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            Abstract
Vertebrates use the mannose 6-phosphate (M6P)-recognition system to deliver lysosomal hydrolases to lysosomes. Key to this pathway is N-acetylglucosamine (GlcNAc)-1-phosphotransferase (PTase) that selectively adds GlcNAc-phosphate (P) to mannose residues of hydrolases. Human PTase is an α2β2γ2 heterohexamer with a catalytic core and several peripheral domains that recognize and bind substrates. Here we report a cryo-EM structure of the catalytic core of human PTase and the identification of a hockey stick-like motif that controls activation of the enzyme. Movement of this motif out of the catalytic pocket is associated with a rearrangement of part of the peripheral domains that unblocks hydrolase glycan access to the catalytic site, thereby activating PTase. We propose that PTase fluctuates between inactive and active states in solution, and selective substrate binding of a lysosomal hydrolase through its protein-binding determinant to PTase locks the enzyme in the active state to permit glycan phosphorylation. This mechanism would help ensure that only N-linked glycans of lysosomal enzymes are phosphorylated.
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                    Fig. 1: Structure of the catalytic core of human PTase α2β2.[image: ]


Fig. 2: The catalytic core structure of PTase.[image: ]


Fig. 3: The catalytic pocket and the auto-inhibited motif of PTase.[image: ]


Fig. 4: Proposed catalytical model.[image: ]
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                Data availability

              
              The 3D cryo-EM maps of the human PTase catalytic core in the active (3.1 Å) and auto-inhibited (3.3 Å) state have been deposited in the EMDB under accession codes 24784 and 24785, respectively. The atomic model based on the two 3D maps has been deposited in the PDB under accession codes 7S05 and 7S06, respectively. Source data are provided with this paper.
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Extended data

Extended Data Fig. 1 Workflow for cryo-EM structure determination.
a) A typical raw micrograph. A total of 13,320 micrographs were recorded. b) Workflow of cryo-EM data processing. c) Selected 2D averages out of a total of 34 class averages. d, g) Gold-standard Fourier shell correlations; e, h) Eulerian angle distribution of particles used for 3D reconstruction. f, i) Local resolution maps in the active and autoinhibited states.


Extended Data Fig. 2 Cryo-EM 3D map of the core region of the human PTase.
Top and bottom views of the density map with the NTE, CR1-4, EF hand, S4, CTE, and the two resolved helices in S1 and S3 in subunit A colored in blue, magenta, olive drab, yellow, dark orange, purple, wheat, pink, and gray, respectively. Subunit B is in cyan.


Extended Data Fig. 3 EM density superimposed with the atomic model.
a) EM density selected from each main region. b) EM densities for four of the five identified N-glycans. The density for other N-glycan on Asn-83 is shown in the first panel of (a). c) EM density of the autoinhibitory hockey-stick motif, which is the first α-helix of S3 domain (S3-H1).


Extended Data Fig. 4 Topology of PTase αβ monomer.
a) Monomer structure in cartoon with the three main regions highlighted in circles. b) Topological plot of the secondary structures. The three main regions are included in dashed shapes. Shown are the NTE, the large lobe, and the small lobe of a PTase monomer. NTE, CR1-4, EF hand, S4, and CTE are colored in blue, magenta, olive drab, yellow, dark orange, and purple, wheat, pink, respectively.


Extended Data Fig. 5 Effect of dimerization and interface mutations on PTase activity.
a) Immunofluorescence microscopy of transfected HeLa cells showing Golgi localization of WT PTase and the C70S mutant. b) Effect of C70S on the ability of PTase ΔS1-S3 to form a non-covalent dimer, as assessed by co-immunoprecipitation. Cell lysates from HEK 293 cells transfected with the indicated plasmids were immunoprecipitated with an anti-V5 rabbit monoclonal antibody, and the pellet fractions (10% loaded) were immunoblotted with an anti-FLAG mouse monoclonal antibody. For the input, only the immunoblot probed with the anti-FLAG antibody is shown here. The expression of ΔS1-S3-V5 in the input was ascertained by probing a separate blot with the anti-V5 rabbit monoclonal antibody (not shown). c) Effect of C70S on the ΔS1-S3 α-methylmannoside activity. For the activity assay, ΔS1-S3 and ΔS1-S3(C70S) were expressed in HEK 293 cells. The data shown are the mean of 2 independent experiments. d) Immunofluorescence microscopy of transfected HeLa cells shows the various interface mutants to be localized to the Golgi similar to WT PTase. e) Immunoblot of WT PTase and the interface mutants expressed in GNPTAB−/− HeLa cells, and probed with a monoclonal antibody against the V5 tag. 25 µg of each cell lysate was loaded. f) α-methylmannoside activity of WT PTase and the interphase mutants expressed in GNPTAB−/− HeLa cells. The data shown are the mean ± SD for 3 independent experiments. Uncropped images for b,e and data for graphs in c,f are available as source data.
Source data


Extended Data Fig. 6 Effects of mutations in the dimer interface at the EF hand and CR4 region.
a) Immunoblot of WT PTase, D1018V, L1025S and L1033P expressed in GNPTAB−/− HeLa cells and probed with a monoclonal antibody against the V5 tag. 25 µg of each cell lysate was loaded. b) Immunofluorescence microscopy of transfected HeLa cells shows the R1028A, R1031A, and R1028A/R1031A mutants to be localized to the Golgi similar to WT PTase. c) Immunoblot of WT PTase, R1028A, R1031A, and R1028A/R1031A expressed in GNPTAB−/− HeLa cells and probed with a monoclonal antibody against the V5 tag. 25 µg of each cell lysate was loaded. d) α-methylmannoside activity of WT PTase, R1028A, R1031A, and R1028A/R1031A expressed in GNPTAB−/− HeLa cells. The data shown are the mean ± SD for 3 independent experiments. Uncropped images for a,c and data for graph in d are available as source data.
Source data


Extended Data Fig. 7 Effects of catalytic site mutations.
a) Immunofluorescence microscopy of transfected HeLa cells shows the N406A and D408A mutants to be localized to the Golgi similar to WT PTase. b) Immunoblot of WT PTase, N406A and D408A expressed in GNPTAB−/− HeLa cells and probed with a monoclonal antibody against the V5 tag. 25 µg of each cell lysate was loaded. c) α-methylmannoside activity of WT PTase, N406A and D408A expressed in GNPTAB−/− HeLa cells. The data shown are the mean ± SD for 2 independent experiments. Uncropped images for b and data for graph in c are available as source data.
Source data


Extended Data Fig. 8 The S1 domain structure.
a) Sub domain organization of the human PTase S1 domain. S1-H1 is the first α-helix resolved in this study upstream of the S1 core. Structure in the dash rectangle, is currently unknown. b) Two orthogonal cartoon views of the S1 core structure solved previously by the Kurt Wuthrich lab and Joint Center for Structural Genomics using NMR method (PDB ID 2N6D). The S1 core has a saddle-like shape with a pseudo 2-fold symmetry. Each subdomain contains three α-helices and four β-strands and the two subdomains are connected by a bridge of two β-strands. c-d) The S1 core docked into the cryo-EM map of the S1 region in the autoinhibited (c) and active state (d).


Extended Data Fig. 9 Mutations mapped on the core structure of PTase.
a) Reported human disease related mutations (Velho et al. Hum Mutat 2019, 40, 842-864). b) Mutations examined in this study. Amino acid identity is labeled only for one of the two protomers.





Supplementary information
Supplementary Information
Supplementary Fig. 1 and Table 1


Reporting Summary

Supplementary Video 1
Dynamics in the PTase core region near the catalytic pocket. The video first shows a rotation of the 3D map of the core region in the auto-inhibited state superimposed with the atomic model and then zooms into the catalytic site. Next, the scene changes to 3DVA analysis results, which are composed of 20 3D frames (maps) revealing EM density changes as the structure transitions from the auto-inhibited state to the active state.


Supplementary Video 2
Dynamics in the PTase α2β2 complex. A low-resolution 3DVA analysis of the full structure, revealing large-scale movement in the S1 and N1–S3 regions as the structure transitions from the auto-inhibited state to the active state.





Source data
Source Data Fig. 2
Unprocessed western blots for Fig. 2c and statistical source data for Fig. 2d,g.


Source Data Fig. 3
Unprocessed western blots and statistical source data for Fig. 3e.


Source Data Extended Data Fig. 5
Unprocessed western blots for Fig. 5b,e and statistical source data for Fig. 5c,f.


Source Data Extended Data Fig. 6
Unprocessed western blots for Fig. 6a,c and statistical source data for Fig. 6d.


Source Data Extended Data Fig. 7
Unprocessed western blots for Fig. 7b and statistical source data for Fig. 7c.
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