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            Abstract
Nuclear pore complexes are fundamental components of all eukaryotic cells that mediate nucleocytoplasmic exchange. Determining their 110-megadalton structure imposes a formidable challenge and requires in situ structural biology approaches. Of approximately 30 nucleoporins (Nups), 15 are structured and form the Y and inner-ring complexes. These two major scaffolding modules assemble in multiple copies into an eight-fold rotationally symmetric structure that fuses the inner and outer nuclear membranes to form a central channel of ~60 nm in diameter1. The scaffold is decorated with transport-channel Nups that often contain phenylalanine-repeat sequences and mediate the interaction with cargo complexes. Although the architectural arrangement of parts of the Y complex has been elucidated, it is unclear how exactly it oligomerizes in situ. Here we combine cryo-electron tomography with mass spectrometry, biochemical analysis, perturbation experiments and structural modelling to generate, to our knowledge, the most comprehensive architectural model of the human nuclear pore complex to date. Our data suggest previously unknown protein interfaces across Y complexes and to inner-ring complex members. We show that the transport-channel Nup358 (also known as Ranbp2) has a previously unanticipated role in Y-complex oligomerization. Our findings blur the established boundaries between scaffold and transport-channel Nups. We conclude that, similar to coated vesicles, several copies of the same structural building blockâ€”although compositionally identicalâ€”engage in different local sets of interactions and conformations.
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                    Figure 1: Tomographic map of the human NPC.[image: ]


Figure 2: Nup358 complex stabilizes the CR.[image: ]


Figure 3: Scaffold architecture of the human NPC.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Tomographic map of the human NPC.
a, Orthoslices through the nucleocytoplasmic axis, CR, IR and NR of a tomographic structure of the human NPC obtained using a direct electron detector (this study) compared to a structure obtained with a conventional detector using a similar experimental workflow (Electron Microscopy Database accession number EMD-2444). In both cases, the CR, IR and NR were aligned independently. The arrowhead indicates a transmembrane domain that is resolved in the IR. b, Fourier shell correlation curves of the CR, IR and NR regions. c, Histogram corresponding to the colour-coded local resolution map shown in d that was calculated using ResMap41. d, A single segment of the NR ring is shown (in all other figures the segments are shown jointly with their anterior and/or posterior asymmetric unit) at two different isosurface thresholds. The redundant density of the outer Nup43 Î²-propeller (horizontal arrowhead) and the Nup133 middle domain (vertical arrowhead) of two neighbouring asymmetric units are indicated for orientation. The reduced resolution at the edges is due to the border of the mask used during alignment and averaging that covered about 1.5 times the asymmetric unit.


Extended Data Figure 2 B-factor correction.
X-ray structures filtered to the overall resolution of the tomographic map were compared to tomographic maps corrected with different B-factors to choose an appropriate B-factor. a, X-ray structure of Nup107â€“Nup96â€“Sec13 (top), filtered to 23 Ã… (below) as compared to respective regions of the outer vertex corrected with B-factors ranging from 2,000â€“9,000 Ã…2. b, B-factors of 6,000â€“8,000 Ã…2 most realistically resemble features of the X-ray structures. Three regions of the tomographic map are superimposed with the respective X-ray structures at B-factors of 6,000 Ã…2 in comparison to 8,000 Ã…2. In these well-resolved regions, additional features such as more detailed shapes of Î²-propellers or the Nup107 finger domain (see also Fig. 2a, b and Extended Data Fig. 4e) are apparent at 8,000 Ã…2. Owing to local deviations in resolution (Extended Data Fig. 1c, d) a more conservative B-factor of 6,000 Ã…2 was chosen to correct the averages. Asterisks indicate structures that can be unambiguously positioned but have some uncertainty in their orientation, that is the Nup85 carboxy-terminal domain (CTD). c, Systematic fitting of the X-ray structure of Nup107â€“Nup96â€“Sec13 into the tomographic map as shown in Extended Data Fig. 7a but at different B-factors. Adjusted P values are shown ranked; the four true positive hits are shown in red in the inset. The latter are consistently identified as top hits, except when a B-factor of 9,000 Ã…2 is used.


Extended Data Figure 3 Comparison of hybrid model of the Y complex to the X-ray structure of the vertex region10.
The hybrid model of the Y complex (NR) shown on the left side was generated independently from the coordinates X-ray structure of the vertex shown on the right side. The structures of Y complex members were fitted into the tomographic map based on spatial restraints and complementary information (see Supplementary Table 1 for details). The outer and inner Y complexes/vertices are shown separately on the top and the bottom. The molecular weight of one human Y complex is approximately 1 MDa, the majority of which is structured. Asterisks indicate structures that can be unambiguously positioned but have some uncertainty in their orientation. Those are the Î²-propellers of Elys and Nup133 as well as Nup85-CTD.


Extended Data Figure 4 The inner and outer Y complexes have distinct conformations and engage in locally specific sets of interactions.
a, Arrangement of the inner and outer Y complex as seen from above. X-ray structures were filtered to 2.3 nm resolution and coloured by protein. Positions of the five interfaces between Y complexes are indicated. b, The inner and outer copies of Nup160 assume the same normal vector with respect to the membrane and are slightly tilted to each other because of the different diameters from the central axis. c, The hinges between the Nup107 C- and N-terminal domains as well as within the Nup133 C-terminal domain have a different conformation in the inner and outer Y complex. In the case of the inner stem, the middle domain of Nup133 appears slightly bent inwards compared to the conformation revealed in the X-ray structure, which can be accounted for by introducing a hinge, as previously predicted based on the Nup133 structure37. d, Magnified views showing details of five interfaces (Iâ€“V). The panels on the right indicate the viewing point. (I) Sec13 of the outer vertex interfaces with the Nup107 N-terminal domain of the inner vertex4,10; (II) the N-terminal Î²-propeller of Nup133 interfaces with Nup160 of the posterior asymmetric unit in the case of both Y complexes, forming the head-to-tail contact that facilitates ring formation12,14; (III) therefore, only the Î²-propeller of the inner copy of Nup133 is sandwiched between both Nup160 proteins. In this case, the N-terminal Î±-helical domain extends into a larger interface with the outer Nup160 of the posterior asymmetric unit; (IV) the C terminus of the inner Nup133 branches out of the inner stem to form a contact with its counterpart on the outer stem. This relatively small interface is reminiscent of a crystal contact observed in the Nup133â€“Nup107 structure (Protein Data Bank accession number 3I4R)37; and (V) Nups 85 and 43 of the outer vertex form an interface with the C-terminal domain of Nup107 of the inner stem. e, The Nup107 finger domain (red) is exclusive to higher eukaryotes. While its inner copy (shown) interfaces with Nup43 and Nup85 of the outer vertex, its outer copy interfaces with the density connecting both Y complexes (Fig. 2a, b). A phosphorylation site in the finger domain is depicted as dark-red spheres. Asterisks indicate structures that can be unambiguously positioned but have some uncertainty in their orientation, that is Nup85-CTD. f, Vertex region of the CR as seen from the central channel. Phosphorylation sites are represented as in e. The density connecting both Y complexes is segmented as in Fig. 2b and is in close contact with several phosphorylation sites in Sec13, Nup96 and Nup107. Phosphorylation sites in Seh1 and Nup85 are in direct proximity to the Nup214 complex region.


Extended Data Figure 5 Connection of the inner and outer Y complexes.
a, Four clamp-shaped densities (segmented red) emanate from the Nup96/107 region of both Y complexes in the CR. Only the inner clamps connect both Y complexes, whereas the outer ones protrude into a more complex substructure at the outer periphery of the CR (Fig. 2b). b, Same as in Fig. 2c, d but for the NR. c, Volcano plot visualizing shotgun proteomics data obtained of HeLa cells in the Nup358 knockdown (treatment) as compared to the control condition. d, Nuclear transport assays of NLSâ€“MBPâ€“GFP (that is, a nuclear localization sequence bound to a GFP-tagged maltose-binding protein) in non-treated cells and the Nup358 knockdown condition. Cargos with a classical nuclear localization signal are imported in the absence of Nup358 as previously observed42, although a lower efficiency cannot be excluded. e, Classification of sub-tomograms of the knockdown condition reveals that approximately 5% of all asymmetric units contain an outer Y complex in the CR, which is in excellent agreement with the knockdown efficiency of âˆ¼95%. Classification was done on the level of asymmetric units. Transferred to the level of NPCs, it suggests that out of 920 NPCs observed under gene silencing conditions, 663 had no outer Y complex in the CR, 183 had one, 49 had two, 14 had three, 4 had four, 6 had five, 0 had six, 1 had seven and 0 had eight. f, The observed adjacency of outer Y complexes in the CR under knockdown conditions was much higher than expected. The 5% of asymmetric units that contained outer Y complexes in the CR were analysed on the NPC level to determine whether their neighbouring asymmetric units also contained outer Y complexes in the CR. The observed frequency of adjacency is shown in dark blue. The respective total number of observed outer Y complexes in the CR and the number of the ones that had adjacent partners is indicated as (n/m). The observed frequency is considerably elevated over the theoretical frequency (shown in bright blue) that would be expected if Y complexes would bind to random subunits. This observation implies cooperativity for Y complex assembly/maintenance within the CR that might arise through the head-to-tail contact of adjacent Y complexes. NPCs with zero, one and eight outer Y complexes per CR are not shown because they cannot contain any adjacent Y complexes or were not observed.


Extended Data Figure 6 Structural signatures of inner-ring scaffold Nups and membrane-binding motifs of Nup160 and Nup133.
a, Same as Fig. 3a but for the CR. b, Fits of Nup160 (left) of the outer (orange) and inner (grey) Y complexes into the NR are shown. Additional density accounting for the C-terminal domain of Elys is indicated. Fits of Nup133 are shown at normal (centre) and high (right) isosurface thresholds. At the higher isosurface threshold, density linking both Nup133 domains is also apparent in the outer stem. The membrane-binding motifs43 are coloured red. Asterisks indicate structures that can be unambiguously positioned but have some uncertainty in their orientation. Those are the Î²-propellers of Elys and Nup133 as well as Nup85-CTD.


Extended Data Figure 7 Systematic fitting of selected NPC components to the electron microscopy map.
Each panel shows the 20 best-scoring fits (left), a plot of P values for all the solutions (right) and the top solutions in the inset. The models used for fitting are shown as ribbon representation. The fits and data points are coloured according to the groups with similar P value ranges. The group of fits with the best P values is coloured red (high-confidence fits), the second-best group (medium-confidence fits) is coloured blue, and all remaining are coloured cyan. The membrane density has been removed for clarity. a, The Sec13â€“Nup96â€“Nup107 subcomplex, for which the ground-truth is known because it is part of the vertex. bâ€“d, same as a but for the N-terminal domains of Nup155, the open conformation of Nup205/188-NTD (template Nup205) and the closed conformation of Nup205/188-NTD (template Nup188), respectively. Solution id, solution identity.


Extended Data Figure 8 Co-elution analysis to detect weak nucleoporin interactions.
To detect weak interactions of scaffold nucleoporins we combined rapid affinity isolation with gel filtration and quantitative targeted proteomics to measure absolute protein abundances. HEK293 cells expressing various affinity-tagged Nups (in contrast to Fig. 3c without nocodazole arrest) were lysed using mild conditions and sonication for protein solubilization. Affinity isolates were subjected to gel-filtration and all fractions were analysed using targeted mass spectrometry, as previously described24,26, to measure protein abundances in the high- and low-molecular-weight fractions. The high-molecular-weight fractions are indicative of potential outgoing interactions of large molecular species. The low-molecular-weight fraction will highlight smaller fragments that occur after sonication. a, In the case of affinity-tagged Nup85 the top panel shows the 215 nm absorption curve of the gel-filtration experiment. The middle panel shows the arbitrary protein abundance units of Y-complex members in all fractions (red for Nup85, black for all other Y-complex members). Protein abundances (normalized to the affinity-tagged protein) in the high-molecular-weight fractions (blue bar) and low-molecular-weight fraction (green bar) are shown as bar charts in the bottom panel. The low-molecular-weight peak corresponds to the small arm proteins (Nup85, Seh1 and Nup43), the high-molecular-weight peak to the intact Y complex. b, The same approach was applied to Nup205, Nup93 and Nup155. The seven most abundant co-eluting Nups are shown for the high-molecular-weight fractions (blue bar plots) and low-molecular-weight fractions (green bar plots). In case of Nup85 (top) the seven most abundant proteins apart from the Y-complex members are shown. Weak interactions of Y-complex members with Nup205 and Nup93 are apparent. In the case of Nup155, weak interactions are detected with CR and NR members, as well as Sec13 that localizes to the proximity of the C-terminal domain of Nup155 when fitted into the density connecting the IR with CR/NR. Tpr was excluded from this analysis since it was present in all fractions. Protein abundances based on single reference peptides are marked with an asterisk. c, Same as a (top panel) but for Nup188 affinity purified from nocodazole-arrested cells. d, Same as Fig. 3c but for Nup188 affinity purified from nocodazole-arrested cells. Co-eluting species in the high-molecular-weight fraction are similar to the ones observed for affinity-purified Nup62 (Fig. 3c). Isostoichiometric amounts of Nup188, Nup98, Nup93, Nup62 and an enrichment of Nup214, Nup88 and Rae1 were detected. The Nup188â€“Nup93 heterodimer thus binds to Nups that are well-established components of the CR, which is consistent with the systematic fitting approach. e, Same as c but corresponding to Fig. 3c. f, Same as b (second panel for Nup205) but for nocodazole-arrested cells. In the case of Nup205, the co-purifying species are similar in nocodazole-arrested as compared to untreated cells.


Extended Data Table 1 Template structures used for homology modelling or selected human crystal structuresFull size table
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