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            Abstract
Cryo-electron microscopy (cryo-EM) has the capacity to capture molecular machines in action1,2,3. ATP-binding cassette (ABC) exporters are highly dynamic membrane proteins that extrude a wide range of substances from the cytosol4,5,6 and thereby contribute to essential cellular processes, adaptive immunity and multidrug resistance7,8. Despite their importance, the coupling of nucleotide binding, hydrolysis and release to the conformational dynamics of these proteins remains poorly resolved, especially for heterodimeric and/or asymmetric ABC exporters that are abundant in humans. Here we present eight high-resolution cryo-EM structures that delineate the full functional cycle of an asymmetric ABC exporter in a lipid environment. Cryo-EM analysis under active turnover conditions reveals distinct inward-facing (IF) conformations—one of them with a bound peptide substrate—and previously undescribed asymmetric post-hydrolysis states with dimerized nucleotide-binding domains and a closed extracellular gate. By decreasing the rate of ATP hydrolysis, we could capture an outward-facing (OF) open conformation—an otherwise transient state vulnerable to substrate re-entry. The ATP-bound pre-hydrolysis and vanadate-trapped states are conformationally equivalent; both comprise co-existing OF conformations with open and closed extracellular gates. By contrast, the post-hydrolysis states from the turnover experiment exhibit asymmetric ATP and ADP occlusion after phosphate release from the canonical site and display a progressive separation of the nucleotide-binding domains and unlocking of the intracellular gate. Our findings reveal that phosphate release, not ATP hydrolysis, triggers the return of the exporter to the IF conformation. By mapping the conformational landscape during active turnover, aided by mutational and chemical modulation of kinetic rates to trap the key intermediates, we resolved fundamental steps of the substrate translocation cycle of asymmetric ABC transporters.
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                    Fig. 1: The conformational space of TmrAB.[image: ]


Fig. 2: Conformational plasticity in IF conformations translates to substrate binding.[image: ]


Fig. 3: Nucleotide states in the sandwiched NBD dimer and opening of the intracellular gate.[image: ]


Fig. 4: Translocation cycle of the heterodimeric ABC exporter TmrAB.[image: ]
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                Data availability

              
              All nine three-dimensional cryo-EM density maps of the heterodimeric/asymmetric ABC transporter TmrAB in nanodiscs have been deposited in the Electron Microscopy Data Bank under accession numbers EMD-4773, EMD-4774, EMD-4775, EMD-4776, EMD-4777, EMD-4778, EMD-4779, EMD-4780 and EMD-4781 (see Extended Data Table 1). Atomic coordinates for the atomic models have been deposited in the Protein Data Bank under accession numbers 6RAF, 6RAG, 6RAH, 6RAI, 6RAJ, 6RAK, 6RAL, 6RAM and 6RAN. All other data are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Reconstitution of TmrAB in lipid nanodiscs.
a, SEC and SDS–PAGE (Coomassie) illustrating reconstitution of TmrAB in MSP1D1 nanodiscs. A Superdex 200 Increase 3.2/300 column was used. b, Isolation of the TmrAB–MSP–Nb complex for cryo-EM. A Shodex KW404-4F column was used. c, Time course of [γ-32P]ATP hydrolysis of detergent-solubilized and nanodisc-reconstituted wild-type TmrAB (TmrABWT) and TmrAEQB. d, ATPase activity of detergent-solubilized and nanodisc-embedded wild-type TmrAB and TmrAEQB (background corrected). TmrAEQB displays a markedly decreased ATPase activity in comparison to wild-type TmrAB. The mean ± s.d. is calculated on the basis of three different data points (time points in Fig. 1c).


Extended Data Fig. 2 TmrAB–nanobody interaction.
a, Expanded view of a representative negative-stain raw micrograph and 2D class averages of TmrAB–Nb complexes. In the 2D class averages, note the clear density for Nb9F10 bound to the intracellular side of TmrAB. The scale bar is 100 nm in the micrograph and 25 nm in the inset (magnified 4×). b, Peptide transport of TmrAB in proteoliposomes with and without addition of Nb9F10. Proteoliposomes were incubated with Nb9F10 (100 nM) for 15 min on ice and peptide import into proteoliposomes was subsequently followed for 8 min at 45 °C; mean ± s.d. from three experiments. c, d, Nb9F10 binds the apo (c) and vanadate-trapped (d) TmrAB. Data are normalized to apo TmrAB without Nb. A TSKgel G3000SWXL column was used. e, f, Nb9F10 forms a stable complex with NBD of TmrB (f), but not TmrA (e). To illustrate stoichiometric binding, data were normalized to the NBDTmrA chromatogram without Nb. A Superdex 200 Increase 3.2/300 column was used. g, Surface representation of TmrAB and Nb9F10, coloured as in Fig. 1. CDR2 and CDR3 are shown in orange and red, respectively. h, Close-up view of the TmrAB/Nb9F10 interface, coloured as in g. Polar interactions include a short β-sheet between the CDR3 loop and a β-strand of the NBD as well as several residues of CDR2, which are shown as sticks.


Extended Data Fig. 3 Cryo-EM densities and conformational distribution from all datasets.
a, Final maps from all datasets. In all cases, at least two conformations were observed, in accordance with the highly dynamic nature of the transporter. b, Particle distribution in each dataset. The first column represents the total number of particles after two rounds of 3D classification to remove false positives. At this stage, the main OF and IF conformations were already distinguishable (IF particles, orange; OF, blue; UR, teal; see also Extended Data Fig. 5); however, no safe assignment of the sub-conformation could be made. The second column represents the distribution of each specific conformation after further sub-classification. Colour code as in a (the two URasym conformations are coloured in light and dark green, poor-quality particles are grey). c, FSC curves for all maps in each dataset, along with the number of particles used during the final refinement.


Extended Data Fig. 4 Cryo-EM analysis of TmrAEQBATP-ADP.
a, Typical cryo-EM micrograph. Scale bars are 50 nm in the micrograph and 20 nm in the magnified view. b, Representative 2D class averages for each conformation observed in the dataset. c, FSC curves, generated in RELION-3, for all TmrAEQBATP-ADP maps. d, Angular assignment for each map. The height of individual cylinder bars is proportional to the number of particles in each view. The most frequent views are coloured in red. e, Local-resolution estimation for the four densities as estimated in CryoSPARC.


Extended Data Fig. 5 Image-processing workflow for TmrABturnover.
From 7,266 original motion-corrected movies, 6,937 micrographs—containing a signal better than 5 Å resolution (with the majority around 3.5 Å) as estimated by Gctf35—were used in processing. Four million particles were generously auto-picked in RELION-3 using 2D templates, extracted at a box size of 64 pixels with 4.3 Å per pixel and directly subjected to multi-model 3D classification to eliminate false positives. To speed up the calculations and overcome large memory demands, the stack was divided into two subsets—containing two million particles each—which were processed in parallel. All maps that reached 8.6 Å resolution (Nyquist for the binned data) were kept (orange) and the corresponding particles were re-centred, re-extracted at full pixel size and subjected to a second round of 3D classification (rejected maps are shown in grey). The selected IF (orange) and URasym (blue) particles were further subclassified. The resulting IFwide (light yellow), IFnarrow (yellow) and URasym (blue) particles were pooled and each conformation was refined separately. Particles were polished and ctf-refined as implemented in RELION-3, resulting in 4.4 Å, 4.1 Å and 3.6 Å maps, respectively. Despite the overall high quality of the obtained densities, visual inspection still revealed considerable anisotropy in the resulting volumes. We interpreted this as the result of remaining conformational variance and therefore re-classified the individual stacks to sort out conformational flexibility. To do this, the refined URasym particles were subjected to a fourth round of 3D classification with no alignment, which revealed two different URasym conformations. Both conformations were further refined using non-uniform refinement in CryoSPARC36, resulting in 3.5 Å and 3.8 Å resolution maps for URasym (green) and URasym∗ (light green), respectively. In parallel, IF particles were subjected to heterogenous refinement, followed by non-uniform refinement in CryoSPARC, which further improved the resolution to 3.8 and 4.2 Å for IFnarrow and IFwide, respectively. Colour code as in Extended Data Fig. 3. Processing workflows for all other datasets followed the same scheme with only minor modifications at the last steps of 3D classification.


Extended Data Fig. 6 Map quality.
To demonstrate the quality of each map, a selected region—spanning residues 213–235 of TmrA and 94–106 of TmrB—was extracted from each corresponding experimental map. All maps display clear side-chain densities, except for the IFwide map of the TmrABapo control, which is also the smallest dataset in size.


Extended Data Fig. 7 Conformation space of type I ABC exporters.
a–c, Conformation space of the cryo-EM structures from this study and previously published ABC tranporter structures is shown based on three parameters: the intracellular gate angle (IC angle), the extracellular gate angle (EC angle), and the distance between two nucleotide-binding domains (NBD distance). The electron microscopy structures obtained in this study are shown as blue circles, and previously published structures are shown as orange triangles. The clustering of structures in three major conformations (IF, OFopen and OFoccluded) is highlighted by dashed rectangles in a and b. The cryo-EM structures obtained in this study cover all main conformations. The new URasym conformations show the closest resemblance to OFoccluded. The IC angle is defined as the angle between two vectors: vector 1 between the centre of mass of the whole extracellular part of the TMD region and the centre of mass of the intracellular parts of TM1TmrA, TM2TmrA, TM3TmrA, TM6TmrA, TM4TmrB and TM5TmrB; and vector 2 between the centre of mass of the whole extracellular part of the TMD region and the centre of mass of the intracellular parts of TM1TmrB, TM2TmrB, TM3TmrB, TM6TmrB, TM4TmrA and TM5TmrA. The EC angle is defined as the angle between two vectors: vector 3 between the centres of mass of the NBDs and the extracellular parts TM1TrmA, TM2TrmA, TM3TrmB, TM4TrmB, TM5TrmB and TM6TrmB; and vector 4 between the centre of mass of the NBDs and of the extracellular parts TM1TmrB, TM2TmrB, TM3TmrA, TM4TmrA, TM5TmrA and TM6TmrA. The NBD distance is between the centres of mass of two NBDs (N-terminal loops and C-terminal helices were excluded). IF, IF conformation; O, OFopen conformation; C, OFoccluded conformation; Vi, TmrABATP-Vi; EQ, TmrAEQB. PDB IDs: PCAT, 4RY2 and 4S0F for the IF and OFoccluded conformations, respectively51; McjD, 4PL016; Pgp, 6C0V52; MsbA, 5TTP53; PglK, 5C7354; MRP, 6BHU55; Sav, 2ONJ18; TmrAB, 5MKK12; TM287 (TM287/288), 4Q4A56. d, Time-dependent IC angle in independent molecular dynamics simulations of IFwide and IFnarrow, with ATP/ATP, ADP/ATP and ADP/ADP in the canonical/non-canonical sites, respectively. Horizontal lines indicate the IC angles of the IFnarrow and IFwide structures.


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


Extended Data Table 2 Root mean square deviation of overall structure (blue, above diagonal) and TMD region (orange, below diagonal) in units of ÅFull size table





Supplementary information
Supplementary Figure 1
This file contains the gel source data and uncropped blots.


Reporting Summary

Video 1: Conformational space of TmrAB
Video representation of the distinct conformations of TmrAB, as determined by cryo-EM. The IF confromations display different degrees of intracellular gate opening. ATP-bound and vanadate-trapped states are equivalent and co-exist in OFopen and OFoccluded conformations. The asymmetric URasym and URasym∗ conformations display a progressive opening of the intracellular gate and represent a post-hydrolysis state on path to reset the transporter to the IF conformation. Data is represented as EM-densities and corresponding molelucar models. TmrA is colored in blue, TmrB in yellow and the nanobody in light grey.


Video 2: Conformational dynamics of TmrAB within the translocation cycle.
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