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            Abstract
Na+/Clâ€“-coupled biogenic amine transporters are the primary targets of therapeutic and abused drugs, ranging from antidepressants to the psychostimulants cocaine and amphetamines, and to their cognate substrates. Here we determine X-ray crystal structures of the Drosophila melanogaster dopamine transporter (dDAT) bound to its substrate dopamine, a substrate analogue 3,4-dichlorophenethylamine, the psychostimulants d-amphetamine and methamphetamine, or to cocaine and cocaine analogues. All ligands bind to the central binding site, located approximately halfway across the membrane bilayer, in close proximity to bound sodium and chloride ions. The central binding site recognizes three chemically distinct classes of ligands via conformational changes that accommodate varying sizes and shapes, thus illustrating molecular principles that distinguish substrates from inhibitors in biogenic amine transporters.
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                    Figure 1: Dopamine occupies central binding site.[image: ]


Figure 2: Amphetamines bind to central site.[image: ]


Figure 3: DCP induces partial occlusion of central site.[image: ]


Figure 4: Multivalent binding of cocaine.[image: ]


Figure 5: Plasticity confers versatile recognition.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Design of the minimal functional construct.
a, Thermostabilizing (ts) mutations V275A, V311A, G538L were removed. Modification of the EL2 deletion from 164â€“206 to 162â€“202, which recovered transport activity. The del 162â€“201 construct has robust dopamine uptake activity. b, Structural organization of EL2 regions. Organization of dDATcryst with a deletion of region 164â€“206 depicted as green surface. c, EL2 structure in dDATmfc with the deletion 162â€“202 depicted as cyan surface showing contacts between EL2 and EL6. d, EL2 organization in the construct with a deletion from 162â€“201 depicted as magenta surface. e, Fab 9D5 interferes with the interaction between EL2 and EL6 in the crystal lattice, with loops depicted as magenta and cyan surfaces, respectively. Fab disrupts the EL organization in all structures. The del 162â€“201 subB structure is shown.


Extended Data Figure 2 Measurement of dissociation constants using purified dDATmfc protein, and dopamine uptake in whole cells.
a, dDATmfc binds [3H]nisoxetine with a Kd of 36 Â± 3 nM (s.e.m.). b, dDATmfc with subB mutations binds [3H]nisoxetine with a Kd of 10 Â± 1 nM (s.e.m.). c, d, Michaelisâ€“Menten plots of [14C]dopamine uptake by HEK293S cells expressing dDATwt or dDATmfc, respectively, which yielded a KM of 2.1 Â± 0.7 Î¼M and Vmax of 4.5 Â± 0.4 pmol minâˆ’1 per 106 cells for dDATwt and a KM of 8.2 Â± 2.3 Î¼M and Vmax of 2.4 Â± 0.2 pmol minâˆ’1 per 106 cells for dDATmfc (s.e.m.). One representative plot of total and background counts (in the presence of 10 Î¼M nortriptyline) is shown of two experimental trials as squares and triangles, respectively. Data points and error bars show the average and standard deviation, respectively, of technical replicates (n = 3). Welchâ€™s t-test indicates that the specific uptake signal at each concentration of dopamine is significant with a two-tailed P value < 0.02. e, Eadieâ€“Hofstee plot of specific dopamine uptake shown in Fig. 1a and panels c and d of this figure. Data for dDATwt and dDATmfc are shown as squares and triangles, respectively, and error bars denote s.d. of technical replicates (n = 3). f, The thermal melting curve of dDATmfc solubilized from HEK293S membranes in the presence of 100 nM [3H]nisoxetine exhibits a melting temperature of 48 Â± 2 Â°C (s.e.m.). The fraction bound describes the signal remaining after incubation at the specified temperature for 10 min, normalized to the signal at 4 Â°C. Data points show the mean values for one experimental trial, and error bars show the s.d. of technical replicates (n = 3).


Extended Data Figure 3 Mutagenesis and effects of DAT subsite B.
a, Sequence alignment of subsite B regions for dDAT and human NSS orthologues. b, 2Fo âˆ’ Fc density contoured at 0.9Ïƒ around the vicinity of the D121G (TM3) and S426M mutations (TM8). c, Abrogation of dopamine transport activity by dDATwt bearing both subsite B mutations in infected HEK293S cells. Data show the average uptake and error bars show the data range of technical duplicates for a single trial. Reactions were performed without and with 100 Î¼M desipramine in black and grey bars, respectively.


Extended Data Figure 4 Measurement of inhibition constants using purified dDAT protein.
aâ€“c, Inhibition of [3H]nisoxetine binding to dDATmfc (squares) and dDATmfc subB (triangles). Ki inhibition constants for dDATmfc and dDATmfc subB are, respectively, 98 Â± 4 Î¼M, and 1.4 Â± 0.1 Î¼M, (a, Î²-CFT), 371 Â± 25 nM and 271 Â± 59 nM (b, RTI-55), and 4.5 Â± 0.3 Î¼M, and 267 Â± 20 nM (c, DCP). All errors are s.e.m. One representative trial of two is shown for all experiments in panels aâ€“c, and data points and error bars denote the average values for fraction bound and standard deviation, respectively, for technical replicates (n = 3). d, Inhibition of [3H]nisoxetine (50 nM) binding to dDATdel by 1 and 10 Î¼M unlabelled compound (grey and black bars, respectively). Error bars show the data range of technical replicates (n = 2). Abbreviations: 3-BrPE, 3-bromophenethylamine; 4-BrPE, 4-bromophenethylamine; 2-pTE, 2-(pTolyl)ethylamine, 4-ClPE, 4-chlorophenethylamine; DCP, 3,4-dichlorophenethylamine.


Extended Data Figure 5 Fo âˆ’ Fc densities for ligands complexed with dDAT.
a, d-amphetamine (2.4Ïƒ); b, (+)-methamphetamine (1.8Ïƒ); c, DCP (2.2Ïƒ); d, cocaine (2.2Ïƒ); e, Î²-CFT (2.2Ïƒ); f, RTI-55 (2.6Ïƒ).


Extended Data Figure 6 Helical movements in dDATmfc upon binding to substrate analogue DCP (orange) and inhibitor nortriptyline (grey).
aâ€“d, Helices undergoing maximal shifts are a, TM1b; b, TM2; c, TM6a; d, TM11. Arrows in black represent direction of shift. e, Table comparing angular shifts between nortriptylineâ€“dDATcryst (PDB ID 4M48) and DCPâ€“dDATmfc structures in column one, and between the outward-open Trpâ€“LeuT (PDB ID 3F3A) and outward-occluded Leuâ€“LeuT (PDB ID 2A65) structures in column two. f, Superposition of the outward open state of nortriptylineâ€“dDATcryst (PDB ID 4M48) and DCPâ€“dDATmfc structures in grey and orange ribbon, respectively. Extracellular gating TMs 1b and 6a are shown as cylinders. Arrows in red indicate inward movement of TMs 1b and 6a. g, Superposition of the occluded state of LeuT (PDB ID 2A65) and DCPâ€“dDATmfc structures in grey and orange ribbon, respectively.


Extended Data Figure 7 Cholesterol binding sites in DAT.
a, Cholesterol binding sites seen on the dDAT surface corresponding to the inner leaflet of the plasma membrane, with a second novel cholesterol site into which a cholesteryl hemisuccinate (CHS) could be modelled. Fo âˆ’ Fc densities for cholesterol contoured at 2.0Ïƒ. b, Close-up view of cholesterol site II at the junction of TM2, TM7 and TM11 interacting with multiple hydrophobic residues. Asterisk denotes thermostabilizing mutant V74A. c, Effect of CHS concentration on [3H]nisoxetine binding to DATmfc construct. Graph depicts one representative trial of two independent experiments, and total and background counts were measured using technical replicates (n = 3) for each binding curve at each CHS concentration. Arrow represents increasing concentration of CHS. Error bars represent s.d.


Extended Data Figure 8 Analogues of cocaine and binding site comparisons.
a, The position of RTI-55 in the binding pocket with anomalous difference density for iodide displayed as purple mesh and contoured at 4Ïƒ. b, Superposition of cocaine, Î²-CFT, and RTI-55 using the RTI-55-dDATmfc structure. Ligands are shown as sticks and coloured yellow (cocaine), pink (Î²-CFT), and teal (RTI-55). Sodium ions are shown as purple spheres. câ€“f, Residues that line the binding pocket are superposed between the nortriptylineâ€“dDATcryst (magenta, PDB ID 4M48) and those of c, DAâ€“dDATmfc (cyan), d, DCPâ€“dDATmfc (marine), e, cocaineâ€“dDATmfc (yellow). f, Organization of S1 binding site in complex with nortriptyline (PDB ID 4M48). Black arrows describe the change in rotamers and positions of D46, F319, and F325 compared to the nortriptyline-bound structure.


Extended Data Table 1 Superposition statistics of dDAT structuresFull size table


Extended Data Table 2 a, Ligand surface and interface areas*; b, crystallization conditions for ligandâ€“DAT complexesFull size table
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Shown is a morph between selected structural states of the Drosophila dopamine transporter beginning with the previously published nortriptyline-bound outward-open state (magenta, PDB. id 4M48) followed by structural changes associated with the binding of cocaine (yellow, PDB. ids 4XP4, 4XPB) wherein Phe 325 and the TM6a-6b linker move into the binding site to interact with the benzyloxy aromatic group of cocaine. Transition from the cocaine bound state is followed by the D-amphetamine-bound (light orange, PDB. ids 4XP9) state in which additional â€˜contractionâ€™ of the TM6a-6b linker retains aromatic Ï€-Ï€ interactions with Phe 325. The dopamine-bound conformation (cyan, PDB. id 4XP1) follows the D-amphetamine-bound state, illustrating the rotameric shift in the side chain of Asp 46, allowing it to interact with the primary amine of the neurotransmitter. Upon binding of the dopamine analogue DCP (teal, PDB. ids 4XPA, 4XPH) there are shifts in TM helices 1b (deep red) and 6a (green) and a rotameric reorientation of Phe 319 that blocks the substrate binding site from solvent access. Scaffold helices TMs 3 and 8 are colored in orange and cyan respectively. (MPG 22010 kb)
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Dopamine transporter structures
The dopamine transporter is a membrane protein that removes the neurotransmitter dopamine from the synaptic cleft and imports it into the cytosol of surrounding cells, thereby terminating the neurotransmitter signal. Eric Gouaux and colleagues have solved X-ray crystal structures of the Drosophila dopamine transporter bound to various small molecules, including cocaine, D-amphetamine, methamphetamine, dopamine and two antidepressants. As well as providing the first glimpses of how a neurotransmitter binds to a biogenic amine transporter and how cocaine binds to a biogenic amine transporter, this structure is a good example of how the ligand-binding site of a protein can remodel itself to bind to accommodate structurally unrelated small molecules that are different shapes and sizes.
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