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            Abstract
The PIN-FORMED (PIN) protein family of auxin transporters mediates polar auxin transport and has crucial roles in plant growth and development1,2. Here we present cryo-electron microscopy structures of PIN3 from Arabidopsis thaliana in the apo state and in complex with its substrate indole-3-acetic acid and the inhibitor N-1-naphthylphthalamic acid (NPA). A. thalianaÂ PIN3 exists as a homodimer, and its transmembrane helices 1, 2 and 7 in the scaffold domain are involved in dimerization. The dimeric PIN3 forms a large, joint extracellular-facing cavity at the dimer interface while each subunit adopts an inward-facing conformation. The structural and functional analyses, along with computational studies, reveal the structural basis for the recognition of indole-3-acetic acid and NPA and elucidate the molecular mechanism of NPA inhibition on PIN-mediated auxin transport. The PIN3 structures support an elevator-like model for the transport of auxin, whereby the transport domains undergo upâ€“down rigid-body motions and the dimerized scaffold domains remain static.
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                    Fig 1: The overall structure of PIN3.[image: ]


Fig. 2: The ligand recognition of PIN3.[image: ]


Fig. 3: Dimerization and the proposed models of PIN3.[image: ]


Fig. 4: The regulation of IAAÂ transport activity by the CTD.[image: ]
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                Data availability

              
              Structure coordinates and cryo-EM density maps have been deposited at the Protein Data Bank and Electron Microscopy Data Bank under accession numbers 7WKS and EMD-32568 for PIN3apo; 7WKW and EMD-32570 for PIN3NPA; and 7XXB and EMD-33500 for PIN3IAA. Other structure coordinates analysed in the paper can be downloaded from Protein Data Bank under accession numbers 4N7W for Y.Â frederiksenii ASBT; 3ZUY for Â Neisseria meningitidis ASBT; 7DSW for humanÂ NHE1; 5BZ2 for Thermus thermophilus NapA; and 4CZB forÂ Methanocaldococcus jannaschii NhaP. Additional data supporting the findings in this study are provided in the Supplementary Information. Uncropped images for Extended Data Figs. 2c, 3a,f,k and Â 9d are provided in Supplementary Fig. 1.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Sequence alignment of Arabidopsis thaliana PINs (AtPIN1â€“8).
Secondary structure assignments are based on the structure of AtPIN3apo. The coloured bars mark the locations of transmembrane helices in AtPIN3. Amino acid residues involved in IAA and NPA binding are indicated by triangles in blue. Circles indicate key residues involved in dimerization. Amino acid residues involved in CTD function are indicated by circles in orange.


Extended Data Fig. 2 IAA transport activity of AtPIN3.
a, The dose response curve of NPA inhibition on the 3H-IAA transport assay (nâ€‰=â€‰6 independent experiments). The maximum NPA inhibition is ~59%. Data were presented as mean Â± s.e.m. b, The 3H-IAA efflux of WT and mutant PIN3 at 10â€‰min in the IAA loading phase in the absence or presence of 50â€‰ÂµM NPA (nâ€‰=â€‰6 independent experiments). Data were presented as mean Â± s.e.m. Two-tailed t-test was performed. c, The Western blot shows that all mutants are expressed at comparable levels as the WT PIN3. nâ€‰=â€‰3 independent experiments. d, Representative fluorescent (upper) and bright-field (lower) images of cells expressing green fluorescent protein (GFP)-tagged WT PIN3 and mutants. GFP fluorescence was readily detected in WT and mutant PIN3 cells with similar patterns. nâ€‰=â€‰3 independent experiments.
Source data


Extended Data Fig. 3 Structure determination of AtPIN3apo, AtPIN3NPA, and AtPIN3IAA.
a, f, k, Size-exclusion chromatography of AtPIN3apo, AtPIN3NPA, and AtPIN3IAA on Superose 6 (GE Healthcare) and SDS-PAGE analysis of the final sample, respectively. nâ€‰=â€‰3 independent experiments. b, g, l, Flowchart of image processing for AtPIN3apo, AtPIN3NPA, and AtPIN3IAA particles, respectively. c, h, m, The density map of AtPIN3apo, AtPIN3NPA, and AtPIN3IAA coloured by local resolution. d, i, n, Angular distribution plot of particles included in the final C2-symmetric 3D reconstruction of AtPIN3apo, AtPIN3NPA, and AtPIN3IAA, respectively. e, j, o, The Gold standard Fourier Shell Correlation (FSC) curve of the final 3D reconstruction of AtPIN3apo, AtPIN3NPA, and AtPIN3IAA, and the FSC curve for cross-validation between the map and the model of AtPIN3apo, AtPIN3NPA, and AtPIN3IAA, respectively.
Source data


Extended Data Fig. 4 Sample maps of AtPIN3 structures.
a, Sample maps at 10 transmembrane helices (TMs) of AtPIN3apo. The density is shown as a mask around each TM at the level of 0.0183 in UCSF Chimera. The maps are low-pass filtered to 3.0â€‰Ã… and sharpened with a B factor of âˆ’90â€‰Ã…2. b, Sample maps at 10 transmembrane helices (TMs) of AtPIN3NPA. The density is shown as a mask around each TM at the level of 0.0177 in UCSF Chimera. The maps are low-pass filtered to 2.62â€‰Ã… and sharpened with a B factor of âˆ’92â€‰Ã…2. c, Sample maps at 10 transmembrane helices (TMs) of AtPIN3IAA. The density is shown as a mask around each TM at the level of 0.022 in UCSF Chimera. The maps are low-pass filtered to 2.93â€‰Ã… and sharpened with a B factor of âˆ’70â€‰Ã…2. d, Density around the substrate-binding site in AtPIN3apo (left), AtPIN3NPA (middle), and AtPIN3IAA (right) at the contour level of around 7 Ïƒ in Coot. The dashed circle marks no density in the substrate-binding site in the map of AtPIN3apo. Numbers indicate the transmembrane helices.


Extended Data Fig. 5 Structure comparisons of AtPIN3apo, AtPIN3IAA, and AtPIN3NPA.
a, Superimposition of AtPIN3apo and AtPIN3IAA subunit A structures in different orientations. The root mean square deviation (r.m.s.d.) for 377 CÎ± atoms in two structures is 0.90â€‰Ã…. b, Superimposition of AtPIN3apo and AtPIN3NPA subunit A structures in different orientations. The r.m.s.d. for 377 CÎ± atoms in two structures is 0.34â€‰Ã…. c, d, The inverted structural repeat of 5 TMs in TMD of AtPIN3apo. c, Structures of TM1â€“5 (blue) and TM6â€“10 (cyan) shown together or individually in the same orientation. d, Structural superimposition of TM1â€“5 and TM6â€“10 in different orientations.


Extended Data Fig. 6 Structure and topology comparisons of AtPIN3, SLC9A, and SLC10A transporters.
The structure of each transporter is shown in the side (left) and top (middle) views. The topology (right) is presented with the extracellular side on the top and the intracellular side at the bottom. a, AtPIN3; b, ASBTYf, Yersinia frederiksenii ASBT, PDB: 4N7W; c, ASBTNm, Neisseria meningitidis ASBT, PDB: 3ZUY; d, HsNHE1, human NHE1, PDB: 7DSW; e, TtNapA, Thermus thermophilus NapA, PDB: 5BZ2; f, MjNhaP, Methanocaldococcus jannaschii NhaP, PDB: 4CZB.


Extended Data Fig. 7 Ligand-binding sites in AtPIN3.
a, The NPA-bound structure of AtPIN3NPA (left), the taurocholic acid (TCA)-bound structure of ASBTYf (middle), and the modelled IAA-bound structure of AtPIN3IAA (right). NPA, TCA, and IAA are shown in cyan, green, and yellow, respectively. b, c, The RMSD of AtPIN3 (b) and IAA (c) during the 400 ns simulation for four trajectories. dâ€“g, The binding configurations of IAA in four trajectories extracted from every 20 ns of simulation (green, cyan, purple, and orange) is similar to that of modelled IAA in the AtPIN3IAA structure (yellow). h, Time series showing the shortest observed distance among AtPIN3 residues to IAA. Numbers in parentheses are the mean and standard deviation of respective distances in MD simulations. i, Snapshots of IAA binding site for one of the trajectories, taken every 80 ns and spanning 400 ns. IAA in the AtPIN3IAA structure is in yellow and in MD simulations in green; AtPIN3 in the structure of AtPIN3IAA is in magenta and in MD simulations in pink.
Source data


Extended Data Fig. 8 SPR assay of AtPIN3 mutants with IAA or NPA.
a, SPR binding curves for the interaction of AtPIN3 mutants with IAA or NPA at different concentrations. b, KD curves of AtPIN3 and IAA (left) or NPA (right) fitted with a steady-state affinity model. c, The KD values of IAA or NPA bound to WT and mutant AtPIN3 calculated using the SPR steady-state affinity model. d, SPR binding curves for the interaction of WT AtPIN3 with IAA at different pH conditions. e, KD curves of WT AtPIN3 and IAA at different pH conditions fitted with a steady-state affinity model.
Source data


Extended Data Fig. 9 Dimeric assembly of AtPIN3 and SLC9A transporters in inward-facing conformations.
a, Localization of residues for mutagenesis in AtPIN3apo. b and c, Size-exclusion chromatography of AtPIN3 with mutations at the dimer interface of scaffold domain. d, The native PAGE of WT and two quadruple mutants. nâ€‰=â€‰3 independent experiments. e, The 3H-IAA efflux of WT and mutant AtPIN3 at 10â€‰min in the IAA loading phase (nâ€‰=â€‰6 independent experiments). Data were presented as mean Â± s.e.m. Two-tailed t-test was performed. fâ€“i, Dimeric structures of AtPIN3apo (f), HsNHE1 (g, PDB: 7DSW), TtNapA (h, PDB: 5BZ2), and MjNhaP (i, PDB: 4CZB) in extracellular view (left), side view (middle), and cut-in surface model (right). The intracellular-facing cavity and extracellular-facing cavity of AtPIN3 are indicated by arrows.
Source data


Extended Data Table 1 Data collection and refinement statisticsFull size table





Supplementary information
Supplementary Figure 1
Uncropped images. a, Uncropped blots for Extended Data Fig. 2c. b, Uncropped gels for Extended Data Fig. 3a,f,k. c, Uncropped gel for Extended Data Fig. 9d.
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