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SUMMARY
Nuclear pore complexes (NPCs) direct the nucleocytoplasmic transport of macromolecules. Here, we pro-
vide a composite multiscale structure of the yeast NPC, based on improved 3D density maps from cryogenic
electron microscopy and AlphaFold2 models. Key features of the inner and outer rings were integrated into a
comprehensive model. We resolved flexible connectors that tie together the core scaffold, along with equa-
torial transmembrane complexes and a lumenal ring that anchor this channel within the pore membrane. The
organization of the nuclear double outer ring reveals an architecture that may be shared with ancestral NPCs.
Additional connections between the core scaffold and the central transporter suggest that under certain con-
ditions, a degree of local organization is present at the periphery of the transport machinery. These connec-
tors may couple conformational changes in the scaffold to the central transporter to modulate transport.
Collectively, this analysis provides insights into assembly, transport, and NPC evolution.
INTRODUCTION

Nuclear pore complexes (NPCs) form a gateway between the

cytoplasm and nucleus for the bidirectional transport of macro-

molecules during cell growth, differentiation, and development.

However, an understanding of NPC function and its transport

mechanism remains incomplete, due in part to the lack of a

high-resolution structure. Such a structure will provide insights

into the hierarchical assembly of nucleoporins (Nups), conforma-

tional plasticity of the scaffold, and membrane association. This

approachmay also illuminate the central transport machinery.1–3

In addition, an improved structural model should deliver a frame-

work for understanding the role of NPCs in aging, infectious dis-

ease, and cancer.4

The canonical NPC from baker’s yeast has a mass of �52

MDa, spanning a pore in the nuclear envelope (NE). This channel
Molecular C
comprises �30 distinct Nups (�550 in total) arranged as 8

spokes in the inner ring (IR), flanked by single cytoplasmic and

nuclear outer rings comprising Y-shaped Nup84 complexes.5–7

However, multiple isoforms are present in yeast cells, including

a subset with a double outer ring on the nuclear side.7 In addition,

a basket functions as a nuclear RNA export platform8,9 and is

roughly co-linear with Nup82 complexes on the cytoplasmic

outer ring (CR); together, these form the core of an RNA remod-

eling and export machine.10 The yeast NPC is tethered to the NE

bymembrane anchors in the IR. Nup84 Y-complexes in the outer

rings contribute additional membrane binding motifs (MBMs)

and may interact with the transmembrane domain (TMD) of

Ndc1.11 In addition, a pore membrane protein (Pom152) has an

extended C-terminal domain (CTD) with tandem repeats of Ig-

like domains12,13; 2 copies are anchored to each spoke, and

16 copies form a lumenal ring (LR) in the NE lumen.6,7 Flexible
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termini of�10 different FG Nups with FXFG or GLFG repeats are

anchored to the core scaffold and extend into the central chan-

nel,6,7 where they provide binding sites for transport factors and

cargo complexes to facilitate transport—together, these form

the central transporter.14–17

The NPC has been analyzed by cryogenic electron tomogra-

phy (CET) and sub-volume averaging for human,18–21 frog,22

algal,23 and yeast complexes, including Saccharomyces cerevi-

siae5–7,24 and Schizosaccharomyces pombe.25 The core scaffold

in these structures ranges from �12 to 30 Å resolution, and mo-

lecular models have pinpointed the position and relative orienta-

tion of many Nups. Moreover, Artificial-intelligence-based struc-

ture prediction programs26,27 are able to leverage structures in

the Protein Data Bank and per-residue correlations in sequence

alignments to provide computed structure models (CSMs). Nup

crystal structures, CSMs, and homology models can be used to

model the NPC with electron density maps from CET or single-

particle analysis, in concert with other data, such as chemical

cross-links.6,18,24,28–32

Recent CET studies of the S. pombeNPC have shown that the

core scaffold undergoes a large radial expansion of the IR with

smaller displacements of the outer rings25 to upregulate trans-

port. Similar expanded NPC conformations have been observed

in other organisms.5,7,18,21,33 Current single-particle density

maps of isolated yeast and vertebrate NPCs span a range from

nanometer to near-atomic resolution for sub-assemblies of the

core scaffold and have revealed a radially contracted NPC with

a smaller diameter central channel.7,24,28–32,34 In this study,

improved 3D density maps from the S. cerevisiae NPC were

combined with flexible fitting of AlphaFold2 models26 to obtain

a composite multiscale structure that provides insights into this

remarkable channel.

RESULTS

Overview
Yeast cells lack a nuclear lamina that allows intact NPCs to be

released from the NE with mild detergent extraction of a cell cry-

olysate and purified with a single affinity step.6,7,35 However, the

large size and flexibility of the NPC presents a formidable chal-

lenge to structure determination. Low-resolution 3D density

maps can facilitate the integration of information from higher-

resolution analysis of sub-assemblies and other sources.36,37

We adopted a multiscale approach in which individual ring sys-

tems were refined at 17–30 Å resolution to give a better repre-

sentation of their connectivity within the NPC (Figures S1A and

S1B, left-hand panels). This allowed the identification of addi-

tional spoke connectors, orphan Nup densities in the double

outer ring, linker domains between the inner and outer double

rings, and FG connectors to the central transporter.

We took advantage of the fact that yeast NPCs with nuclear

double outer rings (NRs) (form II, 15%–20%) are more amenable

to electron microscopy (EM) structural determination for certain

sub-assemblies than canonical form I channels with single rings

on both sides of the IR.7 Improved density maps for the spoke

and double Y-complexes (Figure S2A; Table S1; STARMethods)

allowed us to increase the precision and extent of our previous

NPC structure7 by incorporating Nup AlphaFold CSMs26 with
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molecular dynamics flexible fitting (MDFF).38 Focused 3D refine-

ments also improved the clarity of the massive double outer ring

and LR comprising Pom152 CTDs.12,13 Finally, we were able to

visualize a more complete CR (Figure S2B; Table S1)7 with a

rough Y shape for the Nup84 complex; however, residual blur-

ring precluded the building of a model at this stage. Even so,

we determined that the diameter of the CR is �15% smaller

than its counterpart in situ5,7 (Figure S2C). In addition, density

for the Nup82 complex, which resides on the CR, exhibits a rota-

tion of�16� when compared with the in situ density map5–7 (Fig-

ure S2C, inset). This suggests that the single outer ring and cyto-

plasmic export platform may alter their structure in concert with

radial contraction of the IR.25

We then combined nine 3D density maps from the co-axial

rings and sub-assemblies to create a composite multiscale

structure of the form II yeast NPC (Figures S1A and S1B, right-

hand panels). This structure covers a resolution range of �6.6–

30 Å (excluding the central transporter). Next, 9 3D maps were

segmented into 16 functional regions to give a more informative

model (Figure 1, see key legend) and provide a framework for un-

derstanding NPC function.

Structure and model of the IR
The intrinsic protomer of the IR, termed a spoke, comprises 28

Nups arranged with nearly perfect 2-fold symmetry in 3 layers

that extend from the central channel to the pore membrane (Fig-

ure S3). There are 14 Nups in a half spoke; this includes an inner

layer with two laterally offset Nsp1 heterotrimers (Nup49, Nup57,

and Nsp1); a middle adaptin-like layer with Nup188 and its ho-

molog Nup192; and a membrane-interacting layer containing

two laterally offset copies of Nic96, a Nup53-Nup59 hetero-

dimer, and single copies of Nup157 and Nup170.6,7,24 Each

half spoke also contains 14 flexible connectors from Nic96

NTDs that interact with Nsp1 complexes, Nup188, and

Nup192 to help tie together their respective layers.7,24 However,

additional connectors and important features remain to be

discovered.

To this end, we revisited a single-particle dataset and used

better masking and non-uniform refinement in CryoSPARC39 to

improve our 3D map of the IR protomer (STAR Methods). This

provided a 3D density map with a global resolution of 6.6 Å

and greater clarity for all three spoke layers (Figure S2A;

Table S1). A 3D map of the IR was created from the spoke den-

sity map and segmented to highlight the cylindrical organization

of the IR (Figures 2A–2D). AlphaFold2 CSMs26 and prior subunit

models7 were combined to create a nearly complete structure of

the IR (Figures 2E, 2F, and S4; Table S2, top; STAR Methods).

Helices and some connecting loops were resolved, except in

membrane proximal regions of Nup157, Nup170, and the outer

copies of Nic96 CTDs, which are more flexible.

This analysis also revealed a platform-like region formed by

Pom34 and Pom152, which interacts with Nup157 b-propellers

at the pore membrane. A central cross-section shows the orga-

nization of the IR with large gaps both within and between the

spokes (asterisks, Figures 2B and 2D). Functionally related

Nups are arrayed in cylindrical layers that emphasize the

evolutionary relationship of the NPC to membrane coating com-

plexes.40–42 In addition, a lipid-detergent micelle (in white)



Figure 1. A composite multiscale 3D structure of the isolated yeast NPC

Nine 3D density maps were segmented into 16 regions to highlight functional sub-assemblies as indicated in the color-coded key. Labels: nuclear double outer

ring (NR), inner ring (IR), and cytoplasmic outer ring (CR).

(A) A top view from the nuclear compartment reveals the double outer ring with associated orphan Nups and linker domains.

(B) The view in (A) has been rotated 30� counterclockwise about the vertical axis.

(C) A view from the pore membrane; the lipid-detergent micelle that encircles the inner ring is not shown.

(D) A cut-away view oriented as in (C) to reveal the co-axial rings, along with membrane anchor points (TMDs) and the hourglass-shaped central transporter/plug.
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encircles the membrane-interacting layer (shown in blue,

Figures 2A and 2B). Nup157, Nup170, and Nic96 CTDs in the

membrane-interacting layer, along with Nup84 Y-complexes in

the outer rings, form a stable ‘‘coat’’ for the pore mem-

brane.6,18,43,44 In addition, a pair of a helices extend from each

copy of the innermost Nic96 CTD (aa 769–821) to support a

Nup157 b-propeller at the membrane anchor site (not shown).
Nups in the adaptin-like layer (dark pink) mediate the attachment

of Nsp1 complexes (shown in green) to the membrane-interact-

ing layer, while Nsp1 complexeswith 4 copies per spoke encircle

the central channel and contribute FG repeats from their N

termini to the transport machinery. The open packing of Nups

in the IR may facilitate rearrangements during radial expansion

and transport.7,25
Molecular Cell 83, 3283–3302, September 21, 2023 3285



Figure 2. Inner ring structure and interactions between spokes

(A) The inner ring and associated membrane protein densities (silver) within the micelle ring are shown. The inner ring has been segmented into an inner layer

(green), an intermediate adaptin-like layer (dark pink), and the membrane-interacting layer (light blue).

(B) The highly fenestrated architecture of the inner ring with gaps (asterisks) and membrane-spanning regions are revealed in a cross-section that also shows the

central channel. A single spoke is outlined (dashed rhomboid).

(C) A ‘‘half ring’’ view of the inner ring is viewed from the pore membrane; the local 2-fold axis for the center spoke is indicated with a black ellipse.

(legend continued on next page)
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The resulting model of the IR also revealed four contact sites

between adjacent spokes in the radially contracted conforma-

tion (Figures 2F–2H).7,24 The largest contact occurs between

Nup170 b-propellers and their attendant a-helical solenoids;

this feature forms part of a membrane anchor site on the local

2-fold axis (Figure 2G). Three additional contact sites have

smaller buried surface areas. One contact at the midline of the

IR is formed by the ends of adjacent, channel-facing 3-helical

bundles from two Nsp1 complexes (Figure 2H; black ellipse).

Two additional symmetry-related contacts involve Nup192-

NTD helices that interact with the Nup188 tail domain (Figure 2H;

arrows, dashed oval). Intriguingly, the Nup188 tail conformation

may be stabilized by two Nic96 connector helices. The limited

buried surface area for three of the inter-spoke contacts may

be conducive to radial expansion of the IR during which, to a first

approximation, each spoke behaves as a rigid body.7,25 Signifi-

cant changes in the N-terminal regions of the two Nup170

molecules occur during radial expansion,7 and further rearrange-

ments may allow the import of inner membrane proteins through

a large gap between adjacent spokes in the expanded IR.45

Connectors in the IR
The resolution of our spoke map and completeness of the model

allowed us to identify additional connectors in the IR that arise

from the Nup145N/116/100 and Nup53/59 families (Figure 3A,

in gold). These ‘‘new’’ connectors are aligned along a diagonal

path when viewed from the central 8-fold axis and interact with

Nups in all three spoke layers. In addition, Nic96 NTD connectors

are better resolved (Figures 3A and 3B, in blue) and stabilize in-

ternal walls formed by a-helical bundles from Nsp1 complexes;

they also connect Nup188 and Nup192 in the adaptin-like layer

to Nic96-CTDs in the membrane-interacting layer.7 In brief, 16

new connectors were grouped with two previously identified

connectors that do not arise from Nic96.7 Thus, 9 connectors,

labeled C1–C9 and their symmetry mates (C10–C90) are shown

within segmented 3D densities (Figures 3B and 3C, in gold;

Table S3).

Crystal structures of Nup145N connectors with their cognate

Nups from Chaetomium thermophilum19,46 allowed for the iden-

tification of similar S. cerevisiae connectors and their partners

that include the following: the C3 connector with the Nup192-

NTD (Figure 3D, Nup192 panel), the C6 connector with the

Nup170 a-helical solenoid (Figure 3D, Nup170), and the C7

connector with Nup188 (Figure 3D, Nup188). In Chaetomium,

these Nup145N connectors span �119 residues and extend

from the C-terminal autoclipping site toward the N terminus

with sequential binding sites in Nup170, Nup188, and

Nup192 (Table S3).19,46 We were not able to identify every new
(D) Central cross-sections through the spoke with molecular models depicted as

and voids (asterisks). A local 2-fold axis in the plane is indicated with an arrow a

(E) A molecular model for Nups within the spoke is shown as ‘‘cylinders and plan

view, and a view from the cytoplasm. All views have platform density (silver) and

(F) Molecular model for three spokes in the inner ring.

(G) TwoNup170molecules form amajor contact between adjacent spokes andma

(H) Three inter-spoke contacts are shown: a contact between adjacent Nsp1 com

Nup188 CTD tail that are indicated with black arrows. One Nup188-Nup192 conta

and gold ribbons.
connector, but given their size and physical proximity, it is

possible that connectors C3–C8 inclusivemay arise froma single

Nup145N molecule. Importantly, the new connector binding

sites on the Nsp1 complex, Nup170, Nup188, and Nup192 (Fig-

ure 3D) are not laterally duplicated, as occurs for 2 copies of the

Nic96 connectors in each half spoke (Figure 3B, blue rods).7

Hence, the remaining unidentified connector sites in the form II

NPC may not originate from a second copy of Nup145N that is

created by the cleavage of a Nup145 molecule in the distal

Y-complex of each double outer ring protomer.47,48 Nup145N

paralogs Nup116 and Nup100 are absent from Chaetomium49

andmay contribute to some of these connectors in S. cerevisiae,

as the distribution of new binding sites is symmetrical about the

local 2-fold axis of the spoke. The C9 connector was modeled

based on the crystal structure of a Chaetomium Nup53 a helix46

with its partner and interacts with the Nic96-CTD near the

local 2-fold axis (Figure 3D, Nic96-CTD). Intriguingly, the C1

connector is present on the channel-facing surface of an Nsp1

complex (Figure 3D, left panel) and a short linker extends from

Nsp1 toward FXFG repeats in the central channel. We also iden-

tified the C4 connector as a long a helix (Figure 3D, Nup192)19,46

that may arise from the Nup145N family (because of its proximity

to C3) or the Nup53 family (Table S3). While four of the new con-

nectors have been documented in crystal structures, species-

specific differences may influence the position, size, and sec-

ondary structure of these features.

In total, we have identified 46 connectors per spoke with 368

within the IR (Figures 3E–3G). This analysis revealed an extensive

network upon which the integrity of the NPC must depend.

Connector binding to Nupsmay lock down hinge regions in a-he-

lical solenoids to promote their interactions with Nup partners

and drive assembly of the spoke and IR. In addition, the C7–

C8 connectors are in close proximity to an SH3-like domain in

Nup188 that contacts the nuclear outer ring in the radially

expanded form I yeast NPC.5,7 We have shown that Nup145N,

Nup116, Nup100, Nup59, and Nup53 may reversibly associate

with the NPC, and readjustment of these Nup connectors may

contribute to NPC flexibility,50 a proposal supported by recent

structures.6,7,19 Importantly, these connectors may help to

maintain the integrity of the IR during transport. A higher-resolu-

tion map is needed to place the connectors within their cognate

Nups and to reveal additional connectors that may be

present.19,46

Membrane anchor complexes and the LR
The primary sequences of Nup orthologs in the core scaffold are

weakly conserved across species, while their structures and

functions are generally conserved.51 However, membrane
rods are viewed from the side and top to show the open architecture with gaps

nd ‘‘2’’.

ks.’’ Three views from left to right: a front view from the central channel, a side

single rod-like connectors in blue and gold.

y interact with an Ndc1 dimer at the local 2-fold axis with their b-propellers (bs).

plexes and a pair of symmetry-related contacts between the Nup192 NTD and

ct is outlined with a dashed oval. Nic96 and new connectors are shown in blue
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proteins in the inner and LRs are more divergent.52 We deter-

mined a 3D density map at �10–12 Å resolution for the

Nup157 membrane anchor site that involves Pom34 and

Pom152 (Figures S5A and S5B; Table S1). Collectively, the IR

Pom34-Pom152 TMDs with the LR and Ndc1 form an integrated

superstructure that positions the NPC within the pore mem-

brane, with the latter replaced by a micelle ring in this structure

(Figures 4A and 4B). At a higher threshold, the 3D map of the an-

chor site contains 10 elongated densities arranged in two parallel

rows that were modeled with 5 rods in each row (Figures 4C and

4D). These rods probably represent two Pom34 and three

Pom152 TM a helices that are predicted by AlphaFold226 and

would give 10 TM helices in the tetrameric anchor complex

with 2 copies each of Pom34 and Pom152. This stoichiometry

is in agreement with quantitative mass spectrometry.6 Interest-

ingly, biochemical analyses suggest that Pom152 has one

defined TM,53 raising the possibility that some of its mem-

brane-interacting helices may be MBMs rather than full TM do-

mains. Nevertheless, the Pom34 and Pom152 membranous he-

lices interact with Nup157 b-propellers, and all 10 helicesmay be

necessary to form a stable membrane anchor site (Figures 4B

and 4C).

In a second approach, an integrative model of the TMD region

was computed based on AlphaFold2 predictions for Pom34 and

Pom152 (aa 1–249) monomers and other restraints (STAR

Methods). The resulting ensemble satisfies 100% of the cross-

links (Table S4) with a cross-correlation of 0.95 between the

3D density map and a model probability map. The integrative

structure localizes Pom34 and Pom152 TMDs along with a

non-TM helix of Pom34 that is aligned parallel to the membrane

(Figures 4D, top panel and S5C–S5E). Integrative and manually

built models identify a similar pattern of TMs; however, the third

TM in the AlphaFold2 model of Pom152 was extended in the

manually built model to better fit the cryogenic electron micro-

scopy (cryo-EM) density map. In both models, Pom34 and

Pom152 TMDs form a 5-helical bundle corresponding to rods

1–2 and 5–7, respectively (Figures 4D, bottom, S5B, and S5E)

along with their symmetry copies (rods 3–4 and 8–10). Thus,

the TM region of Pom152 may comprise three TM helices, rather

than just the third helix as proposed previously,53 or alternatively,

interactions with adjacent Nups during assembly may stabilize

these two additional N-terminal TM helices. We note that rods

in the Pom34-Pom152 TMDs are further apart than parallel TM

helices in typical, solubilized membrane proteins; this may

reflect the participation of pore membrane lipids54 or an atypical

membrane interaction of TMDs.53 In addition, some Pom34-

Pom152 TMDs extend �20 Å beyond the pore membrane to
Figure 3. Connectors in the inner ring tie together Nup layers in the sp

(A) A front view of the spoke with Nups displayed as ribbons and connectors as se

connectors in gold.

(B) A front view is shown along the local 2-fold axis (black ellipse) with spoke co

(C) Newly identified and grouped connectors labeled C1 to C9 (and their symme

teracting layer (Table S3).

(D) Interactions between new connectors (gold) and their Nup partners.

(E) Color-coded electron density for Nic96 NTD and new connectors are shown

(F) All inner ring connectors are shown in a half ring view.

(G) Connectors within the inner ring are viewed in a 45� tilt view.
contact the LR comprising Pom152 CTDs (Figures 4A–4C and

4G, left). Higher resolution will further clarify this membrane an-

chor complex.

We next used two different refinement strategies to obtain

improved 3D maps of the LR (Figures S1 and S5F; STAR

Methods). In previous work, the LR had a smooth, sinusoidal

outline,6,7,13 whereas the ring in current maps is reticulated

and nearly circular (Figures 4A, 4B, and 4E). We surmise that

the reticulated appearance is due to small Ig-like domains that

have been resolved in each repeat, while themore circular profile

arises from extended Pom34- and Pom152-connecting rods that

contact the LR at a higher radius than was visualized previously.

We identified 10 Ig-like densities in the repeating unit based on

their size and shape (Figure 4E, top; 1–10), and each Ig-like mod-

ule is shown as an isosurface (in red, Figure 4E, bottom). Further

work is needed to understand the packing and connectivity of Ig-

like domains in the LR.

A second membrane anchor site is located on the local 2-fold

axis between adjacent spokes and contains two Nup170 mole-

cules (Figure 2G). We observed two high-density regions in the

lipid-detergent micelle ring in close apposition to Nup170 with

the correct volume to represent 12 TMs of an Ndc1 dimer, as

predicted by AlphaFold255–57 (Figures 4A–4C). Thus, Ndc1

may be located at this site in agreement with biochemical data

and quantitative mass spectrometry.6,58–60 However, the inter-

face between spokes is flexible, and densities for Ndc1 CTDs

were not resolved; these domains face the core scaffold and

may become disordered during isolation, or they may be dy-

namic in vivo, in agreement with other studies.50,61 An overview

of the anchor sites, as viewed from the pore membrane, shows

Nup157 and Nup170 b-propellers on local 2-fold axes

(Figures 4F and 4G) where they interact with TMDs from

their membrane protein partners. We also identified folded

RNA recognition motifs in the Nup53-Nup59 heterodimer

(Figures 4C and 4F, brown dots). Nup53-Nup59 is located be-

tween adjacent Nic96 CTDs in each half spoke, and their flexible

N and C termini contribute connectors to the IR. Moreover,

Nup53-Nup59 heterodimers from adjacent spokes are in close

proximity to their respective Nup170 molecules and could

contribute C-terminal amphipathic helices to this membrane an-

chor site (Figures 2E, 4F, and 4G right).59,62–64 In addition, yeast

Ndc1 also contains an amphipathic helix in its CTD that may

interact with similar motifs in the Nup53-Nup59 heterodimer.11

In summary, 2 copies of Pom34-Pom152 form a tetrameric

platform in the pore membrane that helps to anchor each spoke

within the pore membrane through interactions with Nup157

(Figures 4A–4D, S5A, and S5B). A second, equatorial membrane
oke

gmented and color-coded density maps: Nic96 NTD connectors (blue) and new

nnectors as cylinders and strands in their local density.

try mates: C10–C90) start at the inner layer and extend into the membrane-in-

for a single transparent spoke (front and top views).

Molecular Cell 83, 3283–3302, September 21, 2023 3289



Figure 4. Membrane anchor complexes for the inner ring

(A) An inner ring-TMD lumenal ring complex is viewed along the C8 axis with one protomer outlined (dashed rhomboid). The lumenal ring (LR) is light silver, TMDs

for Pom34-Pom152 and Ndc1 are in gray, and the micelle ring is white.

(B) A molecular model for the membrane-interacting layer is juxtaposed to Nup157 and Nup170 TMD anchor sites and the lumenal ring.

(C) A close up of the Nup157 and Nup170 anchor sites; Nup53-Nup59 heterodimers (brown) are in close proximity to Nup170 molecules at the interface between

spokes.

(D) Orthogonal views are shown of the Pom34-Pom152 TMD map with gray cylinders to mark 10 a helices aligned in two parallel rows of 5. The protomer in this

dimeric complex may correspond to an a-helical bundle formed by rods 1–2 and 5–7 (see text).

(E) Top: an improved 3D density map for the lumenal ring viewed from the NE lumen. Local 2-fold axes are indicated with black ellipses, and 10 densities are

numbered in one repeat. Bottom: 10 Ig-like features (red) are present in the lumenal ring protomer.

(F) Anchor sites in the membrane-interacting layer as viewed from the pore membrane. These include Nup157 and Nup170 b-propellers at local 2-fold axes and

likely contributions from Nup53-Nup59 heterodimers (see text).

(G) Cross-sections centered on anchor complexes for Nup157 (left) and Ndc1 (right) are viewed at right angles to the local 2-fold axes.
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anchor is located between adjacent spokes wherein Ndc1 inter-

acts with Nup170 and perhaps Nup53-Nup59.6,59,60 Intriguingly,

while there are some similarities in fold arrangement and usage

between Pom152 and its vertebrate counterpart, Gp210,18,65

many aspects of the TM regions are less well conserved. These

differences may be correlated with NE morphology as the dis-

tance between the inner and outer membranes is smaller in yeast

cells when measured near the IR, �250 versus �320 Å in

humans.7,18

Architecture of the NR
Double outer rings appear to be ubiquitous in vertebrate

NPCs.22,66 Their presence in unicellular eukaryotes was recently

confirmed in Chlamydomonas reinhardtii,23 S. pombe,25 and a

subset of S. cerevisiaeNPCs7; in these organisms, a double outer

ring is locatedon thenuclear side, andasingleouter ring ispresent

on the cytoplasmic side.We reanalyzedourNPCdataset to create

an improved density map for Y-complexes7,67–71 in the double

outer ring (Figures S6–S8). We also identified orphan Nup den-

sities and linker domains that connect to the IR, while confirming

earlier data on orphans in this superstructure7 (Figure 1).

Refinements in CryoSPARC39 provided a 3D density map of

the double Y-complex at �9–10 Å resolution (Figures S6A and

S6B; STARMethods), which allowed for the placement of helical

pairs and b-propellers from Nup AlphaFold CSMs26 in both the

proximal and distal Y-complexes (Figures 5A and S7). A com-

plete model for the junction between Nup120, Nup85, and

Nup145C (e.g., the hub) was made for each Y-complex

(Figures 5A and 5C, panels 1 and 2). We also identified an a helix

that extends from the Nup145C N-terminal region after it forms a

4-stranded b sheet that is inserted into the Sec13 b-propeller72

(Figure S7D, Nup145C-Sec13 panels); this helix contacts the

Nup85 arm in each Y-complex (Figure 5C, panels 1 and 2).

Notably, 7 of 8 b-propellers in each protomer were docked in

well-fitting density, including propellers from Nup120, the prox-

imal copy of Nup133, and 2 copies each of Seh1 and Sec13

(Figures 5A, 5B, and S7A–S7C).

Amodel was also built for a distinctive, torus-like bulge formed

by the CTDs of Nup84 and Nup1337; this bulge creates a shorter

contour length for the distal Y-complex (Figures 5A and 5C,

panel 3). A tripod is formed by b-propellers from two

Nup120 molecules and the proximal copy of Nup133, which

may position their MBMs (also known as ALPS motifs73,74) to

interact with the NE (Figures 5B, bottom, 5C, panel 4, and

S9A, left).7 In addition, the distal Nup133 b-propeller interacts
Figure 5. Conformation of Y-complexes and characterization of orpha

(A) Left: ribbon model for the proximal Nup84 Y-complex oriented vertically. Rig

double ring protomer.

(B) Top: 3D density map with four Nup84 complexes in two protomers of the doub

features labeled. A non-canonical interaction of the distal Nup133 b-propeller wi

(C) Four panels with close-up views of notable regions in Nup84 Y-complexes, inc

tripod of membrane-interacting b-propellers. The black dot in panel 2 marks a la

(D) Overview of a full double outer ring with putative Nic96 CTDs (O1 and O2; da

domains (L1, dark blue; L2, purple), proximal and distal Y-complexes (gold and l

(E) A zoomed-in view of the full double outer ring with models of the double Y-pr

(F) A similar view to (E) without orphan Nups; semi-transparent L1 and L2 linker do

C8 connectors) and the Nup53–Nup59 heterodimer. A contact site for L2 on the pr

of the distal Nup133 b-propeller (blue dot).
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with the C-terminal spur domain of Nup133 from the proximal

Y-complex (Figures 5A, 5B, and 5F; blue dot) to help stabilize

the double ring. Conversely, b-propellers from Xenopus

Nup160, Elys, and Nup133 form a tripod, and two adjacent tri-

pods in each protomer create an extended membrane binding

site in the NR (Figure S9A, right).29,32 These distinctive tripod ar-

rangements may reflect differences in NE topology, while ac-

commodating the flat orientation of the double outer ring on

the yeast NE and the greater tilt of its vertebrate counterpart.

In yeast, altered conformations for Nup85, Nup84, and Nup133

are present in the two Y-complexes due to the local geometry

of the double outer ring (Figure S7D). Long loops extend from

b-propellers to make contacts with adjacent Nups and the NE.

Thus, Sec13 and Seh1 form stable hubs that act like gripping

hands with extended finger-like loops to help maintain both their

position and the integrity of their local neighborhood (Figures 5C,

panels 1 and 2 and S7D). This key structural rolemay explain why

these proteins are also utilized in other homologous yet function-

ally unrelated coating complexes.42

We next investigated how the massive double outer ring is

positioned on the nuclear-facing surface of the IR. A subset of

NPCs with double outer rings was identified by 3D classification

(�20%), and refinements with C8 symmetry provided a density

map at�23 Å resolution that capturesmany of its salient features

(Figures S1, left, S6C, and S8A; Table S1). A 3D map from the

double ring of Nup84 Y-complexes fits into the density map of

the full ring, thereby allowing the tripod of b-propellers and

the torus-like bulge in the distal Y-complex to be identified

(Figures 5D and S8).7 At this stage, orphan Nup densities were

identified (Figures 5D and S8B; Table S5, orphan 1 [O1]–O3),7

including O3 that runs along the top surface of the distal

Y-complex; this orphan may stabilize the torus-like bulge to pro-

mote double ring assembly. We extended our orphan catalog by

docking a low-pass filtered density map of Nup188 into a large

density that faces into the central channel (Figures 5D and

S8D, O4). O4 interacts with the Nup85 arm of the proximal

Y-complex and may position a linking domain that connects to

the IR. We could not discern whether the larger orphans (O3

and O4) arise from Nup188 or its paralog Nup1927; however,

Nup205 (a Nup192 ortholog) is present in vertebrate double

outer rings.18–20,28–30,32,34 In addition, two elongated orphans

(O1 and O2) are the correct size for Nic96 CTDs; each of these

features is in close proximity to a cognate Nup188-192 orphan

with which they may interact through their NTDs (Figures 5D

and 5E, O1/O3 and O2/O4).7,24
n Nup densities and linker domains in the double outer ring

ht: model of the distal Y-complex with the vertical offset that is present in the

le outer ring. Bottom: molecular model of two adjacent protomers with notable

th the spur of the proximal Nup133 is marked (blue dot).

luding the Y-junction/hub, a non-canonical bulge in the distal Y-complex, and a

teral contact between Nup85 and Nup84 in an adjacent protomer.

rk brown), possible Nup188-192 orphans (O3 and O4; medium brown), linker

ight yellow).

otomers and orphans.

mains reveal their respective footprints on Nup188 in the spoke (above the C7–

oximal Y-complex is indicated (asterisk) along with a non-canonical interaction
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When taken together, the data suggest that two Nic96 CTD/

Nup188-192 pairs are present in each protomer of the yeast dou-

ble outer ring. Intriguingly, the Xenopus NR has a single Nup93-

Nup205 pair in each protomer,29,32 while the cytoplasmic double

outer ring has two pairs per protomer.28–30,34 Moreover, the pre-

dicted Nup cognate pairs are located within a double Y-complex

protomer in S. cerevisiae, while the single pair in Xenopus spans

two protomers of theNR.29,32 Densities for these additional Nups

have not been found in single outer rings of the form I NPC in

S. cerevisiae.5,7 This suggests a possible role for the additional

structural Nups, which may impart more rigidity to the double

outer rings.

At this point, we identified two orphan densities that form

links between the double outer ring and the IR. The first is a

bilobed density that contacts the Nup85 arm of the proximal

Y-complex and sits beneath the putative Nup188-192 orphan

(O4), which faces the central channel (Figures 5D–5F, S8B,

and S8E–S8G; linker domain 1 [L1]). The orphan Nup(s) in

this bilobed density may contact Nup85 in the proximal

Y-complex and is located directly above a Nup145N connector

binding site in the spoke (C7 and possibly C8, L1; Figure 5F)

that is in close proximity to an SH3-like domain in Nup188

(Figures 3D and S8G; Table S5; Nup188). Intriguingly, this

SH3-like site is also involved in a link between the single outer

ring and the nuclear face of the IR in the form I yeast NPC.5 The

position of the L1 domain suggests that it might contain a

monomer or dimer of the Nup145N autoproteolytic domain

(APD)6,75,76 and additional Nups may be present. In addition,

the L1 density is near a long a helix that extends from the N ter-

minus of Nup145C and contacts the proximal copy of Nup85. A

second linker density interacts with the Nup145C-Nup84 inter-

face in the tail of the proximal Y-complex and contacts the

Nup53-Nup59 heterodimer in the spoke (Figures 5D–5F, S8B,

and S8E–S8G; L2). Importantly, the yeast NPC does not appear

to use Nup157 or Nup170 to form links between the inner and

outer rings, as occurs with the Nup155 homolog in verte-

brates.66 This may account in part for the smaller vertical

spacing between the inner and outer rings in the yeast NPC

relative to vertebrates (Figure S8G).

Our model of the NR suggests that IR components may be re-

cruited to help stabilize the yeast superstructure.7 However,

these IR components are positioned in a different manner rela-

tive to those in vertebrates,18–20,28–30,32,34 underscoring the

modular nature of the NPC in which different architectures can

be constructed from similar Nup building blocks.51 NRs have

been found in all branches of the eukaryotic family tree that

have been studied; this arrangement may be an ancestral form

that has subsequently evolved by addition or subtraction in

different lineages.

Cylindrical arrays of FG connectors in the central
channel
FG-repeat-containing Nups are anchored to the core scaffold

and extend flexible termini with transport-factor binding sites

(FXFG/GLFG repeats) into the central channel.15,77,78 In previous

work,6,7 we documented FG-repeat connectors fromNsp1 com-

plexes that are located above and below the mid-plane of the IR.

However, additional features of the central channel and FG con-
nectors remain to be characterized. To test this idea, �5,000

form II yeast NPCs with NRs were refined with C8 symmetry

and appropriate cylindrical masks. Importantly, a subset with

better-resolved, CRs was identified by 3D classification

(�1,400 particles). Although the resolution is low (20–30 Å), these

density maps revealed connections to the central transporter

that emanate from the outer rings on both sides of the core scaf-

fold. Potential FG connectors were modeled with blue and red

cylinders in their respective 3D maps (Figures 6A and 6B). Alto-

gether, FG connectors extend from the CR, the mid-plane of the

IR, and the NR (Figures 6C–6F).6,7 Each bridge-like density

spans a gap of�50–70 Å to make contact with sites on the chan-

nel periphery (Figures 6C–6F, S9B, and S9C, dotted circles) and

may contain two or three FG connectors to provide the neces-

sary stiffness to cross the local gap.

On the nuclear side, connections to the central transporter

originate from the bilobed L1 density attached to the Nup85

arm of the proximal Y-complex; this feature also forms a linker

domain to the IR (Figures 5F and S8G). One component of this

orphan density may correspond to a Nup145N-APD monomer

or dimer, and in this scenario, bridges to the central transporter

would represent the N terminus of Nup145N, which contributes

about 200 residues with GLFG repeats to the transport channel

(blue rods, Figures 6A, 6C, and 6D). On the cytoplasmic side,

FG connections from the Nup82 complex were resolved previ-

ously with CET7 for the in situ NPC. Hence, cytoplasmic bridges

in the isolated NPC may originate from Nsp1 molecules in

dimeric Nup82 complexes that bind to each Nup84 Y-complex

in the single outer ring (red rods, Figures 6B, 6C, and 6F).10,79

These density features may also contain FG connectors from

Nup159 and Nup116, as the latter’s autoproteolytic-like domain

associates with the Nup82 complex.6,10,80 In total, �48 bridging

densities have been identified that link the scaffold with the cen-

tral transporter, which may be formed by connectors from �128

FG Nups (Figures 6D–6F and S9C; Table S6).6,7 These data sug-

gest that FG connectors may confer a limited degree of organi-

zation on the central transporter with FG repeats arrayed in

discrete bundles at the channel periphery, which then spread

into a more flexuous configuration near the central axis.

DISCUSSION

Implications of a multiscale NPC structure
In this study, we created a composite, multiscale structure of the

form II yeast NPC that attains a-helical resolution in the IR and 9–

10 Å for Nup84 Y-complexes in the double outer ring (Figure 1).

The accuracy and completeness of Nups in the IR and double

outer ring were increased with Nup AlphaFold CSMs,26

MDFF,38 and integrative structure modeling.81,82 How do these

observations impact our understanding of the functional archi-

tecture of NPCs? Vertebrate pore complexes contain an IR

framed by two double outer rings,66 while the major isoform in

S. cerevisiae (form I) has single outer rings on both cytoplasmic

and nuclear faces5–7 and is less massive (�52 versus �109

MDa).6,7,18 Even so, both of these NPC isoforms have a quasi-

symmetric architecture that reflects the environment of the

pore membrane. However, adaptations that confer a sidedness

to the outer rings include the presence of structural Nups that are
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found in the spoke, along with the cytoplasmic Nup82 complex,

cytoplasmic filaments (in vertebrates), and the nuclear basket. In

addition, the form II yeast NPC displays a larger asymmetry due

to the presence of a double NR.7 Regions of the core scaffold

that interact with the NE show significant divergence across spe-

cies, while the diameter of the central channel and the ability to

undergo radial expansion are generally conserved.5,7,18,21,25

An emergent theme is the versatility of a-helical solenoid Nups

that reside within the spoke and outer rings of yeast and verte-

brate NPCs. This is exemplified by the conformational flexibility

of Nups 84, 85, and 133 in Y-complexes of the yeast double outer

ring44,69–71,74 and extends to multiple copies of laterally offset

Nups that are present in each half spoke of yeast and vertebrate

NPCs.6,7,18,31,46 In addition, vertebrate Nup93/Nup205 and their

yeast orthologs (Nic96 and Nup188-192) may be present in both

the spoke and double outer rings,7,18–20,28–30,32,34 while form I

yeast NPCs do not contain Nic96 and Nup188-192 densities in

the single outer rings.5,7

The ubiquitous presence of double NRs, along with Nups that

are building blocks of the spokes, would suggest that this super-

structure evolved at an early stage and was present in the

last common eukaryotic ancestor.83 Single outer rings in

C. reinhardtii, S. pombe, and S. cerevisiae5–7,23,25 might be logical

intermediates in the evolution of double outer rings or could have

arisen as the result of secondary losses, as may occur in the

incomplete or more flexible CRs of S. pombe NPCs.25,84 In

S. cerevisiae, the presence of a single outer ring on the cyto-

plasmic side may have provided the impetus for dimerization of

the Nup82 complex to maintain a functional stoichiometry that is

in line with double outer rings from other NPCs. In either case,

the presence of single outer rings in unicellular organisms may

create a more dynamic scaffold that is responsive to changes in

transport cargo levels and the nuclear environment. This also sug-

gests that the NR in single-celled organisms may be associated

with an important function such as basket anchoring. Indeed,

the basket appears to be dynamically assembled on NPCs

through an RNA-dependent mechanism.85 It is thus reasonable

to hypothesize that assembly of the NR and basket might be co-

ordinated for specific RNA processing roles.

Membrane anchor sites may act as transducers for mechani-

cal processes associated with the NE.25 Remarkably, membrane

anchor sites show a large structural variation between yeast and

vertebrate NPCs. Thus, vertebrate Nup155 forms links between

the inner and outer rings that provide additional interactions with

the NE through MBMs in their b-propellers.86,87 In yeast, two

distinctive membrane anchor complexes are present at local

2-fold axes in the equatorial plane of the IR.6,7 One anchor com-
Figure 6. Bridging FG connectors between the core scaffold and cent

(A) Amap of the full nuclear double outer ring (gold, NR) is dockedwithin a densitym

the double outer ring to the central transporter/plug (blue dot), which were mode

(B) A map of the single cytoplasmic outer ring (bronze, CR) is docked into a m

appropriately positioned to originate from the Nup82 complex associated with th

(C) Modeled FG connectors are present at three levels along the central channel

domain 1 (L1). Possible contact sites on the plug (dotted circles) and a color key

(D) A thick section of the double outer ring viewed along the central C8 axis withmo

the nuclear side.

(E) Thick section of the inner ring-TMD lumenal ring complex with modeled FG c

(F) Thick section of the cytoplasmic outer ring with modeled FG connectors.
plex contains a tetramer with 2 copies each of Pom34 and

Pom152 that may interact with the MBMs of Nup157 b-propel-

lers. However, there are no clear Pom orthologs in vertebrates,

although a distant evolutionary relationship may exist between

yeast Pom152 and vertebrate Gp210, as both contain numerous

tandem Ig-like modules.12,13,18,65 Extended regions of Ig-like re-

peats in Pom152 and Gp210 both form LRs that interconnect

adjacent spokes in their respective NPCs, yet these rings have

radically different subunit copy numbers and structures.6,7,18,65

The larger LR in vertebrates may be necessary to restrict the dy-

namic expansion of the more massive NPC or may have other

functions.65

A second membrane anchor complex in yeast NPCs contains

Ndc1 and Nup170.59,78 As shown herein, Ndc1 and Pom34-

Pom152 interact with b-propellers in Nup170 and Nup157,

respectively.6 Ndc1 monomers in vertebrate NPCs are posi-

tioned at a greater distance from the local 2-fold axis and interact

with the b-propeller of Aladdin, rather than Nup155 (a Nup170 or-

tholog).18 Thus, membrane anchor complexes have diverged in

yeast and vertebrate NPCs. However, a recurring motif involves

the use of a Nup b-propeller to contact the membrane protein,

and this may extend to newly discovered interactions between

Nup84 Y-complexes and yeast Ndc1.11

The Nup53-Nup59 heterodimer is illustrative of the divergence

in multitasking NPC modules. Nup53 and Nup59 are paralogs

with each subunit having extended N- and C-terminal tails that

provide spoke connectors and membrane anchoring mo-

tifs.59,62–64 The Nup53-Nup59 heterodimer has been located be-

tween the inner and outer CTDs of Nic96, faces the NE, and may

contribute amphipathic C-terminal helices to the Nup170-Ndc1

membrane anchor complex.6,7 However, the equivalent Nup35

dimer was not resolved in the Xenopus IR,31 while human

Nup35 dimers have been positioned between adjacent spokes,

near the NE in a lower-resolution 3Dmap. In this case, Nup35 di-

mers may provide connectors between adjacent spokes to sta-

bilize the vertebrate IR.18,19

Overall, significant alterations have occurred in yeast and

vertebrate NPC architecture that may reflect changes in the

NE, while features that lie at the heart of nucleocytoplasmic

transport are more strongly conserved. Moreover, Nup

composition and the organization of critical sub-assemblies

may reflect the optimization of physical properties that govern

interactions with the NE, which in turn direct the scaffolds’

response to mechanical stress.25,88 Finally, large-scale struc-

tural variations in NPCs may provide functional specialization

in different nuclear regions7 and could be present in other

organisms.
ral transporter

ap from the entire NPC (transparent gray). A thick slab shows connectors from

led with blue rods for visualization.

ap of the entire NPC. This view reveals FG connectors (red dot and rods)

e single outer ring.

in this central cross-section; labels: inner ring (IR), lumenal ring (LR), and linker

for FG connectors are shown.

deled FG-connector bundles to the central transporter. (D)–(F) are viewed from

onnectors from Nsp1 complexes.6,7
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Role of connectors and the topology of Nup145
An unusual feature of the NPC is the presence of flexible connec-

tors in the N and/or C termini of Nups that in yeast include Nic96,

Nup53-Nup59, and the Nup145N family (Nup145N, Nup116, and

Nup100).6,7,89 These connectors form links between the three

major layers in the spoke and have additional functions.6,7,18,19

In previous work, we showed that 7 connectors in the Nic96

NTD (28 in total) can be divided into two groups. One group binds

to pairs of 3-helical bundles from Nsp1 complexes (Nsp1,

Nup49, and Nup57)46,90,91 to stabilize diagonal walls within the

spoke.7 These diagonal walls connect channel-facing Nsp1

3-helical bundles, which anchor N-terminal FG repeats within

the central channel, to Nup188 and Nup192 in the adaptin-like

layer. A second group tethers Nic96-CTDs in the membrane-in-

teracting layer to C-terminal tails of Nup188 and Nup192 in the

adaptin-like layer.7,46,49,89

Wehave now identified 16additional connectors in each spoke,

which were grouped with two previously unassigned connec-

tors.7 We used extant crystal structures of Nup-connector com-

plexes from Chaetomium thermophilum19,46 to identify 8 connec-

tors in each S. cerevisiae spoke; 6 connectors arise from the

Nup145N family, and 2 connectors arise from Nup53 or

Nup59.46 Thus, Nup145N-connector binding sites have been

identified on Nup170, Nup188, and Nup192 along with a

Nup53-Nup59 site on the innermost copy of Nic96 CTD. These

connectors tie together Nups within the adaptin-like and mem-

brane-interacting layers6,19,89; higher-resolution data will be

required to complete the 3D connector puzzle. Overall, the spoke

connectors (368 in total) may confer structural plasticity to the IR

by providing a large set of inter-Nup linkages that stabilizes the

highly fenestrated spokes when they are subjected to potentially

disruptive forces during transport. Connectors may also stabilize

productive Nup conformations for spoke assembly and promote

interactions required to assemble the IR. Some connectors form

dynamic interactions within the scaffold even though they tie

together much of the NPC50; hence, a regulated reversal of their

associationswith other Nupsmay underlie key elements ofmitotic

NPC disassembly in organisms with an open mitosis.7

Nup145 provides connectors that bind to specific sites in the

spoke and undergoes a well-documented internal self-cleavage

during its biogenesis.47 Autoproteolytic cleavage into Nup145N

andNup145C ismediated by a central APD, and the resulting pro-

teinsplay important roles;however, theoverall topologyofNup145

remains elusive.Wenowproposean initialmodel forNup145 in the

proximal Y-complexof thedouble outer ringand the IR (Figure 7A).

Our data suggest that regions of Nup145C and Nup145N near the

cleavage sitemay remain in close proximity at the proximal Nup84

Y-complex. Thus, Nup145C forms an a-helical domain in the stem

of the Y-complex and contributes a b sheet that is inserted into

the Sec13 b-propeller, and this cylindrical domain binds to the

Nup145C near the Y-junction.72,92 A long a helix extends from

the inserted b sheet toward the underside of the Nup85-Seh1

arm. We identified an orphan density that links the Nup85 arm

and Nup188 in the IR; this linker domain may contain at least one

copy of the Nup145N APD. In addition, three confirmed

Nup145N-connector binding sites have been identified in

the adaptin-like and membrane-interacting layers of the half

spoke.6,19,46,89
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As diagrammed in Figure 7A, this suggests a topology for

Nup145N in which a reverse C to N tracing starts at the APD, tra-

verses at least 3 connector binding sites in the membrane-inter-

acting and adaptin-like layers, and then loops back to form an FG

connector at the outer ring that delivers GLFG repeats (�200 res-

idues) to the central transporter. This model will be refined in

higher-resolution studies and raises questions about the role of

possible connectors from the second copy of Nup145 that con-

tributes a Nup145Cmolecule to the distal Y-complex. Moreover,

the newly identified binding sites are present in both halves of the

spoke, which suggests that a similar pathmay apply to Nup145N

connectors or flexible regions in its paralogs (Nup100 and

Nup116) that associate with the CR. Hence, Nup145N and its pa-

ralogs may provide flexible and dynamic links between the inner

and outer rings of the yeast NPC.

The NPC scaffold creates a central transport assembly
The core scaffold creates a passageway across the NE and

provides anchor sites for FG-containing Nups that extend

transport-factor binding sites into the central channel. These

natively disordered FG-repeat regions may be flexible and

locally disordered within the central channel.93,94 However,

the cylindrical symmetry of FG-Nup binding sites could create

annular regions of similar FG repeats that, depending upon

their chemical characteristics, may transiently interact with

one another in the high local concentrations within the transport

channel.15 Moreover, ring-like features have been observed in

frozen-hydrated NPCs,95,96 and a plug-like feature has been

observed in 3D maps (this work).6,7,16,96,97 In addition, surface

imaging of fixed and metal-coated nuclei revealed central gran-

ules along with connecting filaments to the scaffold on the

cytoplasmic side.98 A full complement of FG repeats would ac-

count for �9.6 MDa in the central channel (Table S6),6 and

these polypeptides may occupy a larger volume than folded

proteins of comparable molecular weight. Transport factors

and cargo are also present in the channel. This is based on im-

aging of micro-injected nucleoplasmin-gold conjugates after

isolation of Xenopus germinal vesicles,99 mass spectrometry

of yeast NPCs,6 and cryo-EM of 60S pre-ribosomal large sub-

units caught in transit.100 Thus, an amalgam of FG repeats,

transport factors, and cargo complexes may create a blurred

plug-like feature in isolated NPCs that is, in effect, cylindrically

averaged during refinements.101

We have documented connections that extend from the mid-

plane of the IR to the central transporter in both isolated and in

situ yeast NPCs.6,7 FG connectors may also originate from two

Nsp1 molecules in Nup82 complex dimers on the CR6,7 and

fromNup145N on the double nuclear outer ring (Figure 7A, right).

In total, FG connectors in 48 bridging densities may account for

�128 FG Nups and could provide �77% of the expected FG re-

peats (by mass) in the central channel (Table S6). Collectively,

the data are consistent with the hypothesis that some local order

may exist where connectors extend from the core scaffold into

the central channel. This idea seems inconsistent with prior

views of FG repeats in the central transporter as a homogeneous

phase,102,103 but it may be consistent with segregated pathways

at different regions of the central channel for different kinds of

transport.6,15,104,105



Figure 7. Nup145 topology diagram and

interplay between the core scaffold and

central transporter/plug

(A) Left: proposed Nup145 topology with a region

of the double outer ring shown as an outset in the

dashed box from the right-hand panel. Nup145N

binding sites are indicated by gray rectangles.

Right: schematic model of the form II yeast NPC

with FG connectors to the plug/central transporter

and their contact sites (dashed circles).

(B) Radial expansion of the NPC scaffold may

trigger functional changes in the central trans-

porter. FG connectors appear to be maintained in

the transition; connectors are color-coded (Fig-

ure 6C) based on location and possible Nup an-

chor. Left: transport factors with cargo may be

entrapped within the FG mesh of the plug-like

transporter. Right: reorganization of the core

scaffold and FG mesh promotes translocation of

transport factor-cargo complexes.
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Recent analysis of S. pombe NPCs under conditions of os-

motic shock or energy depletion showed that transport is down-

regulated when the scaffold undergoes a radial contraction.25

When mechanical forces are applied to the nucleus, the core

scaffold has been shown to dilate,18,25,106 an effect that is asso-

ciated with a weakening of the permeability barrier and an in-

crease in facilitated transport.88 This data and prior work suggest

that the NPCmay function like amechano-sensitive channel that

responds to changes in the NE (Figure 7B).107 Against this back-

ground, transport models must account for the �2-fold volume

increase of the central channel during radial expansion of the

IR and a smaller expansion of the outer rings (this work).7,25

Moreover, the plug-like feature in the central channel may un-

dergo a remarkable change from an hourglass-shaped density

in isolated NPCs (this work)6,7,16 to a flattened disk-like feature

in human pore complexes imaged in situ (Figure S9C).21

We suggest that the plug-like feature, and the FG repeats in

particular, may act as a gate to impede transport in NPCs with

a radially contracted conformation (Figure 7B, left). Transport

factors bind FG repeats with a relatively low intrinsic affinity

(1–10 mM) that may be enhanced by the high local concentra-

tions of these repeats in the central channel.93,108,109 Hence, a

balance must be struck between FG-repeat density and trans-

port-factor affinity to allow facilitated diffusion driven by bind-

ing and unbinding events. Radial expansion of the core scaf-

fold may reorganize the FG repeats by lowering their

packing density in the central channel to enhance transport

(Figure 7B, right).18,25,88 A cylindrical perimeter of quasi-or-

dered FG domains attached to connectors (Figures 7A and

7B, righthand panels) could guide this process by forcing

transport complexes toward the channel center99 while block-

ing non-productive interactions with the IR.

In this model, FG repeats have two functions: they may act as

a barrier that entraps transport factors and cargo complexes in
Molecular Cell
radially contracted NPCs, while reorgani-

zation of the FG matrix during expansion

‘‘unplugs’’ the central channel to facilitate
a higher rate of transport. However, the link between the confor-

mation of the core scaffold and the distribution of FG repeats in

the central channel may be modulated by physical properties of

the cargo complex100 and lateral tension in the NE.7,25 Thus,

additional levels of complexity and adaptability remain to be

investigated in this mechano-sensitive translocation channel.

Limitations of the study
Protomers in the co-axial rings of the NPC are dynamic and sen-

sitive to isolation conditions; thus, the ability to determine 3D den-

sity maps with side-chain resolution is generally limited. In addi-

tion, Nups within the spoke and double outer ring are subjected

to variations in local geometry that are not built into AlphaFold2

models. Our analysis indicates that X-ray crystal structures,

Nup AlphaFold CSMs, and electron density maps may provide

accurate models for Nups in the NPC when combined with flex-

ible fitting. Caveats concerning the resolution and functional inter-

pretation of various co-axial rings and sub-assemblies within the

NPC are given in the results and discussion. Moving forward,

experimental challenges in achieving near-atomic resolution

over the entire ensemble will require a coordinated approach

that is aided by improved 3D density maps110 and will build on

the composite 3D structure reported herein.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Chemical Cross-linking with Mass

Spectrometry readout datasets

Akey et al.7 Zenodo (https://zenodo.org/)

Accession#: 5721514

Files and input data, scripts and results for

integrative modeling of the Pom34-Pom152

tetramer

This paper Zenodo (https://zenodo.org/) DOI-10.5281

Accession#: 8226857

Integrative models for Pom152 rings This paper PDBDEV_00000213

Full nuclear double outer ring of the

yeast NPC

This paper EMD-41114

Double ring of Nup84 Y-complexes from the

yeast NPC

This paper EMD-41285

Lumenal ring of the isolated yeast NPC This paper EMD-41116

Pom34-152 membrane attachment site in

the yeast NPC and preliminary model

This paper EMD-41117 PDB: 8T9L

Inner ring spoke of the yeast NPC This paper EMD-41300

Cytoplasmic outer ring of the yeast NPC This paper EMD-41119

Central transporter/plug in 3D map of the

yeast NPC

This paper EMD-41120

Connectors from the double outer ring of

the yeast NPC

This paper EMD-41121

Connectors from the cytoplasmic outer ring

of the yeast NPC

This paper EMD-41122

Composite multi-scale 3D structure of the

yeast NPC

This paper EMD-41123

Molecular model of the inner ring

protomer (spoke)

This paper, Akey et al.7; Jumper et al.26 PDB: 8TIE

PDB: 7N85

Alphafold CSMs

Molecular model of the double Nup84

Y-complex protomer

This paper, Akey et al.7; Jumper et al.26 PDB: 8TJ5

PDB: 7N84

Alphafold CSMs

Crystal structures of domains of the Nup84

Y-complex

Stuwe et al.91; Brohawn and Schwartz92;

Brohawn et al.111
PDB: 3EWE, 3JRO

PDB: 4XMM

Experimental models: Cell lines

S. cerevisiae strain W303 MATa ade2-1

ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-

100 MLP1-PPX-ProteinA::HIS5

Kim et al.6 N/A

Software and algorithms

UCSF Chimera, version 1.13 Pettersen et al.112 https://www.cgl.ucsf.edu/chimera/

RELION 3.0.7 Nakane and Scheres113 https://github.com/3dem/relion

MotionCor2 v1.2.3 Zheng et al.114 https://msg.ucsf.edu/software

GCTF v1.18 Zhang115 https://www2.mrc-lmb.cam.ac.uk/

research/locally-developed-software/

zhang-software/

Gautomatch v0.55 N/A https://www2.mrc-lmb.cam.ac.uk/

research/locally-developed-software/

zhang-software/

CryoSPARC 3.3.2 Punjani et al.39 https://guide.cryosparc.com/setup-

configuration-and-management/how-to-

download-install-and-configure
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REAGENT or RESOURCE SOURCE IDENTIFIER

Coot 0.8.9.2 Casanal et al.116 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

NAMD/MDFF Molecular dynamics

flexible fitting

Trabuco et al.38 https://www.ks.uiuc.edu/Development/

Download/download.cgi?

PackageName=NAMD

https://github.com/ryanmcgreevy/mdff

EMAN2 Tang et al.117 https://blake.bcm.edu/emanwiki/EMAN2/

Install

IMP, version 2.8 Russel et al.82 https://integrativemodeling.org/

Other

Quantifoil holy carbon grids Quantifoil Micro Tools R2/2 400 mesh copper
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by Christopher Akey (cakey@

bu.edu).

Materials availability
Yeast strainW303 [MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100MLP1-PPX-ProteinA::HIS5] and plasmids generated

for this study will be distributed without restriction upon request.

Data and code availability
d Cryo-EM 3D density maps and relatedmodels have been deposited in the EMDB and RCSB, respectively. Integrativemodeling

data have been deposited in the PDB-Dev.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The S. cerevisiae strain W303 (see key resources table) was grown and processed as described to provide detergent-solubilized,

isolated NPCs.7 Sample preparation, grid freezing, data collection, and movie processing were described previously.7

METHOD DETAILS

Statistics for the current analysis of yeast NPC rings and sub-asemblies are summarized in Tables S1A and S1B. We extracted the

inner ring and double Y-complex from NPC images and reprocessed them with focused refinements and more efficient masks in

RELION 3.0113 and CryoSPARC.39,118 At the same time, we took a step back to produce lower resolution 3Dmaps of sub-assemblies

including the complete nuclear double outer ring with orphan Nup densities and linker domains, the cytoplasmic single outer ring, the

lumenal ring, and a pore membrane anchor site on the spoke. Connecting bridges between FG repeat Nups in the core scaffold and

the central channel were also identified. All computational steps were done with scripts due to the complexity of analyzing NPC sub-

assemblies at different bin sizes (pixel sizes). Half maps and gold standard Fourier shell curves (FSCs; not shown) for the low reso-

lution structures have been deposited in the EMDB. Improved molecular models for the inner ring and double Y-complexes were

created with the aide of Nup AlphaFold CSMs26 and crystal structures (Table S2). Sub-assembly 3D maps and molecular models

were combined to create a multiscale model that provides additional insights into the structure and function of this large channel.

Single-particle processing of yeast NPCs
Inner ring spoke and membrane anchor site

The spoke with 28 Nups was refined as follows. A cleaned and pre-aligned, single particle dataset for the yeast NPC (bin2, 2.66 Å/

pixel, 26K) was aligned with C8 symmetry to a reference volume containing a D8 enforced 3D map of the inner ring with a suitable

mask, to insure that the local 2-fold axis of a spoke within the inner ring was aligned along the +Y axis while maintaining the overall
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polarity of the NPC. The particle stack file and star file from the alignment was symmetry expanded to give both the requisite image

stack file and star file (relion_particle_symmetry_expand) with alignment parameters for each protomer (208K). SEGGER119 (in

Chimera112) and masking strategies were then used with RELION to create a volume containing the outer rings and the central trans-

porter by subtracting the inner and lumenal rings (relion_image_handler). Projections of this volume were then subtracted from NPC

images in the C8 expanded stack file (relion_project) to create an image stack file containing the inner and lumenal rings, along with

residual noise that accrues from imperfect subtractions due to flexibility and other factors.

A focused multi-body refinement was run with a 2x spoke-lumenal ring volume coupled with on-the-fly subtraction of the compli-

mentary 6x spoke-lumenal ring volume during each alignment cycle; the 2x-spoke-lumenal ring mask and reference volume were

centered on the local 2-fold axis aligned on the +Y-axis. At this stage, a star file and extracted 2x-spoke-lumenal ring stack file

were then created (relion_flex_analyze_mpi) and particles refinedwith C1 symmetry. Then a 1.1x spoke stack file was created by sub-

traction with the appropriate 3D volume (relion_project). A final C1 refinement was done in RELION 3.0.7 using a tight mask for the

spoke that included the membrane anchor sites adjacent to Nup157 and Nup170; since the spoke has nearly perfect 2-fold symme-

try, we used an initial C2 symmetrized 3D reference volume and final half-maps were post-processed with either C1 symmetry or with

the local C2 symmetry enforced before post-processing (FSC0.143 = 7.6Å resolution). Appropriate files for the spoke were exported to

CryoSPARC for local non-uniform refinement with C1 symmetry; final half maps were then post-processed in RELION 3.0.7 after C2

symmetrization (Table S1; FSC0.143 = 6.6 Å resolution) and a local resolution map was computed in RELION (local resolution sam-

pling = 50 Å, Bfactor = -600). The C2 enforcedmapwas used in subsequent work and new features were cross-checked in a C1map.

The data processing increased both the clarity and resolution of the spoke with significant improvements in the membrane inter-

acting layer, including the presence of a partly resolved platform at the membrane contact site for Nup157 b-propellers and clear

density for Nup53-Nup59 heterodimers located between adjacent Nic96 CTDs. At the current resolution, 3D classification did not

reveal a significant subset of particles that should be discarded, which may reflect the quality of the initial cleaning. We then com-

bined 8 copies of the 1.1x spoke 3Dmap to create amap for the inner ring; importantly, refinementmasks did not truncate inter-spoke

contacts in the inner ring.

Focused refinement of the Nup157 membrane anchor site

To further investigate a platform-like feature located on the central 2-fold axis of the spoke that intersects the lipid-detergent micelle,

we used a focused mask that included density adjacent to Nup157 and most of the membrane interacting layer. This mask was used

to create a reference volume from our best spoke 3Dmap and to carry out a subsequent refinement in RELIONwith C1 symmetry that

used particle stack and star files from the final spoke C1 refinement in RELION. Half maps were again C2 symmetrized before post-

processing and local resolution calculation in RELION (local resolution sampling = 100Å; Table S1). Thus, the final density mapwas in

good alignment with the spoke 3D map; the TMD region was trimmed of extraneous density by mask multiplication and used for

modeling and figures.

Double Y-complexes

A particle stack file which contained the best ordered particle subset from our previous multi-body analysis of the Nup84 double

Y-complex (bin3, pixel size 3.98 Å; �14% of total NPC protomers7), was refined in RELION and CryoSPARC. The mask excluded

orphan densities and was centered roughly on the overlap region of the two Nup84 complexes, which forms a double-V and we

extended the mask to either side to effectively cover a complete protomer in the double outer ring (Table S1). This density map

from 3D refinements in RELION was used to create an improved mask by zoning in Chimera112 around a docked model for the

two Nup84 Y-complexes (7N84.pdb). This mask and the 3D reference with aligned star file were imported into CryoSPARC and pro-

cessed by local, non-uniform refinement. CryoSPARC halfmapswere post-processed in RELION including the calculation of a locally

filteredmapwhich indicated a resolution of�9–10 Å, consistent with features observed during model building (Table S1). A complete

C8 ring of double Y-complexes was recreated in Chimera.112

Complete nuclear double outer ring

Complete double outer rings and flexible single rings on the nuclear side remained in NPC images (bin3, pixel size 3.99 Å) after sub-

tracting density for all other ring assemblies and the central transporter. Focused 3D classification with C8 symmetry and amask was

then used to identify particles with a well ordered double ring. Subsequent 3D refinements with improved masks that included rele-

vant orphan and linker domain density regions, along with a small region of the inner ring adjacent to Nup188, provided a represen-

tative map with C8 symmetry which was post processed (�23 Å resolution; Table S1). In a final step, adjacent inner ring density that

remained in the 3D map was subtracted from the full double outer ring.

Cytoplasmic single outer ring

In previous work, there was significant but circumferentially disconnected and blurred density for the cytoplasmic outer ring in a 3D

map of detergent-extracted and isolated NPCs. To reconstruct this ring, we used a subset of NPC images that contained well pre-

served double outer rings based on the rationale that these particlesmay bemore robust. Thus, we refined this particle subset at bin3

(pixel size = 3.99Å; �5K NPCs) with C8 symmetry, which revealed weak connectivity for the cytoplasmic outer ring. We then used

appropriate masks and volumes to subtract all other NPC components from the aligned stack file images, leaving blurred density

associated with the cytoplasmic outer ring. These particle images were refined with C8 symmetry (Table S1; Map 1) and then sub-

jected tomulti-body refinements with 2.5X and 5.5X protomer volumes as described for the spoke-lumenal ring processing (Table S1;

Map 2). A combination of protomer flexibility and low particle numbers prevented us from refining the cytoplasmic outer ring to a res-

olution where a reliable molecular model could be built; this task must await a much larger dataset.
Molecular Cell 83, 3283–3302.e1–e5, September 21, 2023 e3
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Lumenal ring

The lumenal ring has been refractory to analysis in the isolated NPC. We undertook two complementary approaches to improve the

density for this flexible feature. First, we used an aligned 2x-spoke-lumenal ring stack file at bin3 for a 3D classification with skip_align

to identify and eliminate roughly half of the particles based onweak lumenal ring density. We then transferred the combined class star

file to a bin4 environment and started with an aligned 1.5X-spoke-lumenal ring stack file (bin4, 180 box), which by selective masking

contained only a small region of the membrane interacting layer in the spoke, including Nup157 and portions of Nup170. A C1 refine-

ment, with C2 post processing created the next 3D reference which was more tightly masked to remove residual spoke density and

part of the micelle ring density. After another round of refinement, a 3D classification with skip_align reduced the particle number

(85322) and a C1 alignment with C2 post-processing produced the final map (Table S1), which was then expanded to a full lumenal

ring and the remaining micelle ring density trimmed by multiplication with a radial mask.

To corroborate our map of the lumenal ring, we started with an NPC image stack at bin4 (5.32 Å/pixel in 500 x 500 boxes) based on

the strategy of first isolating the full ring by subtracting all other components. Thus, we used a D8 symmetry enforced, 3D map of the

inner ring to align the full NPC images, followed by alignment with a 3D reference and mask based on computationally reassembled

lumenal ring with D8 symmetry from our previous refinements that was blurred by low pass filtering to 30Å. After 3D classification with

skip_align, we obtained anNPC subset (21372) with reasonable density for the lumenal ring. At this point, we subtracted all other NPC

components to create a lumenal ring stack file and carried out D8 symmetry expansion (relion_particle_symmetry_expand) to

generate an expanded star file. This star file was used to create a D8 stack file (341952 protomers) commensurate with the full sym-

metry of this ring, in 360 x 360 boxes (relion_image_handler). The extracted ring images were subjected to a multi-body protocol to

create 2X lumenal ring protomers (as described for the spoke-lumenal ring), centered on the central local 2-fold axis of the spoke, and

were further refinedwith C1 symmetry and post-refined with C2 enforced symmetry for the half maps. The final 2X protomermapwas

then used to recreate a full D8 lumenal ring in Chimera.112 During this process, we retained density from the poremembrane and from

the tips of the spokes, which was subsequently removed by mask multiplication (relion_image_handler).

Connecting bridges to the central transporter

The ability to create improved 3D density maps for double outer rings and a single outer ring suggested that a subset of isolated yeast

NPCs are better ordered. Thus, we explored whether connections from the core scaffold to the central transporter could be resolved.

We first re-extracted the�5KNPC particles with well ordered double outer rings at bin4 (5.32 Å/pixel, box size = 500 x 500 pixels) and

created an appropriate star file. This data set was aligned with C8 symmetry with amask focused on the inner ring and produced a 3D

map after post-processing that revealed connecting bridges from the outer rings on both nuclear and cytoplasmic surfaces of the

NPC (Table S1; Map 1). Cytoplasmic connections from the scaffold to the central channel have been resolved previously.7 We

focused on the nuclear side. In particular, we started with the aligned 5.4K subset of the full NPC extracted at bin3 (3.99 Å/pixel,

box size = 414 x 414) and did a skip_align 3D classification with a mask that contained the nuclear double outer ring and density

for the nuclear half of the central transporter. This gave a single class (�1.4K) with clear density bridging between the nuclear double

outer ring and the central transporter. This subset was subjected to a 3D refinement with C8 symmetry using a reference volume and

mask that focused on the inner and lumenal rings. The resulting map was post-processed in RELION (Table S1; Map 2).

Modeling NPC sub-assemblies
Inner ring

We started with an extant model (PDB: 7N85) docked into a spoke density map (EMD-24232).7 We retained chain models for four

Nsp1 heterotrimers, two Nup53-Nup59 heterodimers and four sets of Nic96-NTD connectors (Table S2, top half). AlphaFold2

CSMs for the Nic96-CTD and Nups 157, 170, 188 and 192 were trimmed to remove unstructured regions and then rigid body docked

in Chimera112 (fit_in_map) and aligned to the spoke model from 7N85.pdb with MatchMaker. Initial manual rebuilding involved

breaking some Nups into smaller domains guided by the density map to accommodate local flexibility, repositioning of certain ɑ-he-
lices followed by rebuilding loops in Coot. Cycles ofMDFF andmanual rebuilding provided amolecular model with fewmissing loops;

final model refinement steps used an improved, 3D density map of the spoke from a non-uniform refinement in CryoSPARC. The

overall completeness of the hybrid AlphaFold model allowed the identification of 16 additional orphan densities (8 per half spoke)

(Table S3); a careful trace back of computational steps involved in creating the extracted spoke 3D density map indicated that a mix-

ing of top and bottom halves of the spoke did not occur. Orphan densities were of similar intensity in the two half spokes of a C1map

and their apparent occupancy was similar to adjacent Nups in the maps. This allowed the ad hoc enforcement of the local 2-fold

symmetry at the post-processing step.

Nup84 double Y-complex

A comprehensive model was created in a stepwise process for two Nup84 Y-complexes in the C8 protomer of the nuclear double

outer ring. Initially, an extant 3D density map of the double outer ring (EMD-24231)7 and the associated model (7N84.pdb) were

used to guide the piecewise assembly of an AlphaFold2 model, which also utilized X-ray crystal structures as guides (Table S2, bot-

tom half). In this approach, AlphaFold2 CSMs for 7 yeast Nups in the Nup84 complex were pruned where necessary to remove un-

modeled termini. Crystal structures for conjoined Nup pairs were used to create models for Nup85/Seh1 and Nup145C/Sec13 with

AlphaFold2 CSMs andMatchMaker in Chimera.112 In each case, a 4-stranded b-sheet (known as a blade) is donated by the ɑ-helical
solenoids of Nup145C and Nup85 to a Nup partner with 6 blades to create seven blade b-propellers for Sec1372 and Seh1, respec-

tively.111 A complete model of the Y-junction (hub) between Nups 120, 85 and 145C was created in a similar fashion using a crystal
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structure template (4XMM.pdb).91 All AlphaFold models were then superimposed on 7N84.pdb in Chimera112 and docked into the

electron density map with MDFF and manual refinement, while maintaining Nup interfaces at the Y-intersection and between

Nup145C and Nup84 in the stem.

In the next step, an improved 3D density map of the double Y-complex was obtained from CryoSPARC which allowed an accurate

rigid body docking and subsequent refinement, because helix pair motifs and some single ɑ-helices were resolved at �9-10Å res-

olution. In addition, b-propellers with large loops between b-strands were well fit. An improved model of the torus-like bulge in the

distal Y-complex that is formed by C-terminal domains of Nup84 and Nup133 was built manually in Coot along with a large contact

between the b-propeller of the distal Nup133 and spur domain of the proximal Nup133. The full model of the double Y-complex was

refined in steps with MDFF and manual rebuilding in Coot. During refinements, the density map was carefully trimmed to remove

orphan densities in the double outer ring that could erroneously draw protein features away from their local densitymaximum. In addi-

tion, we extended the density map and model to�2 protomers, centered on a single central protomer, to provide contact regions for

the flexible fitting. The inherent flexibility of ɑ-helical solenoid Nups and differences in local contacts and conformation arise from

altered geometries for the two Y-complexes in the double ring; these features necessitated a large number ofmanual rebuilding steps

to achieve the best fit to the electron density.

Pom34-Pom152 membrane anchor site

We took a stepwise approach to create an initial molecular model of the membrane anchor site located on the spoke 2-fold axis con-

taining Pom34 and Pom152. First, we uploaded an AlphaFold2 model for Pom34 (AF_AFQ12445F1), which was trimmed to contain

two TM helices with a short, lumenal helix between the TM helices (aa46-153). 2 copies of this model were manually docked in 4 cen-

tral TM density rods, related by the local 2-fold axis with the correct sidedness. Second, full-length Pom152 was modeled as a dimer

with AlphaFold2 and this produced a TM helix bundle in which each Pom152 monomer has a 3-helix bundle (TMH1-TMH3) followed

by a fourth short helix located just above the pore membrane in the NE lumen. The Pom152 monomer was trimmed to residues

aa105-214 and we fused helices 3 and 4 to create a longer TM3 that extends beyond the pore membrane as indicated by the density

map; 2 copies of this Pom152 3-helix TMD were manually fit into the remaining density with the correct polarity to fill the remaining 6

rods. Extraneous density that is visible at a lower threshold was removed by a generous mask to create figures to showcase the 10

highest density rod-like features. Higher resolution wiill be needed to precisely dock the ɑ-helices from the AlphaFold2 CSMs in this

membrane anchor complex.

Integrative modeling of the Pom34-Pom152 transmembrane domains

A structural model of the Pom34-Pom152 transmembrane domains (TMDs) was computed by integrative modeling,6,37,81,82 based

on data summarized in Table S4. Relying on the AlphaFold2 predictions of Pom34 and Pom152 (aa1-249), we represented each pre-

dicted helix as a rigid body using a 1-residue-per-bead representation; all other regions were represented as flexible strings of beads

(Table S4). The spatial restraints included: cross-link restraints corresponding to upper distance bounds based on a total of 15 DSS

cross-links6; an EM density restraint corresponding to a cross-correlation between the Gaussian Mixture Model (GMM) representa-

tion of the Pom34-Pom152 subunits and theGMM representation of the cryo-EMdensitymaps for the transmembrane region (i.e., 3D

density maps; Table S4)120; transmembrane domain localization restraints that localize the predicted transmembrane domains

(Pom3462–131, Pom34133–153, Pom34111–131, Pom152149-169, and Pom152173–193) within the pore membrane6; Pom152 peri-nuclear

localization restraints applied to the CTD region of the Pom152 fragment (Pom152134–249); pore-side localization restraints to regions

facing the pore (Pom341-43 and Pom1521-104); and excluded volume and sequence connectivity restraints were applied to all

components.6

Structural models were computed using Replica Exchange Gibbs sampling, based on the Metropolis Monte Carlo (MC) algo-

rithm.44,121 Each MC step consisted of a series of random transformations (i.e., rotations and/or translations) of the flexible beads

and rigid bodies (Table S4). We improved the efficiency of structural sampling by explicitly considering the C2-symmetry of the inner

ring. Analysis and validation of the structural models of the Pom34-Pom152 TMD region followed the previously published five

steps122 (Table S4). The integrative structuremodeling protocol (i.e., stages 2, 3, and 4) was scripted using the PythonModeling Inter-

face (PMI) package and our open-source Integrative Modeling Platform (IMP) package,82 version 2.8 (https://integrativemodeling.

org). Input data, scripts, and results are available at https://github.com/integrativemodeling/NPC_TMD. The model and data are

also deposited in the PDB-dev archive.123

Figures
All Figure panels with density maps and models were created with Chimera,112 and Adobe Photoshop and Illustrator.

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitative and statistical analysis were done as part of the image processing and modeling pipeline within software packages

listed in the main text, STAR Methods, and key resources table.
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