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            Abstract
The peptide-loading complex (PLC) is a transient, multisubunit membrane complex in the endoplasmic reticulum that is essential for establishing a hierarchical immune response. The PLC coordinates peptide translocation into the endoplasmic reticulum with loading and editing of major histocompatibility complex class I (MHC-I) molecules. After final proofreading in the PLC, stable peptide–MHC-I complexes are released to the cell surface to evoke a T-cell response against infected or malignant cells1,2. Sampling of different MHC-I allomorphs requires the precise coordination of seven different subunits in a single macromolecular assembly, including the transporter associated with antigen processing (TAP1 and TAP2, jointly referred to as TAP), the oxidoreductase ERp57, the MHC-I heterodimer, and the chaperones tapasin and calreticulin3,4. The molecular organization of and mechanistic events that take place in the PLC are unknown owing to the heterogeneous composition and intrinsically dynamic nature of the complex. Here, we isolate human PLC from Burkitt’s lymphoma cells using an engineered viral inhibitor as bait and determine the structure of native PLC by electron cryo-microscopy. Two endoplasmic reticulum-resident editing modules composed of tapasin, calreticulin, ERp57, and MHC-I are centred around TAP in a pseudo-symmetric orientation. A multivalent chaperone network within and across the editing modules establishes the proofreading function at two lateral binding platforms for MHC-I molecules. The lectin-like domain of calreticulin senses the MHC-I glycan, whereas the P domain reaches over the MHC-I peptide-binding pocket towards ERp57. This arrangement allows tapasin to facilitate peptide editing by clamping MHC-I. The translocation pathway of TAP opens out into a large endoplasmic reticulum lumenal cavity, confined by the membrane entry points of tapasin and MHC-I. Two lateral windows channel the antigenic peptides to MHC-I. Structures of PLC captured at distinct assembly states provide mechanistic insight into the recruitment and release of MHC-I. Our work defines the molecular symbiosis of an ABC transporter and an endoplasmic reticulum chaperone network in MHC-I assembly and provides insight into the onset of the adaptive immune response.
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                    Figure 1: Composition and architecture of the human PLC.[image: ]


Figure 2: Overall structural organization of the PLC editing modules.[image: ]


Figure 3: Molecular contacts within the editing module.[image: ]


Figure 4: Model for assembly and disassembly of the PLC.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Functional arrest of endogenous PLC by ICP47–SBP and biochemical analyses of purified human PLC.
a, Design of ICP47–SBP. Full-length ICP47 was C-terminally fused to a glycine/serine (G/S) linker and a streptavidin-binding peptide (SBP). b, Single-cell-based peptide translocation assay. Burkitt’s lymphoma cells were semi-permeabilized with streptolysin O and incubated with fluorescent peptide RRYQNSTC(AF647)L (NST-AF647, 30 nM). Peptide translocation was carried out at 37 °C for 15 min in the presence of ATP or ADP (10 mM each) and with or without ICP47–SBP (5 μM). Peptide translocation was stopped by EDTA (20 mM) and analysed by flow cytometry. c, Histograms of the single-cell events (660-nm channel) demonstrate the inhibition of ATP-dependent translocation of antigenic peptides by ICP47–SBP (solid line, ATP; grey filled, ADP). Data are representative of two independent experiments. d, Summary of single-cell events indicated by mean fluorescence intensity (MFI), mean ± s.d. (n = 4). e, PLC subunits were analysed by SDS–PAGE and subsequent immunoblotting of the indicated proteins. f, PLC was treated by EndoH or PNGaseF and analysed by SDS–PAGE (Coomassie). Band shifts are indicated by short lines. Asterisk, nonspecific band. g, PLC was incubated with increasing amounts of the respective antibodies and antibody shifts were visualized by native PAGE and immunoblotting. The asterisk indicates formation of higher oligomeric states of the PLC observed only with the anti-tapasin antibody. Images shown are representative of five independent experiments.


Extended Data Figure 2 Direct comparison of negatively stained PLC particles.
The individual particles (expanded views of the representative micrographs) and 2D class averages of native PLC without any treatment (a) and prepared by GraFix (b) display the same architecture, confirming that the cross-linking procedure did not affect the organization of the whole particle. The scale bar is 100 nm in the micrograph and 25 nm in the 2D averages; inset is magnified 4×.


Extended Data Figure 3 Cryo-EM analysis of the human PLC.
a, Representative micrograph and 2D class averages. Scale bars, 50 nm in the micrograph and 10 nm in 2D class averages. Various views of the individual particles are readily discernable in the raw image. In the 2D class averages, note the clear densities for the ER-lumenal domain and the blurred signal for TAP. b, Angular assignment of the final dataset. The occurrence of multiple individual views, which are well spread over the entire sphere, displays an almost random orientation of the PLC in the sample. Individual cylinder bars are proportional in height to the number of particles in each view. The most frequent views are coloured red and the least common ones blue. c, Fourier shell correlation (FSC) curve of unfiltered reconstructions from two independently refined half datasets of the full PLC, generated by post-processing in Relion, displays 9.9 Å resolution as judged from the 0.143 threshold. d, FSC curves for the pseudo-C2 symmetric editing modules and the single module generated in Frealign show resolutions of 7.2 Å and 5.8 Å, respectively.


Extended Data Figure 4 Processing work flow.
The full dataset was directly submitted to multimodel classification in 3D. Particles from the two best classes were merged into a single stack and refined together as a consensus map. This dataset was further subjected to multimodel refinement (left branch), which led to the identification of different PLC assemblies. For high-resolution structure determination, a single editing module was extracted computationally from the consensus map and further refined individually (dotted lines indicate the use of the Frealign software package, whereas the solid lines represent processing in Relion).


Extended Data Figure 5 Individual subunits of the PLC editing module.
a–e, Individual segments of the single PLC editing module highlight the quality of the fit in the EM density. For each segment, the experimental map, the corresponding low-pass filtered version of the atomic model, the actual atomic model, and its fit into the experimental map are shown side by side in two different views to emphasize the consistency of the domain-based docking. f, The multi-model 3D classification, focused on a single editing module, emphasizes the flexibility of calreticulin (yellow). Whereas tapasin, ERp57, and the MHC-I heterodimer display the same relative position in all classes, calreticulin shows a substantial shift in its position, indicating high flexibility.


Extended Data Figure 6 Two opposing tapasin molecules shape the central scaffold.
a, E225 of the N-terminal immunoglobulin-like domain of one molecule and R60 located in the short helical motif of the seven-stranded N-terminal β barrel of the second molecule are in salt-bridge distance. b, Multiple sequence alignment (MAFFT; https://mafft.cbrc.jp/alignment/software/) of tapasin orthologues from human, bovine, rat, mouse, fish, and chicken. Conserved Arg and Glu residues forming the salt bridges are indicated (asterisks). c, Multiple sequence alignment (MAFFT) of different human HLA-A/B/C allomorphs. Conserved Thr and Gln residues in the α3 domain are indicated (asterisks). Numbering is according to UniProt, including signal sequences.


Extended Data Figure 7 Cross-linking network.
a, ICP47–SBP-purified PLC was cross-linked with BS3 and applied to in-gel or in-solution digestion before LC–MS/MS analysis (duplicates for in-gel digestion and single in-solution). Bands used for in-gel digestion are indicated. A representative gel is shown. b, Intra- and inter-cross link network (xVis60).


Extended Data Table 1 EM data collection statisticsFull size table


Extended Data Table 2 Overview of protein identificationFull size table


Extended Data Table 3 Inter- and intramolecular cross-links in the PLCFull size table
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        Editorial Summary
Structure of a peptide loader
The peptide-loading complex (PLC) is a dynamic membrane complex in the endoplasmic reticulum that regulates the transport and loading of antigenic peptides onto major histocompatibility complex class I (MHC-I) molecules. As such, this complex has a key role in important adaptive immune responses to infections and tumour progression. Here, Robert Tampé and colleagues report the structure of the human PLC by electron cryo-microscopy. The editing modules of the complex are centred around the TAP transporter, which delivers the peptides from the cytosol, and peptide loading appears to induce changes in the structure of MHC-I, releasing the stable peptide/MHC-I complexes from the PLC. This provides glimpses into the mechanism of the PLC, antigen processing and the onset of MHC-I-mediated immunity.
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