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The cellular environment shapes the nuclear 
pore complex architecture

Anthony P. Schuller1,7, Matthias Wojtynek2,3,7, David Mankus4, Meltem Tatli2, 
Rafael Kronenberg-Tenga2, Saroj G. Regmi5, Phat V. Dip1,6, Abigail K. R. Lytton-Jean4, 
Edward J. Brignole1,6, Mary Dasso5, Karsten Weis3, Ohad Medalia2 ✉ & Thomas U. Schwartz1 ✉

Nuclear pore complexes (NPCs) create large conduits for cargo transport between the 
nucleus and cytoplasm across the nuclear envelope (NE)1–3. These multi-megadalton 
structures are composed of about thirty different nucleoporins that are distributed in 
three main substructures (the inner, cytoplasmic and nucleoplasmic rings) around 
the central transport channel4–6. Here we use cryo-electron tomography on DLD-1 
cells that were prepared using cryo-focused-ion-beam milling to generate a structural 
model for the human NPC in its native environment. We show that—compared with 
previous human NPC models obtained from purified NEs—the inner ring in our model 
is substantially wider; the volume of the central channel is increased by 75% and the 
nucleoplasmic and cytoplasmic rings are reorganized. Moreover, the NPC membrane 
exhibits asymmetry around the inner-ring complex. Using targeted degradation of 
Nup96, a scaffold nucleoporin of the cytoplasmic and nucleoplasmic rings, we 
observe the interdependence of each ring in modulating the central channel and 
maintaining membrane asymmetry. Our findings highlight the inherent flexibility of 
the NPC and suggest that the cellular environment has a considerable influence on 
NPC dimensions and architecture.

A combination of X-ray crystallography and electron microscopy (EM) 
approaches has generated a consensus model for the NPC architecture, 
characterized by three substructures that span the NE4,5,7. The inner 
ring (IR) is centrally positioned at the fusion point of the inner and 
outer nuclear membranes (INM and ONM, respectively) and forms the 
central channel that connects to phenylalanine–glycine (FG) repeat 
proteins that create the permeability barrier and facilitate active cargo 
transport. The cytoplasmic ring (CR) provides a platform for protein 
and RNA export3,8. The nucleoplasmic ring (NR) shares scaffold nucleo-
porins (Nups) with the CR and anchors a distinct basket-like structure 
with diverse functions.

Although all eukaryotes maintain a three-ring NPC structure, the 
composition and arrangement of the substructures varies between 
species. In mammalian cells, the IR has five primary subunits: Nup205, 
Nup188, Nup155, Nup93 and Nup35 (refs. 4,5,9). FG-Nups (Nup54, Nup58 
and Nup62) are docked to the IR to create the central channel for trans-
port4,5,7. The CR and NR both contain 16 copies of the Y complex10–13, 
which contains a set of elongated helical stack proteins (Nup160, 
Nup133, Nup107, Nup96 and Nup85) decorated with the beta-propellers 
Sec13, Seh1, Nup37 and Nup43 (refs. 11,12,14). The principal Y-complex 
arrangement in both the CR and NR follows a reticulated pattern com-
posed of two eight-membered rings12,15.

Our current understanding of the human NPC structure is based 
mainly on cryo-electron tomography (cryo-ET) studies of NPCs from 
purified NEs at 2–6 nm resolution12,15,16. Cryo-focused-ion-beam 

(cryo-FIB) milling now enables the study of macromolecular complexes 
in their native environment17. NPCs from cryo-FIB-milled yeast18,19, 
algae20 and human cells21,22 show differences compared with previous 
human NPC structures, including wider IRs. Here we study the archi-
tecture of the human NPC from cryo-FIB-milled DLD-1 cells. Our data 
establish concepts in human NPC architecture that may have previously 
been interpreted as species-specific differences. Our study shows that 
the cellular environment substantially influences the diameter of the 
NPC central channel and emphasizes the modular, although interde-
pendent, architecture of the NPC and its role in shaping the NE.

The architecture of the NPC in DLD-1 cells
We used cryo-FIB-milled lamellae of human DLD-1 cells containing an 
auxin-inducible degron (AID) tag at the NUP96 (HGNC symbol: NUP98)
loci (homozygous NUP96::Neon-AID)23 for the targeted depletion of 
Nup96. Such Nup96 depletion leads to a loss of both the CR and NR 
elements, whereas the IR is unaffected. Here we compared native and 
partially degraded NPC structures. Lamellae were prepared from cells in 
the absence of auxin (wild-type condition) for cryo-ET imaging and iden-
tification of in situ NPCs. We extracted 194 NPC-containing subvolumes 
from 54 tomograms and used subtomogram averaging to obtain a density 
map of the NPC resolved to ~3.4 nm (Fig. 1 and Extended Data Fig. 1a–c). 
Our structural analysis revealed a similar three-ring architecture to that 
observed in previous human models12,15,16. However, the diameter of 
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the central channel is considerably different (Fig. 1c and Extended Data 
Fig. 2a)—it is about 33% larger (width, about 57 nm) compared with previ-
ous models (width, about 43 nm)15. Furthermore, the outer diameter of 
the IR is about 105 nm, compared with around 89 nm for semi-purified 
NPCs. Moreover, we observed a reduced NPC height of 66 nm, compared 
with 75 nm in previous models. Finally, the distance between the centre 
of the IR and the distal end of the CR is greater than the distance between 
the IR and the NR (37 nm versus 29 nm, respectively) (Fig. 1c).

We fit structures of nucleoporin subcomplexes into the three rings 
of the averaged map (Fig. 1c and Extended Data Fig. 1d–f). For the NR 
and CR, we used a composite Y-complex model derived from over-
lapping crystal structures and threaded models11,14,15,24. Bending at 
recognized ‘hinge points’10,11,14, we fit the Y complex (Extended Data 
Fig. 3a–c). It docks into both the CR and NR in a reticulated pattern 
of eight-membered rings (Extended Data Fig. 4a–e). In each ring, we 
observed considerable density beyond the Y complexes. The additional 
density in the CR might correspond to Nup358, an expected component 
of this subassembly15 (Extended Data Fig. 4b). We also observed density 
protruding out of the CR towards the centre of the ring at the base of 
Nup85 (Extended Data Fig. 1d). On the basis of previous cross-linking8,25 
and cryo-EM/cryo-ET26,27 studies, this density is probably occupied by 
the Nup214–Nup88–Nup62 complex.

For the IR, we first docked the published composite model containing 
Nup93, Nup188/Nup205, Nup155 and the Nup62–Nup58–Nup54 com-
plex9 (Extended Data Fig. 3d, e). Although this model fits well, some ele-
ments appear to be shifted, suggesting that flexibility in the IR Nups may 
account for the larger diameter that we observed (Extended Data Fig. 5a). 
To better fit the model, we isolated individual Nups and reoriented 
them locally to create an updated IR model (Extended Data Fig. 5a, b).

The NR is also composed of two eight-membered rings of Y com-
plexes. As in the CR, we identified additional density near the Nup85 
arms (Extended Data Fig. 1f), and observed a linker density between 

the Y rings in agreement with a previous report15 (Extended Data 
Fig. 4c). Unique to the NR, we observed density at the base of the 
Y-complex-containing rings, which extends towards the IR (Extended 
Data Fig. 5e, f).

Asymmetric nuclear membranes at the NPC
Cross-sections through the cryo-ET map reveal that the NE at the NPC 
is asymmetric, with a steeper angle at the CR compared with at the NR 
(about 42° compared with about 28°, respectively), using the IR as a 
plane of reference (Fig. 2a). This membrane asymmetry is also evident 
in two-dimensional (2D) orthoslices of eight-fold symmetrized NPCs. 
In different planes of the NPC, it is readily apparent how the NE is shal-
lower at the nucleoplasmic versus the cytoplasmic surface (Fig. 2b).

Native NPC has a larger central channel
Compared with previous human NPC models, our map displays sub-
stantial differences, including larger IR and central channel diameters. 
Although the IR is essential for maintaining the architecture of the NPC 
central channel, it also anchors Nups with flexible, unstructured FG-rich 
domains that facilitate transport through the channel7,28. We found 
that the channel delineated by the IR has a volume that is about 75% 
larger than previously reported15 (Fig. 3a). We expect that these differ-
ences are due to the preserved cellular environment rather than any 
cell-type-specific differences, as we observed a similar architecture in 
HeLa-derived cells (Extended Data Fig. 2a, b). Furthermore, we analysed 
data from mouse embryonic fibroblasts in which cryo-ETs of NPCs 
were captured by cryo-FIB milling or cell permeabilization followed 
by nuclease incubation29. The diameter of NPCs from cryo-FIB cells 
was again notably larger compared with the diameter of NPCs from 
permeabilized cells (Extended Data Fig. 2c).
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Fig. 1 | The NPC structure from human DLD-1 cells. a, Tomographic slice from 
a lamella of a NUP96::Neon-AID DLD-1 cell in the absence of auxin (wild-type 
condition). The slice thickness is 2.7 nm. The arrowheads indicate each of the 
NPC rings. The arrow indicates an adjacent NPC. Scale bar, 100 nm. b, Whole 
NPC map from DLD-1 cells. Scale bar, 20 nm. c, Cross-section of a cryo-ET map 
with fitted structures for the CR (blue and yellow), IR (orange and magenta) and 
NR (light blue and gold). The central channel diameter (57 nm), the 
membrane-to-membrane diameter (105 nm) and the height across the NE 
(37 nm from IR-CR, 29 nm from IR-NR) are indicated.
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Fig. 2 | Asymmetric nuclear membrane at the NPC. a, Cross-section of the 
NPC structure. The angles indicate measurements from the membrane distal 
edge of the IR to the edge of the nuclear membrane at the NR or CR. b, 2D 
orthoslices through the full-NPC average. Top, NPC map; the planes of the 2D 
slices (bottom) are indicated. Scale bar, 20 nm. Plane 1, at the point of the 
interaction between the CR Y complex and the membrane. Plane 2, at the point 
of the interaction between the NR Y complex and the membrane. Plane 3: sSlice 
in which no Y complexes touch membrane. The slice thickness is 1.4 nm.
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In our IR model, Nup205/Nup188 (paralogues that are indistinguish-
able at this resolution), Nup155 and Nup93 are significantly shifted, 
whereas the Nup62–Nup58–Nup54 complex is stable (Extended Data 
Fig. 5b). Propagated through the entire IR, these rearrangements 
explain how the central channel becomes larger. Adjacent IR subu-
nits are nearly separated compared with previous models in which the 
subunits were snugly aligned (Fig. 3a, b and Extended Data Fig. 5c, d).  
The Nup93 and Nup205 subunits of adjacent IR structures form a 
pseudo-lock-and-key configuration in the constricted IR model; by 
contrast, here these components shifted to create gaps between the 
IR subunits (Fig. 3c).

In contrast to the IR, the diameters of the CR and NR are nearly identi-
cal to previous models (Extended Data Fig. 4d, e). However, to accom-
modate a flatter overall assembly, the CR and NR rings flex in relation 
to the NE. At both the CR and NR, the Y-complex rings are angled more 
inward towards the central channel (Extended Data Fig. 4f).

Architecture of Nup96-depleted NPCs
To better understand the contribution of each ring to the overall NPC 
assembly, we next analysed the structure of Nup96-depleted NPCs. 
We acquired 71 tomograms of cryo-FIB-milled NUP96::Neon-AID DLD-1 
cells after auxin-induced Nup96 depletion and extracted 163 NPC-
containing subvolumes for subtomogram averaging (Extended Data 

Fig. 6a–f). In two cells, we observed ONM herniations (Extended Data 
Fig. 6g), indicating dysfunctional assembly of NPCs30. NPCs from this 
dataset could be divided into the following three classes (Fig. 4a): class 1,  
with all three rings (17% of particles); class 2, with NR–IR complexes (32%); 
and class 3, containing only the IR (51%). As we found no CR–IR complexes, 
this suggests that the CR is more readily removed from the NPC than the 
NR after Nup96 depletion. Furthermore, the diameters of each unique 
NPC assembly varied, and assemblies with NR–IR or IR only had signifi-
cantly larger diameters (Extended Data Fig. 6c). With the reduction from 
three to two to one ring, the spacing between the eight IR subcomplexes 
increases (Fig. 4a). In addition to the dilated central channel in IR-only 
NPCs, a cross-section analysis revealed changes in membrane orienta-
tions at the opening surrounding Nup96-depleted NPCs (Fig. 4a). The 
membrane has a smaller radius of curvature at the ONM–INM fusion, and 
the NE is more symmetric compared with in wild-type NPCs.

Discussion
The architectural analysis of the NPC is a major challenge for struc-
tural biology. To date, the most accurate models of the human 
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Fig. 3 | IR flexibility increases central channel size in native NPCs.  
a, Segmentation of the IR from our model and the previous human NPC model. 
The IR diameter (membrane to membrane) and central channel diameter 
measurements are indicated. The IR channel volume was calculated as a cylinder 
with a height of 20 nm. b, Top view of three IR subunits in our model compared 
with the previous model. c, Schematic showing the lock-and-key-like architecture 
of the previous model and how the IR subunits have shifted in our model.
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Fig. 4 | Ensemble of Nup96-depleted structures reveal the interdependence 
of the NPC rings and role of the rings in shaping the nuclear membrane.  
a, NPC structures from NUP96::Neon-AID DLD-1 cells in the presence of auxin 
(Nup96-depleted) compared with wild-type (grey). Class 1 (blue, n = 27) 
contains all three rings. Class 2 (orange, n = 53) contains the NR and IR 
substructures. Class 3 (purple, n = 83) contains only the IR. A comparison of IR 
model docking (middle), and NE curvature (right) is included. The arrowheads 
indicate the gaps between adjacent IR subunits. The dashed line is drawn at the 
midplane of the IR in the cross-sections. b, Model of the structural differences 
between our native NPC structure and the previous structure from purified 
NEs. c, Model of the structural changes caused by Nup96 depletion.
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NPC are composite structures combining crystal or EM structures 
and structure-based models of subcomplexes with cryo-ET data of 
semi-purified, intact NPCs9,15,31. Our study reveals substantial NPC plas-
ticity and shows that the purification of NEs influences the human NPC 
structure. We considered how the difference in IR diameter between 
in situ versus partially purified NPCs can be explained. As the NPC is 
integrated into the cellular matrix through the lamina and the cytoskel-
eton32,33, it is conceivable that tensile forces acting on the NE could cause 
this change (Fig. 4b). Another consideration is that nuclear transport 
facilitated by FG-repeat extensions interacting with transport recep-
tors may affect the NPC architecture, as reported in Xenopus oocytes34. 
Furthermore, some FG-Nups stabilize the NPC scaffold35; there could 
therefore be a yet-to-be discovered connection.

Modulating the IR diameter may be a general property of NPCs as we 
also observed this phenomenon in mouse embryonic fibroblasts, and it 
has been reported in Saccharomyces cerevisiae18, Schizosaccharomyces 
pombe19 and human cells21,22. Moreover, we observed heterogeneity in 
the IR diameter among individual NPCs. Thus, structural variation is 
an intrinsic property of the NPC inside cells. IR flexibility could also 
be important for protein trafficking to the INM, which requires pas-
sage through the NPC while membrane anchorage is retained18,20,36–38.  
A wider central channel not only has implications for the maximal size 
of soluble and membrane-bound cargo that can pass through the NPC, 
but it also changes the density of the FG repeats that fill the transport 
channel39. The influence of FG density on transport has been docu-
mented40. Our NPC model indicates that the FG density in the central 
channel is lower than previously thought, or that flexibility may be a 
means to modulate the FG barrier, consistent with suggestions for NPCs 
from Chlamydomonas reinhardtii20 and S. pombe19.

In contrast to the IR diameter change, the CR and NR dimensions are 
similar to previous studies of semi-purified NPCs, suggesting that the 
three rings have some independence. Our findings in Nup96-depleted 
cells support a modular design, but also highlight the interdependence 
of these modules in regulating the central channel (Fig. 4c). This may 
indicate that the CR and NR act as molecular ‘rulers’ to define the upper 
limit of the IR dimensions, as proposed for C. reinhardtii20. However, 
the fact that the IR is malleable whereas the CR and NR are not also 
implies that the connections between the distinct rings (IR–NR and 
IR–CR, respectively) are flexible, explaining different assignments in 
various reconstructions9,12,15,16,18,26,36.

Our model also exposes the asymmetry of the CR and NR substruc-
tures and their effect on the NE, as previously observed in the Xenopus 
laevis NPC26. Furthermore, we observed asymmetry in the nuclear 
membrane at the NPC, suggesting that the membrane connections 
between the NR and CR are different. It is possible that ring-specific 
Nups make interactions with the cytoskeletal/laminar network or 
with ONM/INM-specific proteins to bring about this asymmetry. 
Alternatively, the ring-linking densities (such as Nup358 at the CR or 
the unassigned NR linker) could contort the CR/NR reticulated ring 
structures differentially, as their diameters are slightly different. Thus, 
the tension that each ring might impose on the NE may also lead to 
this asymmetry.

Flexibility of the NPC emerges as a major challenge for achieving 
true high resolution. In addition to flexibility, architectural hetero-
geneity might come from NPCs that are assembled from different 
subsets or stoichiometries of Nups41,42. Thus, the structure described 
here probably represents just one of several NPC states that are still 
to be discovered.

Online content
Any methods, additional references, Nature Research reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 

and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-021-03985-3.

1. Grossman, E., Medalia, O. & Zwerger, M. Functional architecture of the nuclear pore 
complex. Annu. Rev. Biophys. 41, 557–584 (2012).

2. Knockenhauer, K. E. & Schwartz, T. U. The nuclear pore complex as a flexible and dynamic 
gate. Cell 164, 1162–1171 (2016).

3. Strambio-De-Castillia, C., Niepel, M. & Rout, M. P. The nuclear pore complex: bridging 
nuclear transport and gene regulation. Nat. Rev. Mol. Cell Biol. 11, 490–501  
(2010).

4. Hampoelz, B., Andres-Pons, A., Kastritis, P. & Beck, M. Structure and assembly of the 
nuclear pore complex. Annu. Rev. Biophys. 48, 515–536 (2019).

5. Lin, D. H. & Hoelz, A. The structure of the nuclear pore complex (an update). Annu. Rev. 
Biochem. 88, 725–783 (2019).

6. Schwartz, T. U. The structure inventory of the nuclear pore complex. J. Mol. Biol. 428, 
1986–2000 (2016).

7. Fernandez-Martinez, J. & Rout, M. P. One ring to rule them all? Structural and functional 
diversity in the nuclear pore complex. Trends Biochem. Sci. https://doi.org/10.1016/j.
tibs.2021.01.003 (2021).

8. Fernandez-Martinez, J. et al. Structure and function of the nuclear pore complex 
cytoplasmic mRNA export platform. Cell 167, 1215–1228 (2016).

9. Kosinski, J. et al. Molecular architecture of the inner ring scaffold of the human nuclear 
pore complex. Science 352, 363–365 (2016).

10. Kampmann, M. & Blobel, G. Three-dimensional structure and flexibility of a 
membrane-coating module of the nuclear pore complex. Nat. Struct. Mol. Biol. 16,  
782–788 (2009).

11. Kelley, K., Knockenhauer, K. E., Kabachinski, G. & Schwartz, T. U. Atomic structure of the  
Y complex of the nuclear pore. Nat. Struct. Mol. Biol. 22, 425–431 (2015).

12. Bui, K. H. et al. Integrated structural analysis of the human nuclear pore complex scaffold. 
Cell 155, 1233–1243 (2013).

13. Lutzmann, M., Kunze, R., Buerer, A., Aebi, U. & Hurt, E. Modular self-assembly of a 
Y-shaped multiprotein complex from seven nucleoporins. EMBO J. 21, 387–397  
(2002).

14. Stuwe, T. et al. Architecture of the nuclear pore complex coat. Science 347, 1148–1152 
(2015).

15. von Appen, A. et al. In situ structural analysis of the human nuclear pore complex. Nature 
526, 140–143 (2015).

16. Maimon, T., Elad, N., Dahan, I. & Medalia, O. The human nuclear pore complex as revealed 
by cryo-electron tomography. Structure 20, 998–1006 (2012).

17. Villa, E., Schaffer, M., Plitzko, J. M. & Baumeister, W. Opening windows into the cell: 
focused-ion-beam milling for cryo-electron tomography. Curr. Opin. Struct. Biol. 23,  
771–777 (2013).

18. Allegretti, M. et al. In-cell architecture of the nuclear pore and snapshots of its turnover. 
Nature 586, 796–800 (2020).

19. Zimmerli, C. E. et al. Nuclear pores constrict upon energy depletion. Preprint at  
https://doi.org/10.1101/2020.07.30.228585 (2020).

20. Mosalaganti, S. et al. In situ architecture of the algal nuclear pore complex. 
Nat. Commun. 9, 2361 (2018).

21. Mahamid, J. et al. Visualizing the molecular sociology at the HeLa cell nuclear periphery. 
Science 351, 969–972 (2016).

22. Zila, V. et al. Cone-shaped HIV-1 capsids are transported through intact nuclear pores. 
Cell 184, 1032–1046 (2021).

23. Regmi, S. G. et al. The nuclear pore complex consists of two independent scaffolds. 
Preprint at https://doi.org/10.1101/2020.11.13.381947 (2020).

24. Nordeen, S. A., Turman, D. L. & Schwartz, T. U. Yeast Nup84-Nup133 complex structure 
details flexibility and reveals conservation of the membrane anchoring ALPS motif. 
Nat. Commun. 11, 6060 (2020).

25. Teimer, R., Kosinski, J., von Appen, A., Beck, M. & Hurt, E. A short linear motif in scaffold 
Nup145C connects Y-complex with pre-assembled outer ring Nup82 complex. 
Nat. Commun. 8, 1107 (2017).

26. Eibauer, M. et al. Structure and gating of the nuclear pore complex. Nat. Commun. 6, 
7532 (2015).

27. Huang, G. et al. Structure of the cytoplasmic ring of the Xenopus laevis nuclear pore 
complex by cryo-electron microscopy single particle analysis. Cell Res. 30, 520–531 
(2020).

28. Hulsmann, B. B., Labokha, A. A. & Gorlich, D. The permeability of reconstituted nuclear 
pores provides direct evidence for the selective phase model. Cell 150, 738–751  
(2012).

29. Kronenberg-Tenga, R. et al. A lamin A/C variant causing striated muscle disease provides 
insights into filament organization. J. Cell Sci. 134, jcs256156 (2021).

30. Thaller, D. J. & Lusk, P. C. Fantastic nuclear envelope herniations and where to find them. 
Biochem. Soc. Trans. 46, 877–889 (2018).

31. Lin, D. H. et al. Architecture of the symmetric core of the nuclear pore. Science 352, 
aaf1015 (2016).

32. Sapra, K. T. et al. Nonlinear mechanics of lamin filaments and the meshwork topology 
build an emergent nuclear lamina. Nat. Commun. 11, 6205 (2020).

33. Turgay, Y. et al. The molecular architecture of lamins in somatic cells. Nature 543, 
261–264 (2017).

34. Feldherr, C., Akin, D. & Moore, M. S. The nuclear import factor p10 regulates the  
functional size of the nuclear pore complex during oogenesis. J. Cell Sci. 111, 1889–1896 
(1998).

35. Onischenko, E. et al. Natively unfolded FG repeats stabilize the structure of the nuclear 
pore complex. Cell 171, 904–917 (2017).

https://doi.org/10.1038/s41586-021-03985-3
https://doi.org/10.1016/j.tibs.2021.01.003
https://doi.org/10.1016/j.tibs.2021.01.003
https://doi.org/10.1101/2020.07.30.228585
https://doi.org/10.1101/2020.11.13.381947


Nature | Vol 598 | 28 October 2021 | 671

36. Kim, S. J. et al. Integrative structure and functional anatomy of a nuclear pore complex. 
Nature 555, 475–482 (2018).

37. Ungricht, R. & Kutay, U. Establishment of NE asymmetry-targeting of membrane proteins 
to the inner nuclear membrane. Curr. Opin. Cell Biol. 34, 135–141 (2015).

38. Meinema, A. C. et al. Long unfolded linkers facilitate membrane protein import through 
the nuclear pore complex. Science 333, 90–93 (2011).

39. Frey, S., Richter, R. P. & Gorlich, D. FG-rich repeats of nuclear pore proteins form a 
three-dimensional meshwork with hydrogel-like properties. Science 314, 815–817  
(2006).

40. Frey, S. & Gorlich, D. A saturated FG-repeat hydrogel can reproduce the permeability 
properties of nuclear pore complexes. Cell 130, 512–523 (2007).

41. Ori, A. et al. Cell type-specific nuclear pores: a case in point for context-dependent 
stoichiometry of molecular machines. Mol. Syst. Biol. 9, 648 (2013).

42. , M. & D’Angelo, M. A. Nuclear pore complex composition: a new regulator of 
tissue-specific and developmental functions. Nat. Rev. Mol. Cell Biol. 13, 687–699 (2012).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 
4.0 International License, which permits use, sharing, adaptation, distribution 
and reproduction in any medium or format, as long as you give appropriate 

credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons license, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons license and your 
intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this license, 
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/


Article
Methods

Cell culture and Nup96 depletion
NUP96::Neon-AID DLD-1 cells23 were grown in standard tissue culture 
conditions (37 °C with 5% CO2) using DMEM medium supplemented with 
4.5 g l−1 glucose and 4.5 g l−1 sodium pyruvate (Corning), 10% FBS (Gemini 
Bio) and 2 mM GlutaMAX (Gibco). Next, cells were cultured for 18–24 h 
on freshly glow-discharged carbon-coated EM gold grids (200 mesh, 
R1.2/1.3 or R2/1; Quantifoil Micro Tools) before plunge-freezing. For 
Nup96 depletion, a 250 mM auxin (3-indoleacetic acid, Sigma-Aldrich) 
solution was added to the cells to a final concentration of 1 mM, followed 
by incubation at 37 °C for 4–8 h before plunge-freezing. HeLa-derived 
(TOR1A/TOR1B/TOR3A-knockout) cells43 were cultured in the same 
conditions but never subjected to auxin treatment.

Cryo-FIB milling of lamellae from DLD-1 cells
To prepare lamellae, we used both an Aquilos FIB-SEM system 
(Thermo Fisher Scientific) and a Crossbeam 540 (Zeiss) with cryo 
stage (Leica) using similar methods as previously described44. On the 
Aquilos system, grids were loaded into the sample chamber and sput-
tered with an initial platinum coat (15 s) followed by a second orga-
nometallic platinum protective layer using the gas injection system 
(GIS, 15 s). Samples were tilted to an angle of 15°, and FIB ablation of 
cellular material was performed in a stepwise manner by focusing 
the gallium beam at 30 kV on parallel rectangular patterns with over- 
and under-tilting to the desired thickness as follows: (1) 15°, 500 pA, 
gap = 3 µm; (2) 16°, 300 pA, gap = 2.2 µm; (3) 14°, 300 pA, gap = 1.5 µm; 
(4) 15.5°, 100 pA, gap = 0.8 µm; (5) 14.5°, 100 pA, gap = 0.5 µm; (6) 15°, 
50 pA, gap = 300 nm; and (7) 15°, 30 pA, gap = 150 nm. The initial 
width of the lamellae was set to 13 µm but, at each reduced current, 
we reduced the width by 0.25 µm, for lamellae with a final width of 
11–12 µm. Expansion/relief joints to reduce tension at the lamella were 
milled 3 µm away from the sides of the lamella at step 1 with a 1-µm-wide 
pattern. A similar procedure was used on the Crossbeam 540 FIB-SEM. 
Grids were first electron-beam-coated with 2 nm of platinum in an ACE 
900 system (Leica) before being loaded into the Crossbeam sample 
chamber with a VCT 500 (Leica) vacuum transfer system for organo-
metallic platinum coating. FIB ablation was performed using only four 
stepwise currents and without over- and under-tilting as follows: (1) 
700 pA, gap = 3 µm; (2) 300 pA, gap = 1 µm; (3) 100 pA, gap = 400 nm; 
and (4) 50 pA, gap = 150 nm. In total, we prepared 37 lamellae from 
non-auxin-treated NUP96::Neon-AID DLD-1 cells, and 115 lamellae from 
auxin-treated cells to obtain our data.

Tilt series acquisition and processing
Cryo-ET datasets were acquired on a Titan Krios G3i operating at 
300 keV equipped with a BioQuantum post-column energy filter and 
a Gatan K3 direct electron detector. Tilt series were acquired at a mag-
nification of ×26,000, resulting in a pixel size of 3.4 Å at the specimen 
level using Tomo v.5.3.0 (Thermo Fisher Scientific). We used a tilt range 
of −52° to +68°, starting at +8° with a bidirectional scheme45 resulting 
in a total dose of about 145 electrons per angstrom squared. Tilt series 
of HeLa cells (TOR1A/TOR1B/TOR3A-knockout)43 were acquired with 
an accumulative dose of about 120 electrons per angstrom squared. 
Defocus values varied between −5.0 µm to −2.5 µm through the entire 
data acquisition process. Representative tomograms are included 
(Supplementary Videos 1 and 2).

Tilt series were aligned with 4× binned projections using patch track-
ing in the IMOD software package46. When available, contaminations 
generated by the FIB process were used as fiducial markers. The contrast 
transfer function (CTF) was determined and corrected as described 
previously26, and is summarized here. The mean defocus was estimated 
by strip-based periodogram averaging for each tilt series. Using the 
mean defocus, the tilt angle and axis orientation, the defocus gradient 
for each projection was determined. CTF correction using the defocus 

gradient was then performed by phase-flipping each projection image. 
CTF-corrected stacks were next dose-filtered using the IMOD mtffilter 
function46. NPC coordinates were picked manually using IMOD. Dur-
ing NPC particle picking, the relative orientation of the NPC to the NE 
was determined to prealign the NPCs. Next, subtomograms of NPCs 
were reconstructed using IMOD. Detailed imaging parameters are 
summarized in Extended Data Table 1.

Subtomogram averaging
For the wild-type DLD-1 structure, 194 prealigned NPCs were further 
aligned using iterative missing-wedge-weighted subtomogram alignment 
and averaging with the TOM toolbox (tom_corr3d)47. Half-set averages 
were merged after each iteration and used as the template for the next 
iteration. First, full NPCs were aligned using 8× binned subvolumes and 
applying eightfold-fold symmetry. This step was repeated using 4× binned 
subvolumes. Subsequently, these alignments were used to extract the 
eight asymmetric units (1,552 protomers) for each NPC according to the 
eight-fold symmetry as previously described48. Twice-binned full protom-
ers were aligned and further refined by applying masks for the individual 
rings (CR, IR and NR). Next, subprotomers were extracted based on the 
previous alignment step. At this stage, single protomers were manually 
inspected and missing protomers from incomplete NPCs, misaligned 
protomers and protomers with a low signal-to-noise ratio were excluded. 
After this step, 1,252 protomers remained for the subsequent steps. Newly 
extracted subprotomers were further aligned. Resolution was measured 
using the 0.5 criterion and soft masks to exclude an artificial contribution 
to the measured resolution using the Electron Microscopy Data Bank 
(EMDB) validation server (https://www.ebi.ac.uk/pdbe/emdb/valida-
tion/fsc/). Subprotomer volumes were B-factor sharpened using Relion49 
with a B-factor of −2,000 Å2. The final full NPC model was generated by  
fitting the subprotomer volumes into the full NPC average using UCSF 
Chimera50.

Averaging of auxin-treated (Nup96-depleted) data was performed 
similarly. First, 163 full NPCs were aligned using 8× binned subprotom-
ers and applying eight-fold symmetry. Next, NPCs were classified by 
manually inspecting the subvolumes into three classes containing CR, 
IR and NR (27 NPCs), IR and NR (53 NPCs), or IR only (83 NPCs). These 
three classes were further aligned using 8× binned subvolumes at full 
NPC level using eight-fold symmetry.

For the HeLa (TOR1A/TOR1B/TOR3A-knockout) average, 27 NPCs were 
aligned similar to the wild-type dataset but without dose-filtering of the 
stacks. After protomer extraction, 36 protomers were excluded and 
protomers were aligned. The final map (180 protomers) was generated by 
fitting the protomer average back into the full NPC map using Chimera.

Model fitting
To create models for the Y complexes in the CR and NR, we performed 
unbiased global fitting using structural models derived from previously 
reported human NPC structures9,15. For these complexes, we began 
with the previously reported model and performed a global fitting 
analysis as implemented in UCSF Chimera50. The fitting was performed 
independently for the CR and NR using a three-protomer segmented 
model as our single protomers do not necessarily contain a complete 
protomer of the eight-fold symmetric NPC (that is, a single protomer 
may contain half of the Y complex from adjacent protomers). For the 
IR, a single protomer was used as it contained the entire complex. All 
fitting runs were performed using Chimera and 1,000,000 random 
initial placements and local cross-correlation (Chimera’s correlation 
about the mean (CAM)), or a combination of local cross-correlation 
and overlap (CAM + OVR) was used when local cross-correlation did 
not provide statistically significant fits (as others have observed)20. 
We computed fit scores using both metrics for each model but, for the 
IR, the local cross-correlation (CAM) provided statistical significance 
to our model, whereas, for the Y complex, the combination metric 
(CAM + OVR) provided statistical significance. We noted the scores 
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and adjusted P values (described below) on the figure for each scoring 
metric. For each fitting run, the statistical significance was assessed as 
a P value that was calculated from normalized fitting scores. To calcu-
late the P values, we transformed the CAM or combined CAM + OVR 
scores into Z scores, derived a two-sided P value for each fit and then 
corrected the P values for multiple testing using the conservative  
Benjamini–Hochberg procedure. This workflow was performed using 
a Python script running SciPy.Stats (for P value and Z-score analysis)51, 
the StatsModels module (for Benjamini–Hochberg analysis)52 and 
Matplotlib (for plots)53.

For the IR complex, we identified a significant fit in the expected 
position as described in the most recent human structure (Protein Data 
Bank (PDB): 5IJN)9, although it was obvious that some of the Nups in 
this model could be shifted to better fit our density map. We therefore 
followed a previously described approach20 and optimized the fits  
by local refitting of individual subunits or domains. For this refinement, 
we used the option in Chimera to use a map simulated from atoms at a 
resolution of 25 Å and optimized the fitting for correlation. Using this 
approach, we fit subcomplexes made of the chains F, G, H, X, Y and Z  
(two copies of Nup54, Nup58 and Nup62), L, M, N, R, S and T (two additional  
copies of Nup54, Nup58 and Nup62), each copy of Nup205 (chains D, J, 
P and V), and the four copies of Nup93 (chains C, I, O and U). To fit the 
Nup155 chains, we subtracted densities with a radius of 10 Å of the fitted 
models above from the determined NPC map. In this difference map, 
we fit the individual Nup155 copies into the map using the procedure 
described above (chains E, Q, K, W). The Nup155 chains A and B of 5IJN 
could not be fit into our map reliably. We next ran a new unbiased global 
search using this model as the input for completeness.

For the Y complex, we identified a significant fit in the same posi-
tion as described in the most recent human NPC structure CR and NR 
(PDB: 5A9Q)15 using a double Y complex as the reference molecule. As 
the 5A9Q model contains gaps in the heterotetrameric core element 
of the Y complex called the ‘hub’ (Nup160, Nup85, Nup96 and Sec13), 
we decided to replace the hub of the 5A9Q model with the hub of a new 
composite model that we created using published crystal structures 
and threading models. We first generated an S. cerevisiae composite 
model combining a previous structure of the Y complex hub (Nup120–
Nup145N–Sec13–Nup85)14 (PDB: 4XMM) and the Nup84–Nup133 sub-
complex24 (PDB: 6X02). This S. cerevisiae Y-complex composite was then 
used to template the human homologue, using published structures 
and threading models. The hub of this updated model was then used to 
rigid-body dock into the CR/NR of our map at the same position that the 
5A9Q hub occupied, and the Nup107–Nup133 subcomplex from 5A9Q 
was kept as is, creating a new complete Y-complex assembly. Fitting 
was further refined by cutting Nup160 between residue 933 and 934 
(ref. 11) and fitting the N-terminal part of Nup160 (Nup160-N) together 
with Nup37 as a rigid body into our map. The C-terminal part of Nup160 
was fit as part of the hub. The CR model was then also placed for the 
inner Y ring and not further modified. Fitting for the NR Y complex was 
performed similarly. For the outer Y ring, only the hub and the Nup107–
Nup133 subcomplex were separated and fit as individual rigid bodies. 
For the IR of the NR Y complex, the model without Nup160-N and Nup37 
was fit into the map. For fitting of the Nup160-N–Nup37 subcomplex, 
we subtracted the densities of previously fit models with a radius of 
20 Å from the map and fit the subcomplex into the remaining density. 
After creating the final models for Y complexes in both the CR and NR, 
we performed another round of unbiased global fitting and identified 
a similar location at which the Y complex of 5A9Q docked. A final local 
optimization run maximized density overlap. We strongly urge that the 
final fits are not interpreted at atomic resolution. Instead, our fitting 
simply aids in assignment of our density toward understanding how 
each of the subcomplexes is positioned.

The IR model described above was placed manually into the cen-
tre of the IR protomers of the subtomogram maps generated from 
auxin-treated (Nup96-depleted) cells.

Visualization
Visualizations were performed using UCSF Chimera50. Representa-
tive tomograms of DLD-1 cells were reconstructed in 8× binned, 12× 
SIRT-like filtered tomograms in IMOD46. Snapshots of mouse embryonic 
fibroblast (MEF) NPCs were recorded after manually aligning the NPCs 
in IMOD Slicer. The orthoslice views of the full-NPC average, wild-type 
map and auxin maps were taken using tom_volxyz. Scripts were imple-
mented in MATLAB (MathWorks) and using the tom_toolbox54.

Local resolution analysis was performed as previously reported26, 
but also summarized here. To calculate the local resolution of the sub-
protomers, the full subprotomer volume (100 × 100 × 100 voxels) was 
divided into smaller subvolumes (box size, 40 × 40 × 40) along a regular 
spacing of 4 × 4 × 4. Resolution was measured between the subvolumes 
of the two half sets and using the 0.5 threshold criterion. Subvolumes 
were masked with a spherical mask prior to FSC calculation. Data points 
between measured values were interpolated and visualized using Chi-
mera’s Surface color function.

NPC diameter analysis
For diameter measurements, single NPCs were measured using ortho-
slices at the level of the pore membrane. For the DLD1 and HeLa data-
sets, aligned NPCs that would proceed to full-NPC averaging in this 
study were used. For the MEF datasets29, NPCs were manually aligned 
in IMOD slicer and measured. Distance was measured between the NE 
at the narrowest point of each NPC manually. When possible, measure-
ment was performed in two orthogonal directions and the average was 
calculated. Otherwise, only a single measurement was performed per 
NPC. When measurement was not possible because of strong misalign-
ment or a poor signal-to-noise ratio, no diameter was measured. Scatter 
plots for NPC diameter analysis were created using Prism 9 (GraphPad).

Statistics and reproducibility
Representative micrographs are provided in Fig. 1a and Extended 
Data Fig. 6a, f. The micrograph in Fig. 1a highlights the three-ring 
NPC architecture directly visualized in cryo-ET and was chosen from 
the dataset of 54 wild-type DLD-1 cell tomograms, all of which repro-
ducibly show a three-ring architecture. The micrograph in Extended 
Data Fig. 6a was chosen from the auxin-depleted DLD-1 cell dataset 
(71 tomograms), and this image was specifically chosen because it 
highlights single-ring NPCs that we describe in this Article. Finally, 
the micrograph in Extended Data Fig. 6f was specifically chosen to 
provide the reader with an anecdotal observation that we identified 
only twice in the dataset (2 out of 73 tomograms) and these tomograms 
were excluded from subsequent processing (71 tomograms were used 
for subtomogram averaging).

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Cryo-EM maps for the human DLD-1 NPC have been deposited in the 
EMDB with the following accession codes: EMD-12811 (CR), EMD-12812 
(IR), EMD-12813 (NR) and EMD-12814 (full composite NPC). Coordinate 
files for the CR, IR and NR docked complexes have been deposited in the 
PDB with the following accession codes: 7PEQ (CR and NR complex) and 
7PER (IR complex). Representative tilt series of lamella from DLD-1 cells 
have been deposited in the EMDB under accession code EMPIAR-10700 
(wild-type, non-depleted cells) and EMPIAR-10701 (Nup96-depleted 
cells). Density maps for the human NPC from isolated nuclei used for 
comparison in this study can be found at the EMDB with accession 
number EMD-3103 (ref. 15), as well as the recent NPC from HIV-infected 
T cells with accession number EMD-11967 (ref. 22). Moreover, models 
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for the NR and CR Y complexes that we used as templates can be found 
in the PDB with accession code 5A9Q (ref. 15), as well as the IR complex 
model with accession code 5IJN (ref. 9).
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Extended Data Fig. 1 | Details of in situ human NPC architecture. a, 
Orthoslices through the nucleocytoplasmic axis, CR, and NR for our cryo-ET 
map of the human NPC from FIB-milled DLD-1 cells. Slice thickness: 3.4 nm. 
b, Fourier shell correlation curves of the CR, IR, and NR regions in our map. 
FSC0.5 and FSC0.143 are indicated as dotted lines. c, The local resolution for the 
CR, IR, and NR protomers is visualized as surface color. d, Segment of the CR to 
highlight fitting of the Y complex structure and several unique features 
including putative Nup358 density (green arrowheads), extra unassigned 

density attached to the inner ring of the Y complex Nup85 (black arrowheads), 
and density we attribute to the Nup214 complex (blue arrowheads). e, Segment 
of the IR from our cryo-ET density with updated model fit inside. f, Segment of 
the NR to highlight fitting of the Y complex structure and several unique 
features including linker density between the Y complex rings (red 
arrowheads), unassigned density attached to the inner ring of the Y complex 
Nup85 (black arrowheads), and linkers between the Y complex inner ring and 
the IR (purple arrowheads).
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Extended Data Fig. 2 | Comparison of NPC structures from purified NEs and 
cryo-FIB suggests the cellular environment impacts NPC architecture  
and IR diameter. a, Comparison of human NPC density maps from cryo-FIB 
and nuclear envelope purification techniques. Measurements for the 
membrane-to-membrane and IR central channel diameters, as well as the 
height across the NE are shown. Interestingly, an asymmetric membrane 
curvature may also exist at human NPCs in HIV-infected cells22, though the 
angles of the membranes appear different than ours. We refrain from making 
any speculations about this asymmetry because the deposited map comes 
from cells infected with HIV-1 virus. b, Measurements of NPC diameter from 

single NPCs in DLD-1 cells (non-auxin treated) as well as HeLa cells 
(TorsinA/B/3A KO), both prepared by cryo-FIB. Median values from each 
distribution are indicated as a dotted line and below the plot. **** indicates a 
two-tailed p-value ≤ 0.0001 from Mann-Whitney U analysis. c, Measurements of 
NPC diameter from single NPCs in MEFs using cryo-FIB or nuclear envelope 
purification techniques. Median values from each distribution are indicated as 
a dotted line and below the plot. Representative tomographic slices from intact 
cells using cryo-FIB milling and from isolated NE preparations are shown. Slice 
thickness: 8.9 nm.



Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Systematic fitting of Y complex and Inner Ring 
complex into the human DLD-1 map. a, Fitting of the Cytoplasmic Ring Y 
complex with the previous NPC model (PDB: 5A9Q) compared with our 
composite model. The details of this fitting are provided in the Methods 
section. All fitting runs were performed using Chimera with 1,000,000 random 
initial placements and local cross-correlation (Chimera’s correlation about the 
mean, CAM), or a combination of local cross-correlation and overlap 
(CAM+OVR) for scoring. For each model, the top scoring model is shown to the 
left of a histogram of raw scores. The top scoring model is indicated on the 
histogram (red arrowhead) with its associated adjusted p-value for two 
different scoring metrics tested (red text represents the fit identified in the 
histogram, black represents the alternate metric). Two-sided P-values were 

corrected for multiple testing using the Benjamini-Hochberg procedure. The 
resulting composite Y model underwent an additional local optimization step 
to further improve the density fit (black arrowheads indicate regions that are 
improved with this step). An overlay of our model and the previous model is 
also shown in the panel. b, Same as a, but for the Nuclear Ring Y complex, also 
starting with PDB 5A9Q. c, Overlay of our composite Y complex model with that 
of the previous model. The additional modeled regions in our Y complex model 
“hub” (Nup160, 85, 96 and Sec13) and are indicated (blue arrowheads). 
d, Fitting of the Inner Ring complex with the previous IR model (PDB: 5IJN) 
compared with our model. e, Overlay of our modified IR complex model with 
the previous model.
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Extended Data Fig. 4 | Details of the Y complex assembly in CR and NR. 
a, Cartoon model for the human composite Y complex that was docked into  
the CR of our cryo-ET density map. b, Zoom-in view of the docked Y complex 
model in the CR with additional density connecting the two Y rings attributed 
to the Nup358 complex (green arrowhead). c, Zoom-in view of the docked Y 
complex model in the NR with additional density connecting the two Y rings 
(red arrowhead). d, Comparison of CR sub-structures from our study and the 

previous human model. Arrowheads indicate density attributed to the Nup358 
complex (green), Nup214 complex (blue), and an unassigned density we 
observe at the Nup85 arms (black). e, Same as (d), but for NR. Black arrowheads 
indicate similar density at Nup85 arms as in CR. f, Comparison of cross-section 
views of the NPC with dashed red line to indicate the orientation of the Y 
complexes with respect to the nuclear membranes.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Updated model for native IR. a, Side-by-side 
comparison of the previous IR model (PDB: 5IJN) with our updated model to  
fit the DLD-1 NPC map. b, Superimposition of our updated IR model with the 
previous model shows the rearrangements required to fit our density map. 
Each pane highlights a different nucleoporin colored in our updated model as 
in (a), or colored dark grey from the previous model. c, Views of three updated 
IR-models in our map compared with the previous model and human NPC map. 
d, Same as (c) but with only models. e, Cross-section views of the NR in our map 
at both high and low threshold to show connectivity with the IR. f, Same as  
(e), though no density can be observed between the CR-IR, likely due to 

flexibility. Flexibility could explain why the ring-connecting densities, 
proposed to be Nup1559, remain conspicuously poorly resolved in our map 
compared to the previous human maps12,15,16. We hypothesize that this 
observation may be unique to the more “constricted” IR state observed 
previously, locking the ring-connecting proteins into a more rigid state. In the 
same vein, others have shown that NPCs from yeast, both semi-purified36 and in 
their native state18, can contain multiple flexible linkers between the outer 
rings and IR, suggesting this arrangement could provide resilience to the NPC 
structure.

https://doi.org/10.2210/pdb5IJN/pdb
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Extended Data Fig. 6 | See next page for caption.



Extended Data Fig. 6 | Details of Nup96-depleted NPC structures. 
a, Tomographic slice from a lamella prepared by cryo-FIB of NUP96::Neon-AID 
DLD-1 cells in the presence of auxin for 4 h (Nup96-depleted). Arrowheads 
indicate Nup96-depleted NPCs. b, Orthoslices across the nucleocytoplasmic 
axis for the final aligned maps of the three Nup96-depleted NPC classes. 
c, Measurements of NPC diameter from single NPCs in each of the data sets as 
well as the non-auxin treated (WT). *** indicates a two-tailed p-value ≤ 0.001 
and **** indicates a two-tailed p-value ≤ 0.0001 from Mann-Whitney U analysis 
of each distribution compared with the wild-type condition. Median values 

from each distribution are indicated as a dotted line and shown above the plot. 
d, Orthoslices across the nucleocytoplasmic axis of single NPCs in each of the 
three Nup96-depleted NPC classes. Slice thickness is 4.1 nm. e, Orthoslices 
across the nucleocytoplasmic axis of class averages after manual orientation 
alignment and classification. f, Fourier shell correlation curves for the  
Nup96-depleted NPC classes. FSC0.5 and FSC0.143 are indicated as dotted lines. 
 g, Tomographic slice of Nup96-depleted cells showed instances of NE 
herniation at the ONM (example indicated by arrow). Slice thickness for all 
panels except d: 2.7 nm.
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Extended Data Table 1 | Summary of cryo-ET imaging parameters

Imaging parameters for tilt series acquisition contributing to each dataset are provided in the table.
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Software and code
Policy information about availability of computer code

Data collection Tomo v5.3.0 (ThermoFisher) for operation of electron microscope (referenced in Methods)

Data analysis Cryo-ET data processing (all available and referenced in Methods): IMOD v4.11.4 (open source, cited), TOM toolbox (open source, cited), 
Relion v3.1.2_cu9.2 (open source, cited), MATLAB R2019a (MathWorks) 
Modeling/visualization: Chimera v1.15rc (open source, cited), IMOD v4.11.4 (open source, cited), TOM toolbox v2008 (open source, cited) 
Statistics/data visualization: Python v3.8.8, Matplotlib v3.3.4, SciPy v1.6.2, StatsModels v0.12.2, Prism v9 (Graphpad)
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Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Cryo-EM maps for the human DLD-1 NPC have been deposited in the Electron Microscopy Data Bank (EMDB) with the following accession codes: EMD-12811 (CR), 
EMD-12812 (IR), EMD-12813 (NR), and EMD-12814 (full composite NPC). Coordinate files for the CR, IR, and NR docked complexes have been deposited in the 
Protein Data Bank (PDB) with the following accession codes: PDB-7PEQ (CR and NR complex) and PDB-7PER (IR complex). Representative tilt series of lamella from 
DLD-1 cells have been deposited in the EMDB under accession code EMPIAR-10700 (wild-type, non-depleted cells) and EMPIAR-10701 (Nup96-depleted cells). 
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined by available cryo-electron microscopy and cryo-FIB instrument time. For the wild-type NPC structure, 194 NPCs 
were extracted from 54 tomograms. For Nup96-depleted NPC structures, 163 NPCs were extracted from 71 tomograms. The sample size is 
sufficient to obtain a structure at the reported resolution.

Data exclusions For cryo-ET: Tomograms exhibiting errors during data collection or lacking NPCs were excluded. During subtomogram averaging and 
alignment some incomplete NPC subvolumes were manually removed (described in Methods). Exclusion of error-containing or incomplete 
data is a standard, pre-established practice for cryo-ET processing. 
 
For NPC diameter measurements: When an accurate measurement was not possible because of strong misalignment or poor signal to noise, 
no diameter was measured. Sample size for diameter measurements is included with each plot.

Replication Tomograms were acquired from multiple cell samples in each condition and thus served as biological replicates. We have included a 
statement of reproducibility in regards to the representative micrographs in the manuscript. Representative micrographs are provided in Fig. 
1a and Extended Figs. 6a, 6f. The micrograph in Fig. 1a highlights the 3-ring NPC architecture directly visualized in cryo-ET and was chosen 
from the dataset of 54 wild-type DLD-1 cell tomograms, all of which reproducibly show a 3-ring architecture. The micrograph in Extended 
Data Fig. 6a was chosen from the auxin-depleted DLD-1 cell dataset (71 tomograms), and this image specifically chosen because it highlights 
single-ring NPCs that we describe in this manuscript. Finally, the micrograph in Extended Data Fig. 6f was specifically chosen to provide the 
reader with an anecdotal observation we only identified twice in the dataset (2 out of 73 tomograms) and these tomograms were excluded 
from subsequent processing (71 tomograms used for subtomogram averaging).

Randomization Cells for cryo-FIB milling and tomogram collection were chosen at random on each TEM grid. Division of the two half-sets of data used for 
resolution estimation was based on the tomogram number being even or odd.

Blinding Blinding was performed during sample preparation and data collection as cellular samples were given a unique identification number and only 
de-identified afterward for classification and data processing procedures.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Human colorectal adenocarcinoma cells (DLD-1) with homozygous insertion at Nup96 loci containing NeonGreen moiety and 
an auxin-inducible degron (Nup96::Neon-AID) from laboratory of M. Dasso (Ref. 23: Regmi et al., 2020). HeLa-derived cell line 
was created and authenticated in the laboratory of T. Schwartz in an earlier study (Ref. 43: Demircioglu et al., 2019).

Authentication Creation and authentication of the Nup96::Neon-AID DLD-1 cell line was performed in a separate study (Ref. 23: Regmi et al., 
2020). Briefly, PCR assays followed by sequencing of PCR products confirmed homozygous insertion of the Neon-AID tag. 
Subsequently, Western blot analysis confirmed a larger MW protein due to the epitope tag. The HeLa-derived cell line was 
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authenticated in a previous study (Ref 43: Demircioglu et al., 2019).

Mycoplasma contamination Cell lines were not tested for Mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used in this study.
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