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            Abstract
Diacylglycerol O-acyltransferase 1 (DGAT1) synthesizes triacylglycerides and is required for dietary fat absorption and fat storage in humans1. DGAT1 belongs to the membrane-bound O-acyltransferase (MBOAT) superfamily, members of which are found in all kingdoms of life and are involved in the acylation of lipids and proteins2,3. How human DGAT1 and other mammalian members of the MBOAT family recognize their substrates and catalyse their reactions is unknown. The absence of three-dimensional structures also hampers rational targeting of DGAT1 for therapeutic purposes. Here we present the cryo-electron microscopy structure of human DGAT1 in complex with an oleoyl-CoA substrate. Each DGAT1 protomer has nine transmembrane helices, eight of which form a conserved structural fold that we name the MBOAT fold. The MBOAT fold in DGAT1 forms a hollow chamber in the membrane that encloses highly conserved catalytic residues. The chamber has separate entrances for each of the two substrates, fatty acyl-CoA and diacylglycerol. DGAT1 can exist as either a homodimer or a homotetramer and the two forms have similar enzymatic activity. The N terminus of DGAT1 interacts with the neighbouring protomer and these interactions are required for enzymatic activity.
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                    Fig. 1: Structure of human DGAT1.[image: ]


Fig. 2: The reaction chamber and oleoyl-CoA-binding site.[image: ]


Fig. 3: Proposed catalytic mechanism of human DGAT1.[image: ]
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                Data availability

              
              The atomic coordinates of human DGAT1 have been deposited in the Protein Data Bank (http://www.rcsb.org) under the accession code 6VP0. The corresponding electron microscopy maps have been deposited in the Electron Microscopy Data Bank (https://www.ebi.ac.uk/pdbe/emdb/) under the accession code EMD-21302
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Extended data figures and tables

Extended Data Fig. 1 Side-by-side comparison of human DGAT1 and DltB.
Both human DGAT1 and DltB have an acyl donor and an acyl acceptor. In the acyl-donor row, the red dashed lines indicate the bonds that are broken during acyl-transfer reactions. In the acyl-acceptor row, the hydroxyl groups are highlighted in red. In the substrates distribution row, DGAT1 and the DltB–DltC complex are shown as cartoon and the membrane as dashed lines. The position of the catalytic histidine in each protein is marked with a yellow star. In human DGAT1, the acyl-CoA comes from the intracellular side whereas the DAG comes from the hydrophobic core of the membrane. In DltB, the 4′-phosphopantetheine-DltC is intracellular whereas the lipoteichoic acid (LTA) is extracellular. In the MBOAT fold row, the MBOAT folds of DGAT1 and DltB are shown in cartoon representation and viewed from the same orientation. Equivalent helices have the same colour. The tunnel row shows the cut-away surface illustrations of DGAT1 and DltB, showing their cytosolic tunnels. The position of the conserved histidine residue in each protein is marked with a yellow star. In DltB, the intracellular loops are placed more towards the centre of the membrane and as a result, the MBOAT fold in DltB does not carve out a reaction chamber in the membrane. Overall, DltB is shaped similarly to an hourglass that allows the two substrates to approach the reaction centre from either side of the membrane, and the transfer of an acyl group across the membrane. These observations highlight the versatility of the MBOAT fold.


Extended Data Fig. 2 Purification and functional characterization of human DGAT1.
a, Size-exclusion chromatograph profile of human DGAT1 extracted with LMNG. Elution volumes of membrane proteins of known molecular weight—bcMalT (about 100 kDa, green)39 and mouse (m)SCD1 (about 40 kDa, blue)22—are marked with arrows. Inset, SDS–PAGE of the purified DGAT1. DGAT1 has a main peak with an elution volume of around 11.7 ml that corresponds to a dimer and a minor peak at around 10.4 ml that corresponds to a tetramer. b, Size-exclusion chromatography profiles of DGAT1 extracted with LMNG (left) or GDN (right). The main peak from the first run (red trace) was collected and reinjected onto the same column after 1 h. In both a and b, the detergent in the mobile phase is GDN. c, A white layer of fat appeared after membrane solubilization and centrifugation, indicating that the heterologously expressed DGAT1 is active in cells. d, The DGAT1 reaction is coupled to that of αKDH to monitor production of coenzyme A (CoA-SH) in real time. e, Fluorescence of NADH plotted versus time. Rapid production of coenzyme A occurs in the presence of oleoyl-CoA, 1,2-dioleoyl-sn-glycerol (1,2-DAG) and the purified dimeric DGAT1. By contrast, production of coenzyme A was not observed when either 1,2-DAG or DGAT1 was omitted from the reaction mixture, indicating that hydrolysis of oleoyl-CoA is tightly coupled to the enzymatic reaction. In addition, coenzyme A production was almost completely suppressed in the presence of 5 μM T863, a known DGAT1 inhibitor16. f, Production of triacylglyceride over time, detected by thin-layer chromatography. The first lane from the left is a triacylglyceride standard. g–i, Initial rate of reaction versus oleoyl-CoA concentration measured using the purified dimeric DGAT1 (g), tetrameric DGAT1 (h) or DGAT1 in cell membrane (i). j, k, Initial rate of reaction versus DAG concentration measured using the dimeric (j) or tetrameric (k) DGAT1. Data are mean ± s.e.m. derived from three independent repeats. Experiments were repeated independently 10 times with similar results (a, c) or 3 times with similar results (b, e, f).


Extended Data Fig. 3 Cryo-EM data and processing.
a. A representative micrograph of DGAT1 (left), its Fourier transform (right) and representative 2D class averages (middle). Representative particles are highlighted with red circles. b, c, A flow chart for data processing and the final maps of DGAT1 (Methods). d, The gold-standard Fourier shell correlation (FSC) curve for the final map shown in c. e, Fourier shell correlation curves of the atomic model of DGAT1 versus the full map and individual half maps. f, Local-resolution map of DGAT1 shown in two orientations.


Extended Data Fig. 4 Density maps and structural model of DGAT1.
a, The overall map (left) and cartoon representation (right) of DGAT1. b, Individual secondary structures of DGAT1 shown as sticks, contoured in their density (green mesh). The density for oleoyl-CoA (green mesh) is shown at the same contour level as its neighbouring helix, TM7 (red mesh). The tubular density (green mesh) is shown at the same contour level as its neighbouring helix, TM4 (red mesh). c, Detailed view of each detergent or lipid molecule and its density. d, Electrostatic surface representations of the DGAT1 dimer in three orientations. The electrostatic potential was calculated using the APBS plug-in40 from PyMOL.


Extended Data Fig. 5 Binding of the N terminus to the neighbouring protomer and its functional consequences.
a, b, The DGAT1 dimer (cartoon) viewed in two orientations. c–e, Detailed view of the boxed regions shown in a, b. Residues involved in the interactions are shown as sticks. f, Size-exclusion profiles of N-terminal truncations. Experiments in f were repeated independently three times with similar results.


Extended Data Fig. 6 Oleoyl-CoA-binding site.
a–c, Oleoyl-CoA (spheres) bound to the DGAT1 protomer (cartoon) in three orientations. d–g, Detailed views of the boxed regions in a–c. Residues that coordinate oleoyl-CoA are shown as sticks with carbon atoms in magenta. h, LigPlus41,42 plot of the oleoyl-CoA-binding site. i, Normalized enzymatic activity of wild-type DGAT1 and various mutants. Data are mean ± s.e.m. derived from three independent repeats. j, Size-exclusion profiles of DGAT1 mutants. Experiments in i were repeated independently three times with similar results.


Extended Data Fig. 7 DGAT1 sequence alignment.
a, DGAT1 from human (Homo, Uniprot accession number O75907), mouse (Mus, Q9Z2A7), frog (Xenopus, A0A1L8G0L4), fish (Danio, Q6P3J0) and thale cress (Arabidopsis, Q9SLD2) are aligned using the Clustal Omega server43. Secondary structural elements of human DGAT1 are marked above the alignment. Residues are coloured on the basis of their conservation using the ESPript server44. Residues at the acyl-CoA-binding site are marked with green triangles and those at the active site with red stars. b, ConSurf mapped onto the human DGAT1 structure. DGAT1 is shown in different orientations in cartoon (top) and surface (bottom) representations. One DGAT1 monomer is coloured on the basis of the conservation score of each residue, calculated by the ConSurf server45. c, Sequence alignments of the FYXDWWN motif (red rectangle) from DGAT1 of different species and human ACAT1 (Uniprot P35610).


Extended Data Fig. 8 Proposed gateway for DAG entry.
a–c, A large opening to the core of the membrane is framed by TM4 and TM6. A tubular density is observed extending into the reaction chamber. d. Residues that line the opening are shown as magenta sticks.


Extended Data Table 1 Summary of cryo-EM data collection, processing and structure refinementFull size table


Extended Data Table 2 Functional parameters of wild-type human DGAT1 and various DGAT1 mutantsFull size table
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