of the number and
location of possible transmembrane domains of DGAT1 based on seven different prediction
algorithms (Table 1). C, shown are DGAT1 expression constructs used to map the membrane
topology of DGAT1. A Myc- (FL-DGAT1-Myc) and a HA- (FL-DGAT1-HA) epitope tag
were placed at the C terminus of FL-DGATL. Internal HA (H) or Myc (M) tags were then
inserted into hydrophilic regions between the predicted transmembrane domains (b/ack
boxes) of FL-DGAT1-Myc or FL-DGAT1-HA, respectively.
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FIGURE 2. Expression of FLAG-tagged DGAT1 constructs in HEK-293T cells
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A, an immunoblot shows transient expression of the FL-DGAT1 constructs described in Fig.
1Cin HEK-293T cells. Total cellular membranes (50 tg of protein) were immunoblotted

with anti-FLAG and anti-calnexin antibodies. B, shown is /n vitro DGAT activity in
membranes from cells expressing FL-DGAT1 constructs. Membranes from cells were
assayed for /in vitro DGAT activity by measuring the formation of [1* C]TG from 1,2-

diacylglycerol and [*4C]oleoyl-CoA. The activities of the various mutants are normalized to
that of FL-DGATL. The activities for untransfected cells and cells transfected with FL-

DGAT1 were 7.4 and 128 pmol/min/mg of protein, respectively. Data are from one
experiment, performed in duplicate, which was repeated twice with similar results.
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FIGURE 3. The N terminus of DGAT1 has a cytosolic orientation, and the C terminus is exposed
to the ER lumen as determined by protease protection analyses

A, protease protection analysis is shown. Total membranes from HEK-293T cells expressing
FL-DGATL, FL-DGAT-HA, and FL-DGAT-Myc were prepared as described under
“Experimental Procedures.” Aliquots of membranes (50 wg protein) were incubated in the
absence or presence of 20 tg/ml of trypsin with or without 1% Triton X-100. Samples were
immunoblotted with anti-FLAG, which recognizes the N terminus of DGAT1 (A) and anti-
Myc (B) or anti-HA (C) that recognize the C terminus of DGAT1. The integrity of
membrane vesicles was assessed by immunoblotting with an anti-PDI antibody. D,
orientation of the N and C termini of DGAT1 by immunofluorescence microscopy is shown.
COS-7 cells transiently expressing FL-DGAT1-Myc were fixed with 4% paraformaldehyde.
Fixed cells were incubated with 0.2% Triton X-100 to permeabilize all cellular membranes
or 10 g/ml digitonin to selectively permeabilize the plasma membrane. Cells were exposed
to anti-FLAG and anti-Myc antibodies and appropriate secondary antibodies to visualize the
N-terminal FLAG (green) and the C-terminal Myc (req) epitopes of DGAT1, respectively
(upper panel). Cells were exposed to anti-FLAG and anti-PDI antibodies and appropriate
secondary antibodies to visualize the N-terminal FLAG (red) and PDI (green) in the ER
lumen. Cells chosen for image comparison had similar levels of expression, as assessed by
FLAG signal intensity (/ower panel).
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FIGURE 4. Determination of the orientation of the hydrophilic loops of DGAT1 by trypsin
digestion
Total membranes were prepared from HEK-293T cells expressing FL-DGAT1-Myc with

internal HA tags (A) or FL-DGAT1-HA (B) with internal Myc tags. Protease protection
assays were performed as described in Fig. 3. Samples were analyzed by immunoblotting
with anti-FLAG, anti-Myc, anti-HA, or anti-PDI antibodies.
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FIGURE 5. Orientation of amino acids 230 —250 of DGAT1
Total membranes were prepared from HEK-293T cells expressing FL-DGAT1-Myc with

internal HA tags at amino acids position 230, 240, or 250 of DGAT1. Protease protection
assays were performed as described in Fig. 3. Samples were analyzed by immunaoblotting
with anti-FLAG, anti-Myc, anti-HA or anti-PDI antibodies.
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FIGURE 6. Proposed model of the membrane topology of murine DGAT1
Our topology studies demonstrate that DGAT1 contains three potential transmembrane

domains with the N terminus oriented toward the cytosol and the C terminus oriented toward
the ER lumen. An alternative model, also consistent with the current data, would show that
amino acids 230 —250 do not span the lipid bilayer but are instead embedded within the
membrane. A indicates the putative active site histidine at position 426. Circles represent the
location of internal Myc or HA epitope tags. Amino acid numbers of regions exposed to the
cytosol or ER lumen are indicated.
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FIGURE 7. A highly conserved histidine (His-426) of the ACAT/DGAT1 family is important for

the catalytic activity of murine DGAT1

A, shown is alignment of partial sequences of ACAT/DGAT1 family members (amino acids
387- 430 of murine DGAT1). Identical amino acids are indicated by a white box, and a
highly conserved active site histidine residue (His-426) is indicated by a gray box. B, in vitro
acyltransferase assays were performed on total cellular membranes from untransfected
HEK-293T cells or from HEK-293T cells expressing FL-DGAT1 or H426A using
[*4Cloleoyl CoA as the acyl donor and 2 my; 1,2-DG, all-trans retinol or 1-hexadecanol as
acyl group acceptors. The acyltransferase activities of cells transfected with FL-DGAT1
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were 2241 (1,2-diacylglycerol), 234 (all-trans retinol), and 86 (1-hexadecanol) pmol/min/mg
of protein, respectively. Data shown are from one representative experiment that was
repeated twice with similar results. Expression of DGAT1 and a H426A mutant in
HEK-293T cells was confirmed by immunoblotting with anti-FLAG (/insel).
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FIGURE 8. Stimulation of DGAT1 in vitro activity in the absence of its N terminus
Total membranes from untransfected HEK-293T cells and HEK-293T cells expressing FL-

DGAT1 and FL-DGAT-HA were prepared as described under “Experimental Procedures.”
Aliquots of membranes (50 g protein) were incubated in the absence or presence o0f20
g/ml of trypsin (as described in Fig. 3). After the addition of soybean trypsin inhibitor,
samples were immunoblotted with anti-FLAG, anti-HA, and anti-PDI antibodies (A), and /in
vitro DGAT activity was determined (B). C, an immunoblot shows transient expression of
FL-DGAT1, DGAT1/A2-37, and FL-DGAT1/A2- 84 in HEK-293T cells. Total cellular
membranes (50 wg of protein) were immunoblotted with anti-FLAG. D, shown is /n vitro
DGAT activity in membranes from cells expressing FL-DGAT1, DGAT1/A2-37, and FL-
DGAT1/A2- 84. Membranes from cells were assayed for in vitro DGAT activity as
described in Fig. 2. The activities of the various mutants were normalized to the amount of
FL-DGAT1 proteins that were quantified using a fluorescently labeled secondary antibody.

J Biol Chem. Author manuscript; available in PMC 2011 November 26.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duasnuel Joymny YHID

McFie et al.

Page 24

The fluorescence signal was obtained with a VersaDoc 4000 imaging system (Bio-Rad) and
quantified with Quantity One imaging software. The activities for untransfected cells and
cells transfected with FL-DGAT1 were 64.2 and 690.2 pmol/min/mg of protein, respectively.
Data are from one experiment, performed in duplicate, which was repeated once with similar
results.
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FIGURE 9. The N terminus of DGAT1 has a role in oligomer formation
Total membranes isolated from HEK-293T cells expressing (A) FL-DGAT1, FL-

DGAT1(A2-34), and FL-DGAT1(A2-95) were incubated in the (=) absence or (+) presence
of 1 mM DSS. After the cross-linking reactions were terminated, samples were subjected to
SDS-PAGE and immunoblotted with anti-FLAG. 1x, 2x, and 4x refer to DGAT1 monomer,
dimer, and tetramer, respectively. B, after cross-linking with 1 mM DSS, samples were
treated with or without trypsin and immunoblotted with anti-FLAG, anti-Myc, and anti HA
antibodies. Oligomers of the cross-linked 16-kDa protected fragment recognized by anti-HA
(*). An oligomer of unknown composition is indicated by ?.
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TABLE 1

Predicted transmembrane domains for murine DGAT1

Analysis software  No. of TMDs

TMHMM 9
SOSUI
Phobius
TMAP
TMpred
TopPred
HMMTOP

© © 0 0 ©Oo O

TMD, transmembrane domain.
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