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            Abstract
Aberrant cleavage of Notch by γ-secretase leads to several types of cancer, but how γ-secretase recognizes its substrate remains unknown. Here we report the cryo-electron microscopy structure of human γ-secretase in complex with a Notch fragment at a resolution of 2.7 Å. The transmembrane helix of Notch is surrounded by three transmembrane domains of PS1, and the carboxyl-terminal β-strand of the Notch fragment forms a β-sheet with two substrate-induced β-strands of PS1 on the intracellular side. Formation of the hybrid β-sheet is essential for substrate cleavage, which occurs at the carboxyl-terminal end of the Notch transmembrane helix. PS1 undergoes pronounced conformational rearrangement upon substrate binding. These features reveal the structural basis of Notch recognition and have implications for the recruitment of the amyloid precursor protein by γ-secretase.
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                    Fig. 1: Cryo-EM structure of human γ-secretase in complex with Notch-100.[image: ]


Fig. 2: Recognition of Notch-100 by human γ-secretase.[image: ]


Fig. 3: Major conformational rearrangements of PS1 upon substrate binding.[image: ]


Fig. 4: Implications on APP-C99 recognition by γ-secretase.[image: ]


Fig. 5: A proposed model of substrate recognition and cleavage.[image: ]
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                Data availability

              
              The cryo-EM maps of the structure of human γ-secretase crosslinked to Notch-100 have been deposited in the Electron Microscopy Data Bank (EMDB) with accession code EMD-9648. The atomic coordinates for the corresponding model has been deposited in the Protein Data Bank (PDB) under accession code 6IDF.
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Extended data figures and tables

Extended Data Fig. 1 Discovery of an optimal crosslinking site between PS1 and Notch-100 for formation of a stable γ-secretase–Notch complex.
a, A schematic diagram of the screening procedure for an optimal crosslinking site between human γ-secretase and Notch-100. Sixteen γ-secretase variants were generated and tested for their crosslinking efficiencies. In each variant, a specific residue from Gly111-Gln112-Leu113-Ile114 of PS1 and a specific residue from Pro1728-Pro1729-Pro1730-Pro1731 of Notch were mutated to Cys. b, Examination of crosslinking efficiency by western blot analysis. In the absence of the reducing agent DTT, the intensity ratio of the crosslinked band (PS1-NTF + Notch-100) over PS1 was estimated to reflect the crosslinking efficiency. Q112C (in PS1) and P1728C (in Notch-100) were selected as the optimal crosslinking sites. c, PS1(Q112C) does not have a pronounced effect on the cleavage of Notch-100 by human γ-secretase. The amount of NICD generated by γ-secretase with PS1(Q112C) is similar to that produced by wild-type γ-secretase. d, The presence of an methionine residue at the amino terminus of Notch-100 does not have a pronounced effect on its cleavage efficiency by γ-secretase. e, The substrate Notch-100 is crosslinked to PS1 of human γ-secretase through an engineered disulfide bond. This disulfide bond involves two mutations on the extracellular side: PS1(Q112C) and Notch(P1728C). The enzyme–substrate complex was purified by affinity chromatography and gel filtration (see Methods). f, The purified γ-secretase–Notch-100 complex was visualized by SDS–PAGE with Coomassie staining. The crosslinked complex between PS1-NTF and Notch-100 can be reduced by DTT in vitro, generating free PS1-NTF. g, Analysis of the γ-secretase–Notch-100 complex by gel filtration. A representative chromatogram is shown (top), and the peak fractions were visualized by SDS–PAGE and Coomassie staining (bottom). PS1-NTF had been mostly crosslinked to Notch-100. Purification trials were repeated two times.


Extended Data Fig. 2 A flowchart for cryo-EM data processing.
The final average resolution for the entire human γ-secretase–Notch-100 complex is estimated to be 2.7 Å. For details, please refer to the Methods.


Extended Data Fig. 3 Cryo-EM analysis of the complex of human γ-secretase and Notch-100.
a, FSC curve for the 3D reconstruction of the cryo-EM map. The average resolution is estimated to be 2.7 Å on the basis of the FSC value of 0.143. b, Angular distribution of the particles used for reconstruction of the γ-secretase–Notch complex. Each cylinder represents one view and the height of the cylinder is proportional to the number of particles for that view. c, FSC curves of the refined model versus the overall 2.7 Å map that it was refined against (black); of the model refined in the first of the two independent maps used for the FSC calculation versus that same map (red); and of the model refined in the first of the two independent maps versus the second independent map (green). The small difference between the red and green curves indicates that the refinement of the atomic coordinates did not suffer from overfitting. d, Colour-coded local resolution distribution in Å of the final reconstruction as estimated by RELION-2.052.


Extended Data Fig. 4 Local cryo-EM density maps for representative regions of the γ-secretase–Notch-100 complex.
a, The local cryo-EM density maps for all nine transmembrane helices of PS1. The density for the side chains of TM2 is of sufficient quality for assignment of specific amino acids. TM6 is broken into two helices connected by a rigid coil. The sequences preceding TM7 form a β-strand in the presence of the substrate Notch-100. The contour level of the cryo-EM density for TM2 and TM6 of PS1 is 5σ. b, The local cryo-EM density maps for all seven transmembrane helices of APH-1. c, The local cryo-EM density map for the transmembrane helix of Notch-100. The cryo-EM density for the connecting loop of the transmembrane helix and the amino terminus is weak (left, 2.7 Å map, contour level 5σ), but can be improved by further classification and refinement (right, 3.3 Å map, contour level 8σ, map refers to Extended Data Fig. 8). d, The local cryo-EM density maps for the only transmembrane helix and three selected regions of NCT. e, The local cryo-EM density maps for the three transmembrane helices of PEN-2. The contour level of the cryo-EM density is 8σ, except where specifically stated in a and c.


Extended Data Fig. 5 Overall structure of the complex of human γ-secretase and Notch-100.
a, Overall structure of human γ-secretase bound to Notch-100. The structure is shown either in cartoon (cylindrical helices, top) or in surface (bottom). Glycans and lipids are displayed as sticks. Four perpendicular views are shown. b, The human γ-secretase–Notch-100 complex is represented by electrostatic surface potential. The four views are identical to those in a.


Extended Data Fig. 6 Local cryo-EM density maps for key structural elements.
a, The local cryo-EM density map for TM6 of PS1. b, The local cryo-EM density map for the anti-parallel β-sheet. This β-sheet is formed by two β-strands from loop 2 of PS1 and one β-strand from Notch-100. c, The local cryo-EM density map for the amino terminus of Notch-100. At this interface, Gln1722 of Notch-100 may directly interact with Trp653 of NCT. The contour level of the cryo-EM density is 5σ for a and b and 6σ for c.


Extended Data Fig. 7 Phospholipids in the γ-secretase–Notch-100 complex.
a, The transmembrane region of the γ-secretase–Notch-100 complex is surrounded by co-purified lipid molecules (in gold). Shown here is the cryo-EM density map. b, The local cryo-EM density maps for two phosphatidylcholines (PC, top) and two cholesterols (bottom). The contour level of the cryo-EM density for the lipids is 4σ. c, A phosphatidylcholine molecule appears to stabilize the interface between PS1 and PEN-2. d, A phosphatidylcholine molecule is bound adjacent to TM2, TM6 and TM9 of PS1. e, Three cholesterol molecules are bound on the transmembrane region of APH-1 and appear to stabilize its structure. f, A close-up view of a cholesterol molecule bound between TM3 and TM6 of APH-1. g, A close-up view of a cholesterol molecule bound between TM6 and TM7 of APH-1. h, A close-up view of a cholesterol molecule at the interface between APH-1 and the transmembrane helix of NCT. Notably, all three cholesterols shown in f, g and h are in close contact with aromatic residues.


Extended Data Fig. 8 Cryo-EM analysis of the extracellular loop of Notch-100.
a, A schematic diagram of the procedure designed to improve the local cryo-EM density map of Notch-100. b, The cryo-EM density of the Notch-100 extracellular loop in the low-pass filtered map (low-pass filtered to 4 Å, coloured orange, left). In the cut-through section of the map (right), a continuous density can be clearly seen to connect the transmembrane helix and the density lobe near NCT. c, The local cryo-EM density map of the extracellular loop of Notch-100 after local mask application and refinement. d, Colour-coded resolution distribution of the local cryo-EM density map as estimated by RELION-2.0. The local resolution for the extracellular loop is around 3.5 Å. e, The FSC curve for the 3D reconstruction of the cryo-EM map with improved local resolution for the extracellular loop of Notch-100. The average resolution is estimated to be 3.3 Å on the basis of the FSC value of 0.143. f, The local cryo-EM density map for the extracellular loop of Notch-100 (the contour level is 8σ). g, The local cryo-EM density map for the crosslinking site between PS1 loop 1 and the extracellular loop of Notch-100 (the contour level is 6σ).


Extended Data Fig. 9 Substrate entry by lateral diffusion is most likely between TM2 and TM6 of PS1.
Shown here are three views of PS1 bound to Notch-100. The red arrows indicate potential routes for substrate entry; but these routes suffer from insurmountable physical restraints that do not allow substrate passage. The orange arrow indicates the only viable route of substrate entry by lateral diffusion.


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