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            Abstract
Triacylglycerols store metabolic energy in organisms and have industrial uses as foods and fuels. Excessive accumulation of triacylglycerols in humans causes obesity and is associated with metabolic diseases1. Triacylglycerol synthesis is catalysed by acyl-CoA diacylglycerol acyltransferase (DGAT) enzymes2,3,4, the structures and catalytic mechanisms of which remain unknown. Here we determined the structure of dimeric human DGAT1, a member of the membrane-bound O-acyltransferase (MBOAT) family, by cryo-electron microscopy at approximately 3.0Â Ã… resolution. DGAT1 forms a homodimer through N-terminal segments and a hydrophobic interface, with putative active sites within the membrane region. A structure obtained with oleoyl-CoA substrate resolved at approximately 3.2Â Ã… shows that the CoA moiety binds DGAT1 on the cytosolic side and the acyl group lies deep within a hydrophobic channel, positioning the acyl-CoA thioester bond near an invariant catalytic histidine residue. The reaction centre is located inside a large cavity, which opens laterally to the membrane bilayer, providing lipid access to the active site. A lipid-like densityâ€”possibly representing an acyl-acceptor moleculeâ€”is located within the reaction centre, orthogonal to acyl-CoA. Insights provided by the DGAT1 structures, together with mutagenesis and functional studies, provide the basis for a model of theÂ catalysis of triacylglycerol synthesis by DGAT.
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                    Fig. 1: Cryo-EM structure of human DGAT1.[image: ]


Fig. 2: DGAT1 reaction centre and structural comparison with DltB.[image: ]


Fig. 3: Cryo-EM structures of DGAT1 complexed with a fatty acyl-donor substrate and a lipid-like molecule resembling an acyl-acceptor substrate.[image: ]
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                Data availability

              
              The 3D cryo-EM density maps have been deposited into the Electron Microscopy Data Bank under accession numbers EMD-21461 (oleoyl-CoA free), EMD-21481 (with intact oleoyl-CoA) and EMD-21488 (with cleaved oleoyl-CoA). The coordinates have been deposited into the Protein Data Bank (PDB)Â with accession numbers 6VYI (oleoyl-CoA free) and 6VZ1 (with intact oleoyl-CoA). All other undeposited models and data are available upon request.
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Extended data figures and tables

Extended Data Fig. 1 Purification and characterization of human DGAT1.
a The acyl-transfer reaction catalysed by DGAT1. The enzyme utilizes acyl-CoA as the sole acyl donor and recognizes different lipid molecules (that is, DAG, monoacylcerol (MAG) and fatty alcohol) as the acyl acceptor. The panel shows the reaction with sn-1,2- DAG as the acyl-acceptor and triacylglycerol as the product. The acyl-group in acyl-CoA is coloured in red, and the glycerol backbone in DAG is coloured in blue. b, c, Gel-filtration profile (b) and SDSâ€“PAGE analysis (c) of purified DGAT1 digitonin. Peaks 1 and 2 containing purified DGAT1 by SDSâ€“PAGE analysis were separately collected and pooled. d, Gel-filtration of DGAT1 reconstituted in the amphipol PMAL-C8 that was purified from b. A red (tetramer) and blue (dimer) arrow denote the different oligomerization states of DGAT1. The SDSâ€“PAGE analysis of each peak is shown in the insert. e, Activity analysis of DGAT1-overexpressed microsome or purified enzyme with or without DGAT1 inhibitor (D1i). The protein from the digitonin sample of peak 2 in b and PMAL-C8 sample of the dimer peak in d were used for the assay. The reaction product of triacylglycerol was separated and analysed by TLC. FFA, free fatty acid. f, Quantification of triacylglycerol product shown in e by phosphorimaging. The insert shows the activity of DGAT1 tetramer and dimer from d (meanÂ Â±Â s.d., nÂ =Â 3 independent experiments). Analysis was performed using two-way ANOVA with Sidakâ€™s post hoc test. g, Representative negative-stain electron micrograph and 2D averages of purified DGAT1 in digitonin (peak 2 in b), and the tetramer and dimer species of DGAT1 in PMAL-C8 (red and blue peaks in d, respectively). The bar in 2D average is 100Â Ã…. Experiments shown in bâ€“e and g were repeated at least three times with similar results. TG, triglyceride.


Extended Data Fig. 2 Cryo-EM image processing of human DGAT1 in PMAL-C8.
a, Representative cryo-EM image of DGAT1 in PMAL-C8. Some DGAT1 particles are outlined by circles. b, The 2D class averages of cryo-EM particle images. The box size of 2D averages is 210 Ã…. c, Three-dimensional classification and refinement of cryo-EM particles. The initial particle stack was split into two stacks due to the large number of particles for 3D classification. After the first round of classification without imposing symmetry, all of the particles classified into one best class (class 1 contains the most abundant 25% particles) in the final five iterations (indicated as â€˜5 cyclesâ€™) were kept for further processing. This subset of particles was further classified into three classes by non-alignment classification with C2 symmetry. Afterwards, another round of refinement was performed on each individual class. Among them, class 3 exhibited the highest estimated resolution by Relion and the best side-chain signals by visual inspection and was kept for per-particle contrast transfer function (CTF) and beam-tilt corrections. The resulting cryo-EM map was used for the final cryo-EM maps, contoured at 5Ïƒ. d, Unsharpened map (grey) superimposed with the final DGAT1 cryo-EM map (blue) showing the detergent micelle-like signals around DGAT1.


Extended Data Fig. 3 Single-particle cryo-EM analysis of DGAT1 reconstituted in PMAL-C8.
a, Local resolution of the final cryo-EM map of DGAT1. A sliced view of local resolution is shown in the lower panel. b, FSC curves: gold-standard FSC curve between the two half maps with indicated resolution at FSCÂ =Â 0.143 (red); FSC curve between the atomic model and the final map with indicated resolution at FSCÂ =Â 0.5 (blue); FSC curve between half map 1 (orange) or half map 2 (green) and the atomic model refined against half map 1. c, Cutaway views of angular distribution of particle images included in the final 3D reconstruction. d, Cryo-EM densities superimposed with the atomic model for individual transmembrane helices (TM1â€“TM9), resolved N-terminal region (N-ter), and helices in the cytosolic loop region (CL2â€“CL4). The conserved His415 residueÂ is also labelled. Maps are contoured at 4Ïƒ.


Extended Data Fig. 4 Dimer assembly of DGAT1 and phospholipid molecules residing at the dimer interface.
a, Structural details of the DGAT1 dimer interaction. The resolved N-terminal domain (N-ter, amino acids 68â€“86) of DGAT1 forms a hydrogen-bond network with the opposing subunit depicted in aÂ green box. Dashed lines denote hydrogen-bonding pairs of residues. Hydrophobic interactions mediating theÂ DGAT1 dimer are shown inÂ a red box. b, Densities attributed to phospholipid lipids at the DGAT1 dimer interface are shown as blue surface. The lower panel shows four 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) molecules modelled into the density; each pair of POPE densities was symmetry-related and labelled as POPE-A/B and POPE-Aâ€²/Bâ€². Maps are contoured at 2.5Ïƒ. c, TLC analysis of lipids that co-purified with DGAT1 by iodine staining. The asterisks indicate the presence of phosphatidyl ethanolamine (PE) and DAG in purified DGAT1. PA, phosphatidic acid; PC, phosphatidylcholine. d, e, The SUM159 DGAT1-knockout cell line system analysed by western blot (d)Â and DGAT1 activity analysis by using lysates from SUM159 DGAT1-knockout cells or cells transiently overexpressing DGAT1Â (e). f, Truncation of N termini reduces DGAT1 expression. Fluorescence size-exclusion chromatography (FSEC) and western blot analyses of two N-terminal truncations lacking the first 85 and 90 residues. The asterisks in the gel-filtration profiles denote the DGAT1-containing peak. The dashed line marks the peaking containing free GFP. g, h, Truncation of N-terminal region reduces DGAT1 activity. TLC analysis of triacylglycerol products is shown in g. Each assay was performed in triplicate. The final triacylglycerol products were normalized to the protein expression level with the quantification results shown in h. MeanÂ Â±Â s.d., nÂ =Â 3 independent experiments. Analysis was performed using one-way ANOVA with Dunnettâ€™s post hoc test. Analysis shown in c was performed once; experiments in dâ€“g were repeated three times with similar results.


Extended Data Fig. 5 Structural comparison of DGAT1 with DltB.
a, Structural superposition of DGAT1 (blue) and DltB (orange, PDB ID: 6BUI)17. The two structures were superimposed with an r.m.s.d. of 1.39 Ã… over 360 matched CÎ± positions. b, As a, but the protein structures are shown as cylinders with the conserved histidine residueÂ shown as sticks. The area denoted by the red dashed line exhibits a similar overall architecture in DGAT1 and DltB (MBOAT core) that is not found in other protein structures. Note that beyond this common area, the resolved N-terminal and TM1 regions in DGAT1 appear as extra structural elements beyond the MBOAT-core region as compared to DltB. c, Structure-based sequence alignment of DGAT1 and DltB. The squiggles on the top represent Î±-helices in DGAT1 (blue) and DltB (orange). Sequences in the black rectangle indicate the most structurally variable region in the two enzymes. In DGAT1, these regions are involved in dimer formation, whereas in DltB, the equivalent two helices (TM1 and TM2) seal off the lateral cavity within the membrane (see main text). Sequence in green rectangle denotes the alanyl-donor binding pocket in DltB. The red triangle denotes the conserved histidineÂ residue. The alignment was performed with PROMALS3D43, and the final alignment figure was generated with ESPript 3.044.


Extended Data Fig. 6 DGAT1 sequence alignment and conservation analysis of MBOAT enzymes.
a, Sequence alignment of DGAT1 enzymes from Homo sapiens, Mus musculus, Bos taurus, Xenopus laevis, Danio rerio, Drosophila melanogaster, Caenorhabditis elegans, Brassica napus, Arachis hypogaea and Chaetomium thermophilum. The colour scheme of amino acids is based on their physicochemical properties. A red triangle denotes the highly conserved histidine residue; black triangles denote highly conserved polar residues in the DGAT1 active centre; black squares denote residues interacting with oleoyl-CoA. The residue numbers for human DGAT1 are indicated at the top. The sequence alignment was performed with T-Coffee45, and the final alignment figure was generated with ESPript 3.044. b, Sequence alignment of MBOAT enzymes that acylate lipids (DGAT1 and ACAT1) or proteins (PORCN and GOAT). Structural information of DGAT1 was incorporated into the alignment, where the regions containing aÂ cluster of conserved residues among MBOAT enzymes were labelled as blue boxes. Note the alignment starts at Arg250 of DGAT1. c, Mapping the conserved blue region shown in b into the DGAT1 structure. The DGAT1 structure is shown as grey cylinders. Blue areas denote the conserved region among MBOATs. Note the acyl-CoA binding tunnel in DGAT1 containing the most conserved region among MBOATs (blue area in b) is highlighted by the dashed circle.


Extended Data Fig. 7 Cryo-EM image processing of human DGAT1 supplemented with acyl-CoA substrate.
a, Representative cryo-EM image of DGAT1 with oleoyl-CoA. Some DGAT1 particles are marked by circles. b, 2D class averages of cryo-EM particle images with the box size of 210Â Ã…. c, Three-dimensional classification and refinement of cryo-EM particle images. The processing flow is similar to the dataset without acyl-CoA treatment (Extended Data Fig. 2). After the second round of 3D classification, all particles classified into class 6 during the final five iterations (indicated as â€˜5 cyclesâ€™) were kept for next round of non-alignment classification into six classes. Particles in each class (estimated resolution shown in parentheses) were individually refined. After per-particle CTF and beam-tilt corrections, two resulting maps were chosen to represent DGAT1 complexed with the intact and broken oleoyl-CoA molecule.


Extended Data Fig. 8 Single-particle cryo-EM analysis of DGAT1 with acyl-CoA substrate.
a, Local resolution of the final cryo-EM map of DGAT1 (shown as sliced view) complex with an intact oleoyl-CoA molecule. b, FSC curves: gold-standard FSC curve between the two half maps with indicated resolution at FSCÂ =Â 0.143 (red); FSC curve between the atomic model and the final map with indicated resolution at FSCÂ =Â 0.5 (blue); FSC curve between half map 1 (orange) or half map 2 (green) and the atomic model refined against half map. c, Cutaway views of angular distribution of particle images included in the final 3D reconstruction. dâ€“f, Similar to aâ€“c, but showing the cryo-EM analysis of the map with a broken oleoyl-CoA density. Note that in e, only theÂ FSC curve between half maps was calculated. g, Cryo-EM densities with the intact oleoyl-CoA density (shown in aâ€“c) superimposed with the atomic model for individual transmembrane helices similar to that shown in Extended Data Fig. 3d. Maps are contoured at 4Ïƒ.


Extended Data Fig. 9 Cryo-EM density analysis of the bound acyl-CoA and lipid-like density and mutagenesis study of residues interacting with oleoyl-CoA substrate.
a, A side-by-side density comparison of the bound oleoyl-CoA molecule, oleoyl-CoA with a broken density, and density in the acyl-CoA binding pocket without oleoyl-CoA treatment. b, Cryo-EM density map of the oleoyl-CoA molecule and the surrounding region. Maps are shown at different contour levels to illustrate mobility of the adenosine moiety (red arrowhead) of oleoyl-CoA. By contrast, the phosphopantetheine region (green arrowhead) exhibits a stronger density signal. c, Activities of acyl-CoA binding tunnel alanine mutants of DGAT1 expressed in DGAT1-knockout cells. d, Activities of the bulky side-chain substitutions of residues in the acyl-CoA binding tunnel. Activities in c and d were normalized to the amount of DGAT1 protein expressed (meanÂ Â±Â s.d., nÂ =Â 3 independent experiments). Analysis was performed using one-way ANOVA with Dunnettâ€™s post hoc test. e, Effect of the acylÂ chain of the acyl-donor substrate on DGAT1 activity. The analyses used purified DGAT1 in amphipol (meanÂ Â±Â s.d., nÂ =Â 3 independent experiments). Analysis was performed using one-way ANOVA with Dunnettâ€™s post hoc test comparing C18:1-CoA to other acyl-CoA substrates (coloured in dark grey). f, The zoomed-in views of the lipid-like density in the oleoyl-CoAâ€“free DGAT1 monomer structure shown as surface representation. The protein surface at His415 in the zoomed-in view is coloured in orange. The map is contoured at 3.5Ïƒ. g, Cryo-EM density in orange showing both the bound acyl-CoA with a broken signal and the lipid-like density. A black arrowhead denotes the disconnected acyl chain in oleoyl-CoA molecule. A cyan arrowhead indicates the connected density between the acylÂ chain of oleoyl-CoA and the uncharacterized lipid-like density at aÂ lower contour level.


Extended Data Fig. 10 FSEC, western blot and activity analyses of DGAT1 mutants.
a, FSEC profiles of wild type and all tested mutants in this study. Wild-typeÂ DGAT1 and mutants were transiently expressed as GFP-fusion proteins in HEK293 cells. The folding of each mutant was analysed by size-exclusion chromatography monitoring GFP fluorescence. All tested mutants exhibit peaks similar to the wild-type DGAT1 protein, suggesting their correct overall protein folding. b, Western blot analyses of wild-type and tested DGAT1 mutant proteins expressed in SUM159 DGAT1-knockout cells. Untrans., untransfected control. c, Activity of wild type and selected DGAT1 mutants purified by His-tag affinity chromatography purification. The top panel of the raw TLC plates shows the formation of triacylglycerol. The assays were performed with or without DGAT1 inhibitor (D1i) (meanÂ Â±Â s.d., nÂ =Â 3 independent experiments). One-way ANOVA with Dunnettâ€™s post hoc test was applied. Experiments shown in aâ€“c were repeated twice with similar results.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table
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