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Abstract

Nuclear pore complex (NPC) mediates nucleocytoplasmic shuttling. Here we
present single-particle cryo-electr on microscopy (cryo-EM) structure of the
inner ring (IR) subunit from Xenopus laevis NPC at an average resolution of 4.4
A. Thesymmetric | R subunit comprises a cytoplasmic half and a nuclear half. A
homo-dimer of Nup205 resides at the center of the IR subunit, flanked by two
molecules of Nup188. Four molecules of Nup93 each places an extended helix
into the axial groove of Nup205 or Nup188, together constituting the central
scaffold. The channel nucleoporin heterotrimer (CNT) of Nup54/58/62 is
anchored on the central scaffold. Six Nup155 moleculesinter act with the central
scaffold and together with the NDC1-AL ADIN hetero-dimersanchor the IR
subunit to the nuclear envelope and to outer rings. The scar ce inter-subunit
contacts may allow sufficient latitude in conformation and diameter of the IR.
Our structure of vertebrate IR reveals key insightsthat are functionally

impor tant.
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NPC is present on the nuclear envelope (NE) of al eukaryotic cells and mediates
nucleocytoplasmic transport (1, 2). A vertebrate NPC consists of four circular
scaffolds: a cytoplasmic ring (CR), an inner ring (IR), anuclear ring (NR), and a
luminal ring (LR) (3-5). IR resides in the central layer of the NPC and bridges the
outer rings CR and NR. Of the four rings, only the LR residesin the lumen of the NE.
The cytoplasmic filaments (CF) are connected to the CR and facilitate
nucleocytoplasmic transport. Structural investigation of the NPC has yielded a wealth
of information on individual nucleoporins, subcomplexes, and ring scaffolds of the
NPC (2, 4, 6, 7).

A vertebrate NPC has an extraordinary molecular mass and displays
considerable conformational flexibility despiteits 8-fold symmetry. These aspects
have made cryo-EM analysis of the NPC through single particle analysis (SPA)
technically challenging. Conseguently, cryo-electron tomography (cryo-ET) through
sub-tomogram averaging (STA) has been the dominant approach in the structural
investigation of NPC during the past two decades. The best resolution achieved for
cryo-ET reconstruction of the IR subunit is approximately 21 A for the human NPC
(8). ThisEM map allowed generation of composite coordinates for human NPC
through docking of known X-ray structures (8).

We took the cryo-EM SPA approach and succeeded in the reconstruction of
the CR subunit from Xenopus laevis (X. laevis) NPC with alocal resolution of about

5-8 A (9). More recently, relying on enhanced methods of sample preparation and
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cryo-EM analysis, we have markedly improved the local resolution of the X. laevis
CR subunit to 3.8 A (10). Detailed features of secondary structural elements and
bulky amino acid side chains are identifiable in a portion of the core region.

In this manuscript, we report the cryo-EM reconstruction of the IR subunit of
the X. laevis NPC at an average resolution of 4.4 A, with local resolution reaching 4.0
A. The EM maps allow docking of known and predicted structures of X. laevis
nucleoporins (10, 11) as well asidentification of secondary structural elements. Based
on the EM maps, we have generated atomic coordinates for 30 nucleoporins of the X.
laevis IR subunit, which include 19,315 amino acids. This structure reveals the

underpinnings of vertebrate IR subunit assembly.

Cryo-EM analysis of the X. laevis IR subunit

The same cryo-EM datasets used for reconstruction of the CR subunit from X. laevis
oocytes (10) were used for reconstruction of the IR subunit. A total of 800,825 NPC
particles were manually selected from 33,747 micrographs (Fig. S1A). With C8
symmetry, the intact IR was reconstructed at an initial resolution of 22 A using
660,302 NPC particles (Fig. 1A; Fig. S1A,B), allowing extraction of the IR subunits
(Fig. S2A). Using data at the bin-2 level, we generated a reconstruction of the IR
subunit at 5.6 A resolution. The refined subunits were projected back to the original
IR, followed by subunit re-extraction (Fig. S2B). Using data at the bin-1 level,

2,093,631 particles yielded the final reconstruction for the IR subunit at an average
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resolution of 4.4 A (Fig. 1B,C; Fig. S3-S7; Tables S1 & S2). Thelocal resolution
reaches 4.0 A.

Compared to previous studies, our cryo-EM reconstruction of the X. laevis
IR subunit at 4.4-A resolution constitutes a major improvement. The improved EM
density maps allowed unambiguous assignment of most componentsin the IR subunit
and accurate placement of secondary structural elements. We identified 30 molecules
of nine distinct nucleoporinsin each IR subunit, including four copies of Nup93, six
copies of Nup155, four copies of CNT (each comprising Nup62/Nup58/Nup54) (12),
and two copies each for Nup205, Nup188, NDC1, and ALADIN.

The atomic coordinates of Nup93 and Nup205 from the CR subunit (10)
were docked into the EM map with little adjustment. Using AlphaFold (11), we
generated atomic coordinates for each of the other X. laevis nucleoporins. We
individually docked each predicted structure into the 4.4-A EM map and made minor
adjustment (Fig. $4-S7). Compared to the core region, the EM density in the
peripheral region of the IR subunit has alower resolution (Fig. S7). Nonetheless, the
AlphaFold-predicted structure of the ALADIN-NDC1 hetero-dimer fits the EM
density reasonably well. The final atomic model of the X. laevis IR subunit contains

19,325 amino acids, with 788 a-helices and 312 $-strands (Fig. S8-S13; Table S3).

Over all structure of the | R subunit
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The IR subunit displays atwo-fold symmetry, with a cytoplasmic half and a nuclear
half separated along the NE (Fig. 2A). At the center of the IR subunit, two molecules
of Nup205 form a homo-dimer, which is flanked by two Nup188 molecules (Fig. 2B;
Fig. S14). Four molecules of Nup93 closely interact with the Nup205/Nup188 hetero-
tetramer, with each Nup93 placing an extended helix into the axial groove of Nup205
or Nup188 (Fig. S14). Together, eight molecules of Nup93, Nup188, and Nup205
assemble into a central scaffold of the CR subunit.

The central scaffold associates with four CNTs on the side of the central pore
of the NPC (Fig. S14). Thisis accomplished in part by an N-terminal helix of Nup93,
which interacts with triple helical bundles of Nup62, Nup58, and Nup54 (12). The
central scaffold also associates with six molecules of Nupl155 and two hetero-dimers
of ALADIN-NDCL on the side of the NE. Together, 10 molecules of Nup155,
ALADIN, and NDC1 assemble into a substructure that has a concave curvature to
contact the convex surface of the NE (Fig. S14). Notably, all six f-propeller domains
of Nup155 and two ALADIN B-propellers are located in close proximity to the NE.
NDC1 contains a pore domain (PD) and a transmembrane domain (TM). The PD
interacts with ALADIN (13, 14); the TM helps anchor the IR on the NE (Fig. S14).

For ease of discussion, three Nup155 molecules on the cytoplasmic side are
designated Nup155-1, Nup155-2, and Nup155-3 along the cytonuclear axis of the IR
subunit (Fig. 2B; Fig. S14). Similarly, two Nup93 molecules on the cytoplasmic side

are referred to as Nup93-1 and Nup93-2, with the latter closer to the center of the IR
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subunit. Each of the corresponding nucleoporins on the nuclear side is named with an
apostrophe. The two halves of the IR subunit are nearly identical to each other, with a
root-mean-squared deviation (RMSD) of about 1.34 A over 8,911 Ca atoms (Fig.
S15). Structural comparison of individual nucleoporins between the cytoplasmic and
nuclear halves reveals few differences (Figs. S16 & S17). We therefore choose to

discuss packing interactions mainly in the cytoplasmic half of the IR subunit.

Nup188 and Nup205 asthe central components

It was unclear whether Nup188 and Nup205 are both present in the IR. Based on the
EM map, we conclusively identified two molecules of Nup188 and two molecules of
Nup205 in the IR subunit (Fig. 3A; Fig. $4). Nup188 and Nup205 are similar in both
sizeand overall fold (Fig. 3B). At the center of the IR subunit, Nup205 and Nup205’
form a symmetric homo-dimer that has the appearance of a dumbbell, with their C-
terminal helices facing each other at the center (Fig. 3A). Specifically, two helices
0.75/a78 at the C-terminus of Nup205 stack against two corresponding helices of
Nup205’ at aroughly perpendicular angle (Fig. 3C). Nup205 directly associates with
Nupl188. Specifically, the surface loop between helices a55 and 056 of Nup205 is
positioned in close proximity to helix a33 of Nup188 (Fig. 3D). In addition, the
surface loop between .39 and 040 of Nup188 is located close to the surface loop

between helices 659 and 60 of Nup205.
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Formation of the Nup93-Nup188-Nup205 central scaffold

Using the atomic coordinates of Nup93 from the CR subunit (10), four molecules
were readily placed into the EM density map (Fig. 4A; Fig. S5). Notably, Nup93
contains a short a-helix at the N-terminus and an extended N-terminal helix o5 (Fig.
4B), which are important for binding CNT and Nup188/Nup205 (12, 15),
respectively. Four Nup93 molecules form two asymmetric pairs, one each on the
cytoplasmic and nuclear sides. Although there is no interaction between the two pairs,
two Nup93 molecules within the same pair interact with each other. Specificaly, the
surface loop between helices 030 and 031 of Nup93-1 may contact helix a14 of
Nup93-2 (Fig. 4C). In addition, the surface loop between helices 014 and a15 of
Nup93-2 is wedged into the crevice formed by helices a35 and a37 of Nup93-1.

Our EM map reveals previously unknown structural featuresin the IR
subunit. Remarkably, each of the four Nup93 molecules contains an extended a-helix
of 80-A in length at its N-terminus (Fig. S5); this helix o5 traverses the axial groove
of the C-terminal portion of the Nup188 or Nup205 a-solenoid (Fig. 4D-F).
Specifically, the N-terminal half of helix a5 from Nup93-1 directly contacts helices
a56/a58/060 from Nupl188; the C-terminal half of a5 associates with helices
o.7la73/075 from Nupl188 (Fig. 4D). In addition, helix a37 of Nup93-1 may contact
the surface loop between 061 and 062 of Nup188; helix 128 of Nup93-1 is located

closeto helix 067 of Nup188.
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The interface between Nup93-2 and Nup205 resembles that between Nup93-
1 and Nup188. The extended helix a5 from Nup93-2 directly contacts helices
069/a73/083 from Nup205 (Fig. 4E). In particular, helix a83 comes from the TAIL-C
domain (9), which nearly forms a closed channel with the Nup205 a-solenoid (Fig.
4F). In contrast, Nup188 lacks the corresponding TAIL-C and the bound helix a5
from Nup93-1 is more surface-exposed (Fig. 4F). In addition, helix 035 of Nup93-2
may contact helix a67 of Nup205 and the surface |oop between .36 and «.37 of
Nup93-2 associates with helices a467/a68 of Nup205 (Fig. 4E).

In summary, these four Nup93 molecules form a network of interfaces with
the Nup188-Nup205 hetero-tetramer. Together, these eight nucleoporins constitute a
central scaffold of the IR subunit, onto which the CNT and the Nup155-ALADIN-

NDC1 are anchored.

Nup155 links the central scaffold

Each Nup155 protein contains an N-terminal 3-propeller, followed by an elongated o-
helical domain. All six Nup155 moleculesin the IR subunit are located on the NE side,
with their B-propellers directly contacting the NE (Fig. 5A; Fig. S14). Of the six
molecules, Nup155-1 and Nup155-1’ directly interact with nucleoporinsin the CR

and NR, respectively. Specificaly, the C-terminal helices of Nup155-1 are
sandwiched by inner Nup160 and inner Nup205 from the CR subunit (Fig. 5B). These

interactions may play amajor role in the connection between the IR and the CR/NR.
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The other four Nup155 molecules form two asymmetric homo-dimers. The
elongated a-helical domains of Nup155-2 and Nup155-3 interact with each other in a
roughly head-to-tail fashion, creating a homo-dimer of about 290 A in length (Fig.
5C). Helices a8 and 012 of Nup155-2 directly contact helices 032 and 037 of
Nup155-3, respectively; the linker sequence between helix 010 and strand 38 of
Nupl155-2 is in close proximity with the surface loop between 036 and a.37 of
Nup155-3 (Fig. 5D, left panel). Notably, the C-terminal domain (CTD) of Nup93-2
associates with both Nup155-2 and Nup155-3, likely stabilizing their interface (16)
(Fig. 5D, right panel).

This asymmetric dimer interacts with all three components of the central
scaffold. The C-terminal helices of Nup155-2 closely stack against the C-terminal
helices of Nup93-1 and the middle portion of Nup188. On one hand, helices
029/30/31, a37/a39, and a42 of Nup155-2 may contact helices 036/037, a.34, and 0.32
of Nup93-1, respectively (Fig. 5E). On the other hand, the loop between helices
a.35/a36, helix 032, and the loop between a.37/a.38 of Nup155-2 interact with helices
a57, 059, and 061 of Nup188, respectively (Fig. 5F).

The interactions involving Nup155-3 closely resemble those involving
Nupl155-2. Nup155-3 closely stacks against Nup93-2 and Nup205. On one hand,
helices 0129/0:31 of Nup155-3 interact with helices a36/a37 of Nup93-2 (Fig. 5G). On
the other hand, helix 32 of Nup155-3 may directly contact the surface loop between

helices 0462 and 063 (Fig. 5H).
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The ALADIN-NDC1 dimer

The nucleoporin ALADIN, heavily targeted for mutationsin triple A syndrome
(AAAS) (17-19), is thought to directly interact with NDC1 in human cells (13, 14).
However, the exact locations of ALADIN and NDC1 in the IR subunit have remained
enigmatic. In two regions of the EM map next to Nup155-1 and Nup155-1’, there are
two lobes of significant density (Fig. 6A; Fig. S7). Unfortunately, these regions arein
the periphery of the IR subunit where the quality of the EM density is insufficient for
ab initial identification of nucleoporins. Using AlphaFold (11), we generated a
predicted structure of the X. laevis NDC1; the PD of NDCL1 fits the EM map quite
well (Fig. S7). Next, we generated an AlphaFold-predicted structure of the ALADIN-
NDC1 hetero-dimer, which, to our pleasant surprise, can be docked into the EM
density map with little adjustment (Fig. S7).

There are two ALADIN-NDC1 hetero-dimersin each IR subunit, one on the
cytoplasmic side and the other on the nuclear side (Fig. 6A). In the modeled structure,
the loop between strands C and D of blade 4 (known as the 4CD loop) from the
ALADIN B-propéller isin close proximity with helices a1l and 14 of NDC1-PD
(Fig. 6B). In addition, the strands C and D of blade 3 (B3C & 3D) and the
intervening 3AB loop from ALADIN may contact helix a16 of NDC1-PD.

The ALADIN-NDC1 hetero-dimer bridges the gap between Nup155-1 and

Nup93-2 in the cytoplasmic half of the IR subunit (Fig. 6C). Specificaly, the 1D2A

11


https://doi.org/10.1101/2021.11.13.468242
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.13.468242; this version posted November 13, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Huang et al

loop and the 2CD loop of the ALADIN B-propeller are positioned close to the 1D2A
loop and helix a3 of the N-terminal 3-propeller of Nup155-1, respectively (Fig. 6D).
Two surface loops from NDC1-PD, one between helices a12 and 013 and the other
between 114 and a5, are located close to the surface loop between helices 010 and
011 of Nup93-2 (Fig. 6E).

The ALADIN-NDC1 hetero-dimer appears to play an important role in
connecting Nup155-1 to the IR subunit. Nup155-1 and Nup155-1’, on the other hand,
connect the IR to the CR and the NR, respectively (Fig. 5A,B). Any mutation in
ALADIN that compromises its structural stability or itsinteraction with NDC1 is
likely to have anegative impact on the connection of the IR with the CR/NR, which

may consequently damage assembly and function of the NPC.

Formation of the R

Wefirst aligned the 4.4-A reconstruction of the IR subunit onto the EM map of the IR
at 22-A resolution. This practice was repeated eight times to generate a complete
reconstruction of the IR. We then projected the atomic coordinates of the IR subunit
into the reconstruction for each of the eight IR subunits, generating a composite
model for the entire IR scaffold (Fig. 7A). This composite model contains 240
nucleoporins. 48 copies of Nup155, 32 copies each of Nup93 and CNT, and 16 copies
each of Nup188, Nup205, ALADIN, and NDC1. The IR components Nup98 and

Nup35 remain to be identified.

12
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The inter-subunit connection in the IR scaffold mainly involves Nup205
from subunit 1 (S1) and Nup93-1 and Nup188 from subunit 2 (S2) (Fig. 7B). The N-
terminal helices of Nup205 from S1 are located close to the N-terminal helices of
Nup93-1 and the C-terminal helices of Nup188 from S2 (Fig. 7C). Notably, however,
the spatial gap between these potentialy interacting helices from S1 and S2 is large
enough to disallows direct interactions. This analysis suggests a weak interface
between neighboring IR subunits, which is consistent with the observed contraction
and dilation of the NPC pore (20-22). The small and large spatial gaps between two
neighboring IR subunits may correspond to the contracted and dilated states of the
NPC pore.

Unlike CR or NR, the IR has a nearly perfect internal symmetry (Fig. S15).
However, the symmetric IR subunit is placed on the NE asymmetricaly, tilting
towards the CR side by approximately 10 degrees (Fig. 7D). The IR subunit is
connected to the CR/NR through the linker nucleoporins Nup155, ALADIN, NDC1,
and Nup93 (Fig. 7E). Such connection depends on the ALADIN-NDC1 hetero-dimer,

which fills up the spatial gap between Nup155 and Nup93.

Discussion
Advent of the atomic model of vertebrate IR subunit may serve as a framework for
understanding the functional mechanism of NPC. A number of the nucleoporins are

regulated by phosphorylation, which impacts on the assembly and function of NPC

13
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(23, 24). We mapped the phosphorylated sites onto the structure (25, 26) (Fig. S18).
Ser307 and Ser675 of Nupl55 face the nuclear membrane; phosphorylation of either
residueis likely to alter their interaction with the membrane, thus potentially affecting
membrane localization of Nup155 (Fig. S18A). Phosphorylation of Ser117 in helix a5
of Nup93 may affect its interaction with Nup205 or Nupl188; phosphorylation of
Thr368 or Ser655 of Nup93 may alter the interface between Nup93-1 and Nup93-2
(Fig. S18B). Analogously, phosphorylation of Nup188, Nup205 and CNT may change
their local conformation or local environment for interaction (Fig. S18C).

ALADIN is regulated by phosphorylation and is frequently targeted for
mutation in the triple A syndrome (AAAS) (18, 19). All three potential
phosphorylation sites (Ser186, Thr295, and Ser300 (25, 26)) in ALADIN are located
on surface loops on the top side of the B-propeller (Fig. S19A); these residues are
likely involved in protein recruitment or interaction that might be sabotaged by
mutations. Consistent with this analysis, this side of the ALADIN B-propeller is
targeted by 15 AAAS-derived mutations (27-40) (Fig. S19B). Presumably, these
mutations either alter the structure or damage the interaction of ALADIN with other
proteins. Other nucleoporins have been found to be targeted for mutations in other
debilitating diseases, including Nup93 and Nup205 in steroid-resistant nephrotic
syndrome (SRNS) (41) and Nup62 in infantile bilateral striatal necrosis (IBSN) (42)

(Fig. S20A,B). For example, the mutation Q416P, involving replacement of GIn416

14
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by a helix-breaking residue Pro in the middle of an extended helix of Nup62, may
destabilize its helical conformation (Fig. S20B).

As a component of the central scaffold, Nup93 plays akey role in organizing
the IR subunit through direct interactions with multiple nucleoporins (16, 43). Most
notably, the Nup93 a-solenoid has an extended N-terminal extension that harbors two
protein-interacting motifs (Fig. S5). The first motif is ashort a-helix at the N-terminus
of Nup93; itisinvolved in recruitment of the CNT (12). The second motif isan
extended helix a5, which is known to interact with Nup205 or Nup188 (12, 15); it
binds the axial groove of the C-terminal a-solenoid of Nup205 or Nup188.
Remarkably, the interaction between Nup93-a5 and Nup205 axial groovein the IR
subunit is exactly preserved in the CR subunit. A close examination of the Nup93-
Nup205 interactions reveals an RMSD of no more than 4 A over more than 1,200
aligned Ca atoms between the IR and CR subunits (Fig. S21).

The fact that the same helix o5 of Nup93 interacts similarly with Nup205 or
Nupl188 in both the CR and IR subunits suggests remarkable adaptability of Nup93.
Indeed, the inherent conformational flexibility of Nup93 allowsit to bridge
interactions with a number of protein componentsin both CR and IR subunits. Such
conformational flexibility is ahallmark of several other nucleoporins, as exemplified
by Nup155 (Fig. S22). Although the two corresponding molecules of Nup155 in the
cytoplasmic and nuclear halves are structurally identical (Fig. S22A), different

Nup155 molecules on the CR side exhibit very large RM SD values (Fig. S22B).
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Despite improvement in the quality of EM reconstruction for the vertebrate
IR subunit, the average resolution of our EM reconstruction falls just short of the
atomic range. The local resolution drops off quickly in the peripheral regions of the
IR subunit. Consequently, we have been unable to identify the RRM-containing
nucleoporin Nup35 or the linker nucleoporin Nup98. The current EM reconstruction
suggests potential locations of Nup35 (Fig. S23). Additional improvement of the
resolution should allow definitive assignment of Nup35 and Nup98.

In summary, we have determined the cryo-EM reconstruction of the X. laevis
IR subunit at an average resolution of 4.4 A, the highest achieved for the IR subunit of
avertebrate NPC. Structural analysis reveals awealth of structural featuresthat are

likely to be functionally important.
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Figure L egends
Fig. 1 Cryo-EM structure of theinner ring (IR) of the X. laevis NPC. (A) Cryo-
EM reconstruction of the IR of X. laevis NPC at 22 A resolution. Two perpendicular
views are shown. The inner diameter of the IR is approximately 45 nm. (B) The final
EM reconstruction for the IR subunit displays an average resolution of 4.4 A. Shown
here is a curve of the Fourier Shell Correlation (FSC) over resolution. (C)
Distribution of the local resolution for the EM reconstruction of the IR subunit. The

color-coded resolution range is shown below.

Fig. 2 Overall structureof the IR subunit from the X. laesvisNPC. (A) Overal
EM density map of the IR subunit from X. laevis NPC. Two perpendicular views are
shown. The IR subunit displays a 2-fold symmetry, with acytoplasmic half and a
nuclear half. The EM maps for individual nucleoporinsin each half are color-coded
identically. The NE is shown in grey. (B) Structure of the IR subunit from X. laevis
NPC. Two views are shown. In the left panel, individual nucleoporins are color-
coded. In the right panel, nucleoporins of the nuclear half are colored gray; different

copies of the same protein in the cytoplasmic half are differentially colored.

Fig. 3 Two molecules of Nup205 and two molecules of Nup188 constitute the
central components of the IR subunit. (A) A homo-dimer of Nup205 at the center

of the IR subunit is flanked by two molecules of Nup188. The two Nup205 molecules
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contact each other viatheir C-termina helices. (B) A side-by-side comparison of the
structures of Nup188 and Nup205. The overall appearance and size are similar
between Nup188 (Ieft panel) and Nup205 (right panel). Nup205 contains a unique
TAIL-C domain. (C) A close-up view on the dimeric interface between Nup205 and
Nup205’. The C-terminal helices a75/a78 from Nup205 stack against the
corresponding helices from Nup205’. (D) A close-up view on the interface between
Nup205 and Nupl188. Three inter-helical surface loops from Nup188 and Nup205 are

involved in the interactions.

Fig. 4 Four molecules of Nup93 interact with Nup188 and Nup205 to form the
central scaffold. (A) Overal distribution of four Nup93 moleculesin the IR subunit.
On the cytoplasmic side, Nup93-1 and Nup93-2 interact with Nup188 and Nup205,
respectively. (B) Structure of Nup93. Shown here is a cartoon representation of
Nup93-1. The short N-terminal helix is known to interact with CNT (12). The
extended N-terminal helix o5 binds Nup188. (C) A close-up view on the asymmetric
interface between Nup93-1 and Nup93-2. (D) A close-up view on the interface
between Nup93-1 and Nup188. Notably, helix a5 of Nup93-1 is placed in the axial
groove of the Nup188 a-solenoid and interacts with the C-terminal helices of Nup188.
(E) A close-up view on the interface between Nup93-2 and Nup205. In striking
analogy to the Nup93-1/Nup188 interface, helix a5 of Nup93-2 is placed in the axial

groove of the Nup205 a-solenoid and interacts with the C-terminal helices of Nup205.
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(F) A side-by-side comparison of the interaction between helix a5 of Nup93 and
Nupl188 (upper panel) or Nup205 (lower panel). Nup188 and Nup205 are shown in

surface representation.

Fig. 5 Nup155 linksthe central scaffold. (A) Anoverall view of six Nupl55
molecules in each IR subunit. Of the six Nup155 molecules, Nup155-2 and Nup155-3
form adimer on the cytoplasmic side; Nup155-2' and Nup155-3' form a homo-dimer
on the nuclear side. (B) Nup155 connects the IR subunit to the CR subunit. The C-
terminal helices of Nup155 on the cytoplasmic side of the IR subunit are sandwiched
by inner Nup160 and inner Nup205 of the CR subunit. (C) A close-up view on the
Nup155 homo-dimer. The helical domains of Nup155-2 and Nup155-3 interact with
each other in a head-to-tail fashion, generating an elongated Nup155 homo-dimer of
about 290 A in length. (D) Close-up views on the interface between Nup155-2 and
Nupl155-3. Two view are shown. (E) A close-up view on the interface between
Nupl155-2 and Nup93-1. (F) A close-up view on the interface between Nup155-2 and
Nupl88. (G) A close-up view on the interface between Nup155-3 and Nup93-2. This
interface is analogous to that between Nup155-2 and Nup93-1. (H) A close-up view
on the interface between Nup155-3 and Nup205. This interface is analogous to that

between Nup155-2 and Nup188.
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Fig. 6 The ALADIN-NDC1 hetero-dimer helpsto anchor the IR subunit to the
NE. (A) Anoverall view of two ALADIN-NDC1 hetero-dimersin the IR subunit.

(B) A close-up view on the ALADIN-NDCL hetero-dimer. Blade-3 and blade-4 of the
ALADIN B-propeller arein close proximity to helices a11/a14/0.16 of the PD of
NDC1. (C) Anoveral view on the cytoplasmic ALADIN-NDC1 hetero-dimer
relative to its neighboring nucleoporins Nup155 and Nup93. (D) A close-up view on
the interface between ALADIN and Nup155-1. (E) A close-up view on the interface

between NDC1 and Nup93-2.

Fig. 7 Structural featuresof thelR scaffold. (A) Anoverall view of the IR
scaffold. (B) An overall view on inter-subunit interface between subunit 1 (S1) and
subunit 2 (S2). (C) A close-up view on the cytoplasmic side of the interface between
S1 and S2. Given the spatial gap in between, Nup205 of S1 may not directly interact
with Nup93-1 or Nup188 from S2. (D) The IR subunit is slightly tilted towards the
cytoplasmic side. (E) The IR subunit is linked to the outer rings through the linker
nucleoporins Nup93, NDC1, ALADIN, and Nup155-1. The IR subunit is connected in
opposite directions to the outer rings. Such connection depends on the ALADIN-

NDC1 hetero-dimer to fill up the vacancy between Nup155-1 and Nup93-2.

23


https://doi.org/10.1101/2021.11.13.468242
http://creativecommons.org/licenses/by-nc-nd/4.0/

W

=0
s n
=5 X.
=5
33
=8y
23
o
5%
=<
®

<

. -
(o
e
)
O
LL

-
O

O.%.

95 nm

cytoplasmic side

O
00

— |R subunit 4.4 A
Q)
y
O
o
0.1 0.2 03
Resolution, 1/A 4 4.8 5.6 6.4 (A)

Resolution range


https://doi.org/10.1101/2021.11.13.468242
http://creativecommons.org/licenses/by-nc-nd/4.0/

A cytoplasmlc side

=

b
r'ft"'i ui""r h{“-‘;.
j ’?.'; "ﬂ’ r'l"f

1 .!‘

"I
ad

|I'.1-
1'l
u.

‘ r

..-:-“""' ol
¥

L b’ -
i =

-
-

-

B cytoplasmic mdegl
Nup155
P Nup155-2
Num%
ii‘i,

, - “f._ Nﬂ»ﬁﬁﬂ%% e S0 ) H\N NUP93 1
' y ‘I 1‘ h
ioRy preprint o htps:/doj Bosted No i= : TL
fwmch was ot certied by pe #é‘-lﬁrw . o ﬁ w “"'{[;__"_' f,‘, *if 3 ‘d" ; ." ‘r !" - : 1 ..
1‘& & 7 ?[ﬁ e L

nuclear side
Nup155-1 3 cytoplasmic side
Nup205 i ié‘-i*
“P By,
N 205 \‘“'ri/ % f}; .
\ éxa. 7R
1 80 l‘ ( } . -;; NN ‘_\\“\
CP Nup1 55-3 -

- * L 1 13
i = 5 |
L h e [, . L S
=
¥

f
nuclear side

& Nup93’

" nuclear side N

w .
i Ta¥ay
1 [u

s ’ |..“ J_ g w >y .
A ‘tﬂ .+

-

P

B Nup93-1 M Nup93-2

B Nup188 (2) W Nup205 (2)
M Nup155-2 M Nup155-3

B ALADIN (2) B CNT (4)
Nup155-1
*CNT (Nup62, Nup58, Nup54) aiia

B Nup93 (4)
B Nup155 (6)
)

B NDC1 (2


https://doi.org/10.1101/2021.11.13.468242
http://creativecommons.org/licenses/by-nc-nd/4.0/

cytoplasmic side

~190 A

N .
b
%

AT
% ] e ¥
l B %

o

Rl _._ I::LE’;:-‘?*-:_; :ai:&%ré:‘___ I [

bioRxiv preprint doi: https://dojilirg/10. 2021.11.1, ember 13, e copyright holder for
(which was not certified by peqirevie’ e autho| icense to C e preprint in perpetui
ailable al license

f


https://doi.org/10.1101/2021.11.13.468242
http://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1101/2021.11.13.468242
http://creativecommons.org/licenses/by-nc-nd/4.0/

. T
N

n

BN Nup155-2
\ S 4 : .. J E%‘ ;,.,,?. .
‘ .\ "' F!\ o L -

v Lg! |

"
! A - & ' ¢ i i = ey
I I S T I T I . L = W & i 4
F | P 5 L . I § §

b .‘:' . ! -
; i
v.j i - 4 h -
L e
l - ..'l.-" i ._"'..
L)

i
r r

Inner Nup205
(CR)

n §

DAL S & AR el
# L . [ . f -'r"f-_ ki
+ i ] i I y : _. I -'_‘.“ ; ". ! £l i
i ¢ -"_1 > _":r'_"ig-:i __ L . h
= -_l;._x g _-:'.-" I : :
R N )
B €5

N g
v, i :. . r
w ;i',;; > "_lHII i 5 ; u =]
\ o8 W Ve |

G

Nup155-2


https://doi.org/10.1101/2021.11.13.468242
http://creativecommons.org/licenses/by-nc-nd/4.0/

A cytoplasmic =
side ¥

PR cytoplasmic side

S

=

4 L
N7

.
|

i
i’

F ; 1 § ! |I 1
% 4 ]
q | 1 J ¢ L |
. F 4
F k et L o X ._.-"
LT ’
" = -
- «,\; 3 Yy .-—-I
& i 1 - )
i —
X 1 L -5_ 5 . || - f |
i '} iy - ! a AL } ) - :
Y r - -
l. i W o Y v 4 .“.-q (AN |
. 1 r Lo b F i
W ., - ; i - |
LN N « ' " . '. 7
LW 4 o~ - ! s } 3 4 J .
I & :‘.1 : i i F:. ‘
T - . i »
o # . )
" ]
i " = T r = -
) ¥ B - - Y
; - i R ' *
1
= b8

nuclear 7~ e
side — NE nuclear side

NDC1-PD



https://doi.org/10.1101/2021.11.13.468242
http://creativecommons.org/licenses/by-nc-nd/4.0/

D cytoplasmic side
oy

-
i
"
=
{ -’-
-

ALADIN <

-
}-

nuclear
side

‘ol

"L
y 1 . r.-:-
&7 e
r

B CNT

B Nup155

Nup205

cytoplasmic
side RN
cytoplasmic \ Nypos*

side N\

W S
F' -,
E o v Panitg

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.13.468242; this version posted November 13,
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to jsplay
available under aCC-BY-NC-ND 4.0 International licensg

Central
Channel

§

j
nuclear :'
side + Nup98®



https://doi.org/10.1101/2021.11.13.468242
http://creativecommons.org/licenses/by-nc-nd/4.0/

