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            Abstract
Frontotemporal lobar degeneration (FTLD) is the third most common neurodegenerative condition after Alzheimerâ€™s and Parkinsonâ€™s diseases1. FTLD typically presents in 45 to 64 year olds with behavioural changes or progressive decline of language skills2. The subtype FTLD-TDP is characterized by certain clinical symptoms and pathological neuronal inclusions with TAR DNA-binding protein (TDP-43) immunoreactivity3. Here we extracted amyloid fibrils from brains of four patients representing four of the five FTLD-TDP subclasses, and determined their structures by cryo-electron microscopy. Unexpectedly, all amyloid fibrils examined were composed of a 135-residue carboxy-terminal fragment of transmembrane protein 106B (TMEM106B), a lysosomal membrane protein previously implicated as a genetic risk factor for FTLD-TDP4. In addition to TMEM106B fibrils, we detected abundant non-fibrillar aggregated TDP-43 by immunogold labelling. Our observations confirm that FTLD-TDP is associated with amyloid fibrils, and that the fibrils are formed by TMEM106B rather than TDP-43.
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                    Fig. 1: Characterization of TMEM106B and TDP-43 in FTLD-TDP brain extracts.[image: ]


Fig. 2: Cryo-EM structures of TMEM106B fibrils from FTLD-TDP donor 1.[image: ]


Fig. 3: The conserved golf-course-like fold of TMEM106B fibrils.[image: ]
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                Data availability

              
              Cryo-EM maps and atomic models of proteins from FTLD-TDP donor 1 have been deposited in the Protein Data Bank (PDB) and the Electron Microscopy Data Bank (EMDB) with accession codes 7SAQ and EMD-24953 for PM1, 7SAR and EMD-24954 for PM2, and 7SAS and EMD-24955 for PM3, respectively. Mass spectrometry data have been deposited to the ProteomeXchange Consortium via the MassIVE partner repository with the dataset identifier PXD029876. Any other relevant data are available from the corresponding author upon reasonable request.

            

Code availability

              
              Energetic calculations were performed using custom written software; the code is available at https://doi.org/10.5281/zenodo.6321286.
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Extended data figures and tables

Extended Data Fig. 1 Comparison of FTLD-TDP and non-FTLD-TDP donors.
a, Age distribution of FTLD-TDP donors (F, nâ€‰=â€‰40) and non-FTLD-TDP controls (N, nâ€‰=â€‰8). Donors with and without fibrils detected under negative stain EM are coloured black and blue, respectively. P-value of 0.53 (n.s., not significant) from an unpaired, two-tailed t-test suggests that the presence of fibrils is disease-dependent but not age-dependent. b, Western blots of sarkosyl-insoluble fractions from FTLD-TDP (F) and non-FTLD-TDP donors (N) probed by TMEM106B antibody. The ~35â€‰kDa TMEM106B-positive band was found in none of the non-FTLD-TDP donors (N5 shown in Fig. 1b as donor 5) and all of the FTLD-TDP donors except F35, F3, and F27. P-value of less than 0.0001 was obtained from an unpaired, two-tailed t-test comparing presence of the ~35kDa band (value of â€œ1â€� for present, â€œ0â€� for absent) in non-FTLD-TDP donors (0 out of 8, nâ€‰=â€‰8) and FTLD-TDP donors (22 out of 25, nâ€‰=â€‰25). Fibrils were not observed in F3 and F27 by negative stain EM, consistent with the western blot. Fibrils were observed in F35, which suggests that western blot may not always be accurate in detecting TMEM106B aggregation. Western blot membranes were prepared in parallel and exposed with equal time. The original, uncropped blots are shown in Supplementary Fig. 3.


Extended Data Fig. 2 Fibril screen of FTLD-TDP and non-FTLD-TDP donors by negative stain EM.
Negative stain EM images of sarkosyl-insoluble fractions from all donors. Scale bar 200â€‰nm. Donors 1â€“5 (F26, F36, F17, F40 and N5, respectively) are also shown in Fig. 1a. Fibrils with similar morphologies were found in all FTLD-TDP donors except F3 and F27. No fibrils were found in any non-FTLD-TDP donors. P-value of less than 0.0001 was obtained from an unpaired, two-tailed t-test comparing fibrils detected by EM (value of 1 for present, 0 for absent) in FTLD-TDP donors (38 out of 40, nâ€‰=â€‰40) and non-FTLD-TDP donors (0 out of 8, nâ€‰=â€‰8).


Extended Data Fig. 3 Neuropathological diagnosis of donors 1â€“4 as FTLD-TDP.
Immunohistochemistry staining using a phosphor-Ser409/410 TDP-43 antibody was performed for brain sections from donors 1â€“4. All four donors were confirmed to be FTLD-TDP cases, representing the 4 subtypes A to D, respectively. For all figures, scale bar 20â€‰Î¼m. a, b, c, Donor 1 is FTLD-TDP type C, with long, thick neurites (arrows in b) and 'Pick-body like NCI' in dentate fascia (c). d, e, f, Donor 2 is FTLD-TDP type B, displaying characteristic granular cytoplasmic NCI in cortex (d), hippocampus (e) and dentate fascia (f). g, h, i, Donor 3 is FTLD-TDP type A, exhibiting small dense neuronal cytoplasmic inclusions (NCI), sparse neuronal intranuclear inclusions (NII, arrow in g), and perivascular glial inclusions (arrow in h). j, k, l, Donor 4 is FTLD-TDP type D, shown by frequent NII (arrows in j, k and l) and small NCI and neurites. a, b, d, e, g, h, i, j, k, l are brain sections from the temporal cortex. c and f are brain sections from dentate fascia.


Extended Data Fig. 4 Cryo-EM data processing of amyloid fibrils from FTLD-TDP donors 1 to 4.
a, Representative micrographs of PM1-3 from FTLD-TDP donor 1. Scale bar 500 Ã…. b, Representative 2D classes of PM1-3 from FTLD-TDP donors 1 to 4. 2D classes are stitched together to show a full cross-over of each morphology. c, 3D reconstructions of PM1-3 from the four FTLD-TDP donors. d, Distributions of the three fibril polymorphs in the four FTLD-TDP donors.


Extended Data Fig. 5 Cryo-EM maps and FSC curves of FTLD-TDP donor 1.
a, Views of the cryo-EM maps from FTLD-TDP donor 1 with five layers shown. b, FSC curves between two half-maps (left) and the cryo-EM reconstruction and refined atomic model (middle) of each polymorph PM1 (blue), PM2 (green), and PM3 (pink). FSC curves between cryo-EM reconstruction and the query model (red, Direction 1 chain of Extended Data Fig. 5a) and the atomic model of PM1 from FTLD-TDP donor 1 (blue) are compared on the right.


Extended Data Fig. 6 Cryo-EM maps of TMEM106B fibrils from FTLD-TDP donors 1 to 4.
The models of PM1-3 from donor 1 were rigid body fitted into the maps of PM1-3 from donors 2 to 4. These cryo-EM structures reveal thatÂ the polymorphs from all four donors share the same protofilament fold. Two subtypes of PM2 are exhibited by donors 1 and 4 (light green) and donors 2 and 3 (dark green), respectively.


Extended Data Fig. 7 Identification of the TMEM106B molecule byÂ atomic model building.
a, AtomicÂ model building flowchart for PM1 of FTLD-TDP donor 1. In the sequence alignment (bottom right), lines indicate identical residues and two dots indicate similar residues. b, Comparison of query model (Direction 1 chain, orange) with final model built with TMEM106B sequence (blue). Four representative regions of the cryo-EM map are shown. Residues that show clear differences in side chain density fitting are labelled in both models.


Extended Data Fig. 8 Evidence of glycosylation and genetic polymorphism in maps of TMEM106B fibrils.
a, Three-dimensional reconstructions of PM1-3 from FTLD-TDP donor 1. White arrows point to the four glycosylation sites within the fibril core. Red arrows point to the residual densities outside the fibril core in PM1 and PM3, which may correspond to the binding of the same undefined, negativelyÂ charged ligand present in the PM2 dimer interface (Extended Data Fig. 9). b, Maps and models of the four glycosylation sites with or without the sugar group in PM1 (left), PM2 (middle), and PM3 (right) from FTLD-TDP donor 1. c, Position of Thr/Ser185 genetic polymorphismÂ in the conserved fibril fold (left) and the map and model of the Thr/Ser185 environment (right, represented by PM1 from donor 1).


Extended Data Fig. 9 Diverse dimer interfaces of PM2 and PM3 of TMEM106B fibrils.
a, Dimer arrangements of PM2 and PM3 from FTLD-TDP donors 1 to 4. PM2 and PM3 from all donors are aligned at chain A (grey, represented by PM2 of donor 1). Chain B of PM2 (light green for donors 1 and 4, dark green for donors 2 and 3) and PM3 (pink) from each donor is shown. Residual densities in the PM2 dimer interfaces are shown as green ovals. The dimer arrangement of PM3 is consistent among all donors, whereas there are two subtypes of dimer arrangements for PM2. b, Atomic model and the residual density in the dimer interface of donor 1 (left, represents donors 1 and 4) or donor 2 (right, represents donors 2 and 3). In donors 1 and 4, Arg180 from each protofilament is on the opposite sides of an extra density in the middle of the PM2 dimer interface; in donors 2 and 3, the dimer interface is shifted to Lys178. Although two slightly different dimer interfaces were observed, we consider PM2 in all four FTLD-TDP donors to be the same morphology because of the similarity in dimer formation (see Discussion). c, Comparison of the residues near the PM3 interface (far left) from PM1 (blue), PM2 (green), PM3 (pink), and the superimposition of those residues from PM1-3 (far right). PM1-3 are all represented by FTLD-TDP donor 1.


Extended Data Fig. 10 Detection of TMEM106B peptides by mass spectrometry.
a, Sequence map of TMEM106B. Sequences in red indicate unique peptides detected by LC-MS/MS from excised gel bands. b, Fragmentation spectra (MS/MS) of detected peptides from TMEM106B. Detected fragment ions (b, y, and immonium ions) are labelled accordingly. The peptide modifications methionine oxidation (OX) and cysteine carbamidomethylation (CA) were observed. SDS-PAGE gel of sarkosyl-insoluble fraction of donor 1 shown as an insert. Box indicates the gel region, which corresponds to the ~35kDa band from the TMEM106B western blot (Fig. 1b), excised for LC-MS/MS analyses.


Extended Data Table 1 Demographics and inclusion properties for all FTLD-TDP and non-FTLD-TDP donorsFull size table


Extended Data Table 2 Cryo-EM data collection and processing statistics of FTLD-TDP donors 2â€“4Full size table


Extended Data Table 3 TMEM106B peptides identified by mass spectrometryFull size table


Extended Data Table 4 BLAST search resultsFull size table
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