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            Abstract
The L-type amino acid transporter 1 (LAT1; also known as SLC7A5) catalyses the cross-membrane flux of large neutral amino acids in a sodium- and pH-independent manner1,2,3. LAT1, an antiporter of the amino acid–polyamine–organocation superfamily, also catalyses the permeation of thyroid hormones, pharmaceutical drugs, and hormone precursors such as l-3,4-dihydroxyphenylalanine across membranes2,3,4,5,6. Overexpression of LAT1 has been observed in a wide range of tumour cells, and it is thus a potential target for anti-cancer drugs7,8,9,10,11. LAT1 forms a heteromeric amino acid transporter complex with 4F2 cell-surface antigen heavy chain (4F2hc; also known as SLC3A2)—a type II membrane glycoprotein that is essential for the stability of LAT1 and for its localization to the plasma membrane8,9. Despite extensive cell-based characterization of the LAT1–4F2hc complex and structural determination of its homologues in bacteria, the interactions between LAT1 and 4F2hc and the working mechanism of the complex remain largely unknown12,13,14,15,16,17,18,19. Here we report the cryo-electron microscopy structures of human LAT1–4F2hc alone and in complex with the inhibitor 2-amino-2-norbornanecarboxylic acid at resolutions of 3.3 Å and 3.5 Å, respectively. LAT1 exhibits an inward open conformation. Besides a disulfide bond association, LAT1 also interacts extensively with 4F2hc on the extracellular side, within the membrane, and on the intracellular side. Biochemical analysis reveals that 4F2hc is essential for the transport activity of the complex. Together, our characterizations shed light on the architecture of the LAT1–4F2hc complex, and provide insights into its function and the mechanisms through which it might be associated with disease.
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                    Fig. 1: In vitro characterization of the transport activity of the LAT1–4F2hc complex.[image: ]


Fig. 2: Structure of the human LAT1–4F2hc complex.[image: ]


Fig. 3: Transport path in LAT1.[image: ]


Fig. 4: Interactions between 4F2hc and LAT1.[image: ]
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                Data availability

              
              The atomic coordinates of the BCH-bound LAT1–4F2hc complex and the JPH203-incubated LAT1–4F2hc complex have been deposited in the PDB (http://www.rcsb.org) under the accession codes 6IRT and 6IRS, respectively. The overall electron microscopy map and the BCH-focused refined electron microscopy map of the BCH-bound LAT1–4F2hc complex, the electron microscopy map of the JPH203-incubated LAT1–4F2hc complex, and the electron microscopy map of the apo wild-type LAT1–4F2hc complex have been deposited in the Electron Microscopy Data Bank (https://www.ebi.ac.uk/pdbe/emdb/) under the accession codes EMD-9722, EMD-0679, EMD-9721, and EMD-0678, respectively. Source Data for Figs. 1b–e, 3d, 4c, f and Extended Data Figs. 1a, d, 8f, 9b are available online. All other data are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Biochemical characterization of the LAT1–4F2hc complex.
a, IC50 measurement of eight amino acid substrates (Phe, Trp, Leu, Tyr, l-DOPA, His, Met, and Ile) and two inhibitors (JPH203and BCH) for the inhibition of Leu uptake into the LAT1–4F2hc proteoliposomes. Owing to the low solubility of JPH203, its inhibitory effect could not be measured above 2 µM. b, The IC50 values for the listed inhibitors. NA, not available. c, SEC purification. Left, LAT1 alone was eluted ~1.5 ml after the LAT1–4F2hc complex in the presence of 0.01% LMNG and 0.001% cholesteryl hemisuccinate (CHS). Right, the peak fractions were subjected to SDS–PAGE and visualized by Coomassie blue staining. The experiment was repeated twice independently with similar results. d, The LAT1(A36E) variant has similar transport activity to the wild type in the presence of 4F2hc. The measured Km and Vmax values for the LAT1(A36E)–4F2hc complex were approximately 162.3 ± 23.6 µM and 82.5 ± 5.4 nmol mg−1 min−1, respectively. Data in a and f are mean ± s.d. of three technical independent experiments.

                          Source data
                        


Extended Data Fig. 2 Cryo-EM analysis of the LAT1–4F2hc complex.
a, Representative cryo-EM micrograph and 2D class averages. The raw images are similar for all three samples; HAT + BCH is shown. The scale bar for the 2D class averages (right images) is 10 nm. b, Euler angle distribution of the 3D reconstruction for LAT1–4F2hc in the presence of BCH. c, Local-resolution maps for HAT + BCH. d, Fourier shell correlation (FSC) curves of the model refined against the overall 3.5 Å map for HAT + BCH (black); against the first half map versus the same map (red); and against the first half map versus the second half map (green). The small difference between the red and green curves indicates that the refinement of the atomic coordinates was not affected by overfitting. e–g and h–j are the same as b–d, but for HAT + JPH203 and apo-HAT, respectively. For apo-HAT, only the FSC curve of the atomic model versus the electron microscopy map was calculated. k, Gold standard FSC curves for the 3D refinement of HAT + BCH (blue), BCH-focused 3D refinement of HAT + BCH (red), HAT + JPH203 (green), and apo-HAT (cyan). l, Overall structural comparison of HAT + BCH (cyan), HAT + JPH203 (yellow), and apo-HAT (pink).


Extended Data Fig. 3 Flow chart for cryo-EM data processing.
For details, see ‘Data processing’ in the Methods section. K, number of classifications.


Extended Data Fig. 4 Electron microscopy maps of representative segments.
a, The density for the transmembrane helix of 4F2hc. b, The densities of the 12 transmembrane segments of LAT1 in the HAT + BCH complex. c, The BCH density in the electron microscopy map (marked with an asterisk) is observed in the electron microscopy map of HAT + BCH (cyan mesh), but is absent in apo-HAT (pink mesh). All of the maps are contoured at 6σ.


Extended Data Fig. 5 Comparison of the substrate-binding sites of LAT1, GkApcT, and AdiC.
The BCH-binding site in LAT1 is conserved in GkApcT and AdiC. Similar to the coordination of Arg by GkApcT and AdiC, the carboxyl and amino groups of BCH mainly form hydrogen bonds with atoms from TM1 and TM6, respectively. LAT1, GkApcT (PDB 6F34), and AdiC (PDB 3L1L) are coloured cyan, yellow, and green, respectively.


Extended Data Fig. 6 Sequence alignment of LAT1 homologues.
The sequences were aligned using CLUSTAL 2.1 (https://www.genome.jp/tools-bin/clustalw) with manual adjustments according to the 3D structures. The five aligned sequences are LAT1 and LAT2 from Homo sapiens, ApcT from Geobacillus kaustophilus, and AdiC and GadC from E. coli. The conserved residues that are involved in hydrophobic interactions with 4F2hc and the critical residues that are involved in the transport path are outlined with a black box. Amino acids that are identical or conserved in at least four sequences are coloured red or yellow. The secondary structural elements of LAT1 are indicated above the sequence alignment. Ala36 is marked with a solid black circle. Residues that are involved in 4F2hc interaction; that line the transport path; and that are related to autism spectrum disorders are indicated with solid magenta circles; solid blue circles; and solid blue triangles, respectively.


Extended Data Fig. 7 Sequence alignment of 4F2hc homologues.
a, Residues mediating the interactions with LAT1 on the extracellular interface are conserved in 4F2hc homologues. b, Alignment of the N-terminal segment and transmembrane helix. The residues involved in the interaction with LAT1 are outlined with a black box. The sequences of 4F2hc in eight vertebrates are aligned using CLUSTAL 2.1. The sequences, from top to bottom, are from Homo sapiens, Mus musculus, Rattus norvegicus, Oryctolagus cuniculus, Felis catus, Pelodiscus sinensis, Xenopus laevis, and Danio rerio, respectively. The residues that are invariant and highly conserved are coloured red and yellow, respectively. Phe190, Trp191, Trp194, Met197, Leu198, Ile205, Lys533, and Arg535—which are mapped to the interface of the two proteins—are indicated by solid magenta circles. Arg183 in the lipid-binding pocket is indicated by a solid blue circle.


Extended Data Fig. 8 Lipid molecules bound to LAT1.
a, Densities for the bound lipids. The densities, shown in blue mesh, are contoured at 5σ. b, Multiple hydrophobic amino acid residues (spheres) coordinate the two lipids. c, The hydrophobic tails of the lipids are bound to the hydrophobic surface of the LAT1–4F2hc complex. d, The hydrophilic heads of the two lipids are both surrounded by positively charged surface patches. e, A cholesterol-like density is located in a cleft surrounded by TM3, TM9, TM10, and TM12 of LAT1. The density, shown in blue mesh, is contoured at 7σ. f, The addition of 10% (wt/wt) cholesterol during proteoliposome preparation significantly enhanced the transport activity of the LAT1–4F2hc complex. EPL, E. coli polar lipid extract. Data are mean ± s.d. of three independent experiments. Each dot represents a technical replicate.

                          Source data
                        


Extended Data Fig. 9 The LAT1 mutations A246V and P375L, which are associated with autism spectrum disorders, retain residual transport activity in vitro.
a, The mutants containing A246V or P375L displayed similar behaviour in solution to the wild-type complex when subjected to SEC. The experiment was repeated three times independently with similar results. b, The LAT1(A246V) and LAT1(P375L) mutants retained less than 5% transport activity compared with the wild type. The results of the counterflow assays are shown as mean ± s.d. of three independent experiments. Each dot represents a technical replicate. c, Ala246 of LAT1 is located at the beginning of TM6 and is involved in the interaction between TM1b and TM6a. d, Phe375 of LAT1 is located on the intracellular tip of TM9, and is surrounded by hydrophobic residues and the bound lipids. Mutation of Phe375 may affect the conformation of helix H4, which is involved in 4F2hc interaction.

                          Source data
                        


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