
RESEARCH ARTICLE SUMMARY
◥

NUCLEAR PORE COMPLEX

Architecture of the linker-scaffold in the nuclear pore
Stefan Petrovic, Dipanjan Samanta†, Thibaud Perriches†, Christopher J. Bley, Karsten Thierbach,
Bonnie Brown, Si Nie, George W. Mobbs, Taylor A. Stevens, Xiaoyu Liu, Giovani Pinton Tomaleri,
Lucas Schaus, André Hoelz*

INTRODUCTION: In eukaryotic cells, the selec-
tive bidirectional transport of macromolecules
between the nucleus and cytoplasm occurs
through the nuclear pore complex (NPC). Em-
bedded in nuclear envelope pores, the ~110-MDa
human NPC is an ~1200-Å-wide and ~750-Å-
tall assembly of ~1000 proteins, collectively
termednucleoporins. Because of theNPC’s eight-
fold rotational symmetry along the nucleo-
cytoplasmic axis, each of the ~34 different
nucleoporins occurs in multiples of eight. Ar-
chitecturally, the NPC’s symmetric core is
composed of an inner ring encircling the cen-
tral transport channel and two outer rings
anchored on both sides of the nuclear enve-
lope. Because of its central role in the flow of
genetic information from DNA to RNA to
protein, theNPC is commonly targeted in viral
infections and its nucleoporin constituents are
associated with a plethora of diseases.

RATIONALE: Although the arrangement of most
scaffold nucleoporins in the NPC’s symmetric
core was determined by quantitative docking
of crystal structures into cryo–electron tomo-

graphic (cryo-ET) maps of intact NPCs, the
topology and molecular details of their cohe-
sion by multivalent linker nucleoporins have
remained elusive. Recently, in situ cryo-ET re-
constructions of NPCs from various species
have indicated that the NPC’s inner ring is
capable of reversible constriction and dilation
in response to variations in nuclear envelope
membrane tension, thereby modulating the
diameter of the central transport channel by
~200 Å. We combined biochemical reconstitu-
tion, high-resolution crystal and single-particle
cryo–electron microscopy (cryo-EM) structure
determination, docking into cryo-ET maps, and
physiological validation to elucidate the molec-
ular architecture of the linker-scaffold interac-
tion network that not only is essential for the
NPC’s integrity but also confers the plasticity and
robustness necessary to allow and withstand
such large-scale conformational changes.

RESULTS: By biochemically mapping scaffold-
binding regions of all fungal andhuman linker
nucleoporins and determining crystal and
single-particle cryo-EM structures of linker-

scaffold complexes, we completed the char-
acterization of the biochemically tractable
linker-scaffold network and established its
evolutionary conservation, despite considerable
sequence divergence.We determined a series of
crystal and single-particle cryo-EM structures of
the intact Nup188 and Nup192 scaffold hubs
bound to their Nic96, Nup145N, and Nup53
linker nucleoporin binding regions, reveal-
ing that both proteins form distinct question
mark–shaped keystones of two evolutionarily
conserved hetero‑octameric inner ring com-
plexes. Linkers bind to scaffold surface pockets
through short defined motifs, with flanking
regions commonly forming additional disperse
interactions that reinforce the binding. Using a
structure‑guided functional analysis in Sac-
charomyces cerevisiae, we confirmed the ro-
bustness of linker‑scaffold interactions and
established the physiological relevance of our
biochemical and structural findings. The near-
atomic composite structures resulting from
quantitative docking of experimental struc-
tures into human and S. cerevisiae cryo-ET
maps of constricted and dilated NPCs struc-
turally disambiguated the positioning of the
Nup188 and Nup192 hubs in the intact fungal
and human NPC and revealed the topology of
the linker-scaffold network. The linker-scaffold
gives rise to eight relatively rigid inner ring
spokes that are flexibly interconnected to al-
low for the formation of lateral channels. Un-
expectedly, we uncovered that linker‑scaffold
interactions play an opposing role in the outer
rings by forming tight cross-link staples be-
tween the eight nuclear and cytoplasmic outer
ring spokes, thereby limiting the dilatory move-
ments to the inner ring.

CONCLUSION: We have substantially advanced
the structural and biochemical characterization
of the symmetric core of the S. cerevisiae and
human NPCs and determined near-atomic
composite structures. The composite structures
uncover the molecular mechanism by which
the evolutionarily conserved linker‑scaffold es-
tablishes the NPC’s integrity while simultane-
ously allowing for the observed plasticity of the
central transport channel. The composite struc-
turesare roadmaps for themechanisticdissection
of NPC assembly and disassembly, the etiology
of NPC‑associated diseases, the role of NPC
dilation in nucleocytoplasmic transport of solu-
ble and integral membrane protein cargos, and
the anchoring of asymmetric nucleoporins.▪
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Linker-scaffold architecture in the human NPC’s symmetric core. Near‑atomic composite structure of
the NPC’s symmetric core obtained by quantitative docking of high-resolution crystal and single-particle
cryo-EM structures into a cryo-ET reconstruction of the intact human NPC. Schematic representations of
the intricate linker-scaffold topology of the cytoplasmic outer ring, inner ring, and nuclear outer ring
(clockwise from top) are depicted for the boxed regions. C, C terminus; N, N terminus.
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Nuclear pore complexes (NPCs) mediate the nucleocytoplasmic transport of macromolecules. Although the
arrangement of the structured scaffold nucleoporins in the NPC’s symmetric core has been determined,
their cohesion by multivalent unstructured linker nucleoporins has remained elusive. Combining biochemical
reconstitution, high-resolution structure determination, docking into cryo–electron tomographic
reconstructions, and physiological validation, we elucidated the architecture of the evolutionarily
conserved linker-scaffold, yielding a near-atomic composite structure of the human NPC’s ~64-megadalton
symmetric core. Whereas linkers generally play a rigidifying role, the linker-scaffold of the NPC provides the
plasticity and robustness necessary for the reversible constriction and dilation of its central transport
channel and the emergence of lateral channels. Our results substantially advance the structural
characterization of the NPC symmetric core, providing a basis for future functional studies.

T
he enclosure of genetic material in the
nucleus requires the selective transport
of folded proteins and ribonucleic acids
across the nuclear envelope, for which
the nuclear pore complex (NPC) is the

sole gateway (1–4). Beyond its function as a
selective, bidirectional channel for macro-
molecules, the role of the NPC extends to ge-
nome organization, transcription regulation,
mRNA maturation, and ribosome assembly
(1, 2). The NPC and its components are impli-
cated in the etiology of many human diseases,
including viral infections (5, 6). The building
blocks of the NPC are a set of ~34 different
proteins collectively termednucleoporins (nups).
In the NPC, nups assemble into defined sub-
complexes that are generally present in multi-
ples of eight, adding up to amass of ~110MDa
in the humanNPC (1–4). TheNPC architecture
consists of a symmetric core with asymmetric
decorations on its nuclear and cytoplasmic
faces (Fig. 1A). The symmetric core displays
eight- and twofold rotational symmetry about
the nucleocytoplasmic axis and axes coplanar
with the nuclear envelope, respectively. It con-
sists of two outer rings that sit on top of the
nuclear envelope and an inner ring that lines
the lumen generated by the fusion of the two
lipid bilayers of the nuclear envelope. From
the inner ring, unstructured phenylalanine-
glycine (FG) repeats are projected into the

central transport channel to establish the dif-
fusion barrier. Although ~40 kDa has histori-
cally been considered the threshold for passive
diffusion (7, 8), the size selectivity of the barrier
shows a more gradual dependence on molec-
ular mass (9). Active transport is generally
mediated by karyopherins, whose affinity for
FG repeats and ultrafast exchange kinetics al-
low karyopherin-bound cargo to traverse the
diffusion barrier (10–13).
The structural characterization of the NPC

has progressed through efforts to reconstitute
and crystallize ever larger portions of it, from
small nup domain fragments to complexes
as large as the ~400-kDa heteroheptameric
Y-shaped coat nup complex (CNC) (14–30). In
parallel, progress has been driven by efforts
to push the resolution of cryo–electron tomo-
graphic (cryo-ET) reconstructions of intact
NPCs (31). The docking of the CNC crystal
structure into an ~32-Å cryo-ET map of the
intact human NPC was the first demonstra-
tion that biochemical reconstitution and
crystal structures could be used to interpret
cryo-ET maps and unraveled the head-to-tail
tandem arrangement of CNCs in the outer
rings (29, 32). The reconstitution and piece-
meal structural analysis of two heteronona-
meric ~425-kDa inner ring complexes provided
the basis for docking 17 symmetric core nups
into an ~23-Å cryo-ETmap of the intact human
NPC (28, 33), yielding a near-atomic composite
structure of the entire ~56-MDa symmetric
core of the humanNPC (34, 35). Subsequently,
a similar approach elucidated the near-atomic
architectures of constricted and dilated states
of the Saccharomyces cerevisiae NPC using
crystal structures to interpret ~25-Å cryo-ET
maps (36, 37). Apart from an additional dis-
tal CNC ring and associated nups present in
the outer rings of the human NPC, the human

and S. cerevisiaeNPCs present equivalent nup
arrangements (34–38).
The inner ring of the human NPC is com-

posed of six scaffold nups called NUP155,
NUP188, NUP205, NUP54, NUP58, andNUP62;
two primarily unstructured linker nups called
NUP53 and NUP98; and NUP93, which is a
hybrid of both (34, 35). The doughnut-shaped
inner ring adopts a concentric cylinder archi-
tecture, in whichmembrane-anchored NUP155
forms the outermost coat, followed by layers of
NUP93, NUP205 or NUP188, and the NUP54•
NUP58•NUP62 channel nucleoporin hetero-
trimer (CNT) in the center, providing the FG
repeats to form the diffusion barrier in the
central transport channel. Unlike the exten-
sive interactions of large, folded domains
found in the CNC (16–20, 22, 25, 27, 29, 39),
the structured domains of the inner ring nups
do not interact directly. Instead, the inner ring
is held together by the linker nups NUP53 and
NUP98 and the linker region of NUP93, which
are proposed to connect the scaffolds of the
four layers (28, 33, 35, 40–42). The resulting
linker-scaffold architecture allows for a sub-
stantial ~200-Å dilation of the inner ring’s
central transport channel, accompanied by
the generation of lateral channels between
the eight spokes, as observed in recent cryo-ET
analyses of purified and in situ human and
fungal NPCs (36, 43–46). The linker-scaffold is
expected to play a fundamental role in estab-
lishing an architectural framework to accom-
modate the structural changes associated with
the reversible constriction and dilation of the
inner ring.
Whereas our previous work achieved the

identification of most of the scaffold nup lo-
cations in the NPC, a comprehensive under-
standing and the molecular details of the
linker-scaffold interaction network that medi-
ates the cohesion of the symmetric core have
remained elusive. Here, we report the char-
acterization of the complete tractable set of
linker-scaffold interactions through residue-
level biochemical mapping of scaffold-binding
regions in linker nups and the determination
of crystal and single-particle cryo–electron
microscopy (cryo-EM) structures of linker-
scaffold complexes. Our analysis revealed a
common linker-scaffold bindingmode, where-
by linkers are anchored by central structured
motifs whose binding is reinforced by disperse
interactions of flanking regions. We quantita-
tively docked the complete set of linker-scaffold
structures into an ~12-Å cryo-ET reconstruction
of the human NPC (provided by Martin Beck’s
group) (47) and an ~25-Å in situ cryo-ET re-
construction of the S. cerevisiae NPC (36). In
the inner ring, our new linker-scaffold struc-
tures allowed for the unambiguous assign-
ment of NUP188 and NUP205 to 16 peripheral
and 16 equatorial positions, respectively. From
the nuclear envelope to the central transport
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channel, linkers bridge the layers of the in-
ner ring to coalesce scaffold nups into eight
relatively rigid spokes that are flexibly in-
terconnected, allowing for the formation of
lateral channels. The linker-scaffold confers
the plasticity necessary for the reversible
dilation and constriction of the inner ring in
response to alterations in nuclear envelope
membrane tension. The topology of linker-
scaffold interactions between inner ring nups
is conserved from fungi to humans.We carried
out systematic functional analyses of the
linker-scaffold network, including the devel-
opment of aminimal linker S. cerevisiae strain,
establishing its robustness and essential na-
ture. Our quantitative docking analysis of the
human NPC revealed eight NUP205•NUP93
complexes that cross-link adjacent spokes in
both nuclear and cytoplasmic outer rings.
Facing the central transport channel, addi-
tional eight NUP205•NUP93 copies are exclu-
sively anchored at the base of the cytoplasmic
outer ring. NUP93 emerges as a versatile linker-
scaffold hybrid that recruits and positions the
FG repeat-harboring CNT to the inner ring and
reinforces the tandemhead-to-tail CNC arrange-

ment in the outer rings, explaining its funda-
mental role in maintaining the integrity of the
entire NPC. Our analysis substantially advances
the structural characterization of the ~64-MDa
symmetric core and lays out a roadmap for fu-
ture studies on the NPC assembly and function.

Results
Biochemical and structural analysis
of Chaetomium thermophilum
linker-scaffold interactions

Nup192 andNup188 are questionmark–shaped
scaffold keystones of two alternative eight-
protein inner ring complexes, both of which
include the linkers Nup145N, Nup53, and the
scaffold-linker hybrid Nic96 (Fig. 1, B to D)
(28, 33, 35, 40, 41). Previously, a composite
structure of the full-length ~200-kDa Nup192
was determined by superposing overlapping
structures of its N- and C-terminal parts, re-
vealing an extended a-helical solenoid with
a question mark–shaped architecture, com-
posed of 5 HEAT and 15 ARM repeats and a
prominent central Tower (35, 40, 41, 48). High-
resolution structures of Nup188 encompass-
ing the ~130-kDa N-terminal domain (NTD),

which contains a central SH3-like domain in-
sertion, and the ~45-kDa C-terminal Tail region
again revealed extended a-helical solenoids
composed of ARM and HEAT repeats (28, 49).
However, no structural information could so
far be obtained for the ~32-kDa Nup188 central
region equivalent to theNup192 Tower. Although
binding of Nup192 and Nup188 has been bio-
chemically mapped to the Nic96, Nup53, and
Nup145N linkers, the molecular details are un-
known.To gather these details,whichare crucial
to the elucidation of the linker-scaffold archi-
tecture, we performed the following compre-
hensive biochemical and structural analyses.

Nup192 interaction with Nic96

Using a crystallizable Nup192DHead (residues 153
to 1756) fragment (35), we obtained cocrystals
with our previously biochemically mapped
Nic96187–301 fragment that diffracted to 3.6-Å
resolution (fig. S1). Nic96 residues 187 to 239
were not resolved and were found to be dispen-
sable for Nup192 binding by isothermal titration
calorimetry (ITC), because both Nic96187–301

and Nic96R2 (residues 240 to 301) retained a
dissociation constant (KD) of ~75 nM (Fig. 2E
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Fig. 1. Outline of the symmetric core inner ring architecture. (A) Cross-sectional schematic of the NPC architecture. POMs, integral membrane proteins of the
pore membrane domain. (B) Domain structures of the C. thermophilum inner ring linker and scaffold nups. Nic96 consists of linker (residues 1 to 390) and scaffold
(residues 391 to 1112) regions. Nomenclature for nup homologs from C. thermophilum, S. cerevisiae, and H. sapiens is indicated. Multiple paralogs exist for some
S. cerevisiae nups. (C and D) Schematic map of previously established linker-scaffold interactions in alternative, mutually exclusive inner ring complexes organized
around Nup192 and Nup188 scaffold hubs (35). Black lines connecting colored bars indicate interactions between nup regions. C, C terminus; N, N terminus.
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Fig. 2. Structural and biochemical analyses of the Nup192-Nic96 and
Nup188-Nic96 interactions. (A) Domain structures of C. thermophilum Nup188,
Nup192, and Nic96. (B) Cartoon representation of the 3.8-Å C. thermophilum
Nup192•Nic96R2 single-particle cryo-EM structure. Inset regions are magnified to
illustrate the molecular details of the Nup192-Nic96 interaction. Red circles
indicate residues involved in the Nup192-Nic96 interaction. (C and D) Summary
of the effect of structure-guided (C) SUMO-Nic96R2 and (D) Nup192 mutations
on Nup192•SUMO-Nic96R2 complex formation, assayed by SEC. +++, no effect;
++, weak effect; +, moderate effect; –, abolished binding. (E) KDs determined by
triplicate ITC experiments, with the mean and associated standard error
reported. (F) SEC-MALS interaction analyses of Nup192•SUMO-Nic96R2 and
interaction-abolishing mutants. Measured molecular masses are indicated,
with theoretical masses in parentheses. S, small ubiquitin-like modifier

(SUMO). (G) Two views in cartoon representation of the 4.4-Å C. thermophilum
Nup188•Nic96R2 crystal structure phased and built with the 2.8-Å Nup188NTD

and 3.4-Å Nup188Tail [Protein Data Bank (PDB) ID 5CWU] (28) crystal structures.
Inset regions are magnified to illustrate the molecular details of the Nup188-Nic96R2

interaction. Red circles indicate residues involved in Nup188-Nic96R2 binding.
(H and I) Summary of the effect of structure-guided (H) SUMO-Nic96R2 and (I)
Nup188 mutations on Nup188•SUMO-Nic96R2 complex formation, assayed by
SEC. (J) KDs determined by triplicate ITC experiments with the mean and
associated standard error reported. (K) SEC-MALS analysis of Nup188•SUMO-
Nic96R2 and interaction-abolishing mutants. Single-letter abbreviations for the
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly;
H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T,
Thr; V, Val; W, Trp; and Y, Tyr.
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and fig. S2, A and D). The Nic96R2 sequence
register was unambiguously assigned by iden-
tifying seleno-L-methionine (SeMet)–labeled
residues in anomalous difference Fourier
maps (fig. S1). To obtain the structure of full-
lengthNup192•Nic96R2, we determined a single-
particle cryo-EM reconstruction at 3.8-Å global
resolution from a refined set of 176,609 par-
ticles whose preferential orientation resulted in
an anisotropic 3.5- to 4.0-Å directional Fourier
shell correlation (FSC) resolution range (Fig. 2B
and fig. S3). Nic96R2 forms two amphipathic a
helices connected by a sharply kinking loop
that extend from the midpoint to the base of
the Nup192 question mark–shaped a-helical
solenoid. The longer N-terminal a helix is cra-
dled by the concave Nup192 surface formed by
10 ARM and HEAT repeats and the central
Tower, whereas the shorter C-terminal a helix
packs against a hydrophobic patch formed
from the C-terminal Nup192 a helices a75 to
a77 (ARM-20). Comparison of our crystal and
cryo-EM structures confirmed the molecular
details of Nic96R2 binding and identified a
conformational difference in the width of the
gap between the Nup192 Head and Tower
subdomains (fig. S4). To validate the molecu-
lar details of the Nup192-Nic96R2 interface, we
performed structure-guided mutagenesis and
assessed binding by size exclusion chromatog-
raphy coupled to multiangle light scattering
(SEC-MALS) and ITC. Consistent with an
~3700-Å2 hydrophobic interface, binding was
not strongly affected by individual substitu-
tions and was only abolished by Nic96 FFF
or Nup192 LAF combination mutations (F,
Phe; L, Leu; A, Ala; Fig. 2, C to F, and figs. S2
and S5 to S7).

Nup188 interaction with Nic96

Next, we tested whether the same Nic96 re-
gionwas sufficient for Nup188 binding. Indeed,
ITC measurements revealed that Nup188
binds both Nic96R2 and Nic96187–301 with
similar KDs of ~90 nM (Fig. 2J and fig. S8, A
and D). We determined crystal structures of
Nup188•Nic96R2 and Nup188NTD (residues 1 to
1134) at 4.4- and 2.8-Å resolution, respectively,
the latter of which aided with phasing and
model building. The Nup188 and Nic96R2 se-
quence registers were unambiguously assigned
by identifying SeMet-labeled residues in anom-
alous difference Fourier maps (Fig. 2G and
fig. S9). Like Nup192, Nup188 adopts an over-
all question mark–shaped architecture, com-
posed of an N-terminal Head subdomain, 9
HEAT repeats, 13 ARM repeats, and a central,
comparatively more compact Tower (Fig. 2G).
Similarly, Nic96R2 binds a concave surface be-
tween themidpoint and the base of the Nup188
question mark–shaped a-helical solenoid, bury-
ing ~3700 Å2 of combined surface area. Al-
thoughNup188-boundNic96R2 also forms two
amphipathic a helices, the a helices start and

end at different residues, resulting in a sec-
ondary structure that radically differs from the
Nup192-bound form (Fig. 2, B andG). Nup188-
bound Nic96R2 has a shorter N-terminal helix
that binds to the central Tower and a longer
C-terminal helix cradled in the concave surface
at the base of Nup188 (Fig. 2G). Notably, the
Nic96R2 FFF mutation that abolishes Nup192
binding had the same effect onNup188binding,
despite the structural polymorphism between
Nup192- and Nup188-bound Nic96R2 (Fig. 2,
H to K, and figs. S8B, S10, and S12). Analogous
to the Nup192 LAF mutant, we identified a
triple Nup188 FLV substitution that disrupted
Nic96R2 binding (V, Val; Fig. 2, I to K, and figs.
S8C, S11, and S12).

Nup192 interaction with Nup145N
and Nup53

To identify the Nup145N regions necessary
and sufficient for Nup192 binding, we per-
formed a five-alanine scanning mutagenesis
and truncation analysis of Nup145N (Fig.
3A). Substituting five consecutive residues at
a time to alanines, we found a hotspot be-
tween residues 626 and 655 that displayed
diminished binding to Nup192 (Fig. 3A and
fig. S13). N- and C-terminal Nup145N trun-
cation resulted in a minimal Nup145NR1 pep-
tide (residues 616 to 683) that recapitulated
the Nup192-Nup145N interaction, although
shorter Nup145N fragments showed residual
binding to Nup192 (Fig. 3B and fig. S14). ITC
measurements confirmed that Nup192 bind-
ing is primarily sustained by Nup145N’s R1
region, with KDs of ~825 and ~1600 nM for
Nup145N and Nup145NR1 binding, respectively
(Fig. 3G and fig. S15).
WithourpreviouslymappedminimalNup53R1

fragment (residues 31 to 67) (41), we reconsti-
tuted an~220-kDaNup192•Nic96R2•Nup145NR1•
Nup53R1 complex and obtained a single-particle
cryo-EM reconstruction at 3.2-Å global resolu-
tion from a selected set of 484,910 particles
whose preferential orientation resulted in an
anisotropic 3.1- to 3.6-Å directional FSC resolu-
tion range (Fig. 3C and fig. S16). For Nup53R1,
the cryo-EM map only resolved the central
phenylalanine-glycine (FG) dipeptide buried
in a hydrophobic pocket at the top of the
Nup192 molecule. Key contacts involve Leu441

and Trp499 of Nup192 and Phe48 of Nup53,
consistent with our previous identification
of these residues as required for the Nup53R1-
Nup192 interaction by systematic mutagenesis
(Fig. 3D) (41). The Nup145NR1 binding site is
proximal to the Nic96R2 binding site, at the
midpoint of the questionmark–shapedNup192,
where a hydrophobic pocket anchors the
Nup145NR1 MYKL motif (residues 633 to 636;
M,Met; Y, Tyr; K, Lys) that runs perpendicular
to the long axis of the question mark, with its
N terminus oriented toward the N terminus
of Nic96R2 (Fig. 3E). Overall, comparison of the

Nup192 structures in complex with different
linkers demonstrated that linker binding does
not induce conformational rearrangements in
the scaffold Nup192 (fig. S17).
Validation of the Nup192-Nup145NR1 inter-

face through structure-guided mutagenesis con-
firmed the importance of the central hydrophobic
Nup145NMYKL anchor motif (Fig. 3F and fig.
S18), but complete ablation of binding was only
observed when the three flanking basic residues
on either side were also mutated to alanine in
the 10-residueKKR-MYKL-RKRmutant (R, Arg)
(Fig. 3, F to H, and figs. S15 and S18 to S20).
Conversely, mutagenesis of the Nup145NR1

MYKL binding site in Nup192 identified a
quadruple Nup192 LIFH mutant that specifi-
cally abolished Nup192 binding to Nup145NR1

but not Nic96R2 or Nup53 (I, Ile; H, His; Fig. 3,
F and H, and figs. S19 to S21). Although basic
residues flanking both Nup145N’s MYKL and
Nup53’s FG (41) anchor motifs contribute to
Nup192 binding, flanking residues were not
resolved in the cryo-EM density.

Nup188 interaction with Nup145N

To identify the Nup145N regions necessary
and sufficient for Nup188 binding, we used
a five-alanine scanning and fragment trun-
cation approach analogous to the mapping
of the Nup145N-Nup192 interaction. This
identified a minimal Nup145NR2 peptide (res-
idues 640 to 732) that recapitulated wild-type
binding and a region between residues 706
and 715 that affected Nup188NTD binding upon
five-alanine substitution (Fig. 4, A and B, and
figs. S22 and S23). Consistent with our previous
findings (28), we also confirmed that Nup188
does not bind Nup53, even in the presence of
Nic96R2 and Nup145N (fig. S24).
We determined the structure of an ~220-kDa

Nup188•Nic96R2•Nup145NR2 complex by single-
particle cryo-EM. An initial set of 709,123
preferentially oriented particles produced a
reconstruction ofNup188•Nic96R2 at 2.4-Å glob-
al resolution and an anisotropic 2.3- to 2.5-Å
directional FSC resolution range. Local three-
dimensional classification of particles based
on emergent excess density at the top of the
questionmark–shapedNup188molecule iden-
tified a subset of 298,317 particles that yielded
a reconstruction of Nup188•Nic96R2•Nup145NR2

at 2.8-Å global resolution and an anisotropic
2.7- to 2.9-Å directional FSC resolution range
(Fig. 4C and fig. S25). Nup145NR2 buries res-
idues Ile709, Leu710, and Phe715 in a hydrophobic
cradle adjacent to the SH3-like domain. As
with Nup145NR1 bound to Nup192, only a cen-
tral portion of the Nup145NR2 peptide was
resolved (residues 706 to 718) (Fig. 4C). No
meaningful conformational changes were ob-
served between the different Nup188 struc-
tures, in response to linker binding (fig. S26).
Substitution of two resolved Nup145N resi-

dues, Leu710→Ala (L710A) and Phe715→Ala
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Fig. 3. Structural and biochemical analyses of the Nup192-Nup145N inter-
action. (A) Domain structures of C. thermophilum Nup192, Nic96, Nup53,
and Nup145N and the effect of each five-alanine substitution on Nup145N binding
to Nup192, as assessed by SEC and indicated by colored boxes above the
Nup145N primary sequence. (B) Summary of SEC binding analysis identifying
the minimal Nup145NR1 (red) region sufficient for Nup192 binding. +++, no effect;
++, weak effect; +, moderate effect; –, abolished binding. (C to E) Cartoon
representation of (C) the 3.2-Å C. thermophilum Nup192•Nic96R2•Nup53R1•Nup145NR1

single-particle cryo-EM structure. Insets indicate regions magnified to illustrate
molecular details of (D) the Nup192-Nup53R1 and (E) the Nup192-Nup145NR1

interactions. Red circles indicate residues involved in the Nup192-Nup53R1

(41) and Nup192-Nup145NR1 interactions. (F) Effect of Nup145N alanine
substitutions (cyan squares) on Nup192 binding, assayed by SEC (left). Effect
of structure-guided Nup192 alanine substitutions on SUMO-Nup145NR1 binding,
assayed by SEC (right). (G) KDs determined by triplicate ITC experiments,
with the mean and associated standard error reported. (H) SEC-MALS analysis
of Nup192•SUMO-Nic96R2•Nup53•Nup145N and Nup192•SUMO-Nic96R2•
Nup53•SUMO-Nup145NR1 complex formation and disruption by mutants.
Measured molecular masses are indicated, with respective theoretical masses
provided in parentheses.
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Fig. 4. Structural and biochemical analyses of the Nup188-Nup145N interac-
tion. (A) Domain structures of C. thermophilum Nup188, Nic96, and Nup145N and
the effect of each five-alanine substitution on Nup145N binding to Nup188NTD, as
assessed by SEC and indicated by colored boxes above the Nup145N primary
sequence. (B) Summary of SEC binding analysis identifying the minimal Nup145NR2

(red) region sufficient for binding to Nup188NTD. +++, no effect; ++, weak effect;
+, moderate effect; –, abolished binding. (C) Cartoon representation of the 2.8-Å
C. thermophilum Nup188•Nic96R2•Nup145NR2 single-particle cryo-EM structure.
Inset indicates region magnified to illustrate molecular details of the Nup188-

Nup145NR2 interaction. Red circles indicate residues involved in the Nup188-
Nup145NR2 interaction. (D) Effect of Nup145N alanine substitutions (cyan squares)
on Nup188NTD binding, assayed by SEC (left). Effect of structure-guided Nup188NTD

alanine substitutions on SUMO-Nup145NR2 binding, assayed by SEC (right).
(E) KDs determined by triplicate ITC experiments, with the mean and associated
standard error reported. (F) SEC-MALS analysis of Nup188•SUMO-Nic96R2•Nup145N
and Nup188•SUMO-Nic96R2•SUMO-Nup145NR2 complex formation and disruption
by mutants. Measured molecular masses are indicated, with respective theoretical
masses provided in parentheses.

RESEARCH | STRUCTURE OF THE NUCLEAR PORE
D

ow
nloaded from

 https://w
w

w
.science.org at C

alifornia Institute of T
echnology on June 13, 2022



(F715A), moderately disrupted Nup188NTD

binding (Fig. 4D and fig. S27). Further sys-
tematic mutagenesis led to a Nup145N EDSILF
mutant, which respectively abolished and re-
duced Nup188 binding to Nup145NR2 and
Nup145N (E, Glu; D, Asp; S, Ser; Fig. 4, E and F,
and figs. S28 to S30). Structure-guided muta-
genesis of Nup188 residues interfacing with
Nup145NR2 identified a Nup188 HHMImutant
that abolished binding toNup145NR2 but not to
Nup145N (Fig. 4, D to F, and figs. S28 to S30).
Overall, the greater tolerance of the Nup188-
Nup145N interaction to binding site mutations
demonstrates an even greater reliance on pro-
miscuous binding events in flanking regions
dispersed well beyond the structurally resolved
core anchor motif.

Comparison of the Nup192- and
Nup188-linker complexes

The determination of full-length structures of
both Nup192 and Nup188 scaffolds bound to
their respective linkers permits a direct com-
parison of these two distantly homologous
a-helical solenoids (~28% sequence similar-
ity) (Movie 1). Although both structures share
the same overall question mark–shaped archi-
tecture, the Nup188 a-helical solenoid displays
a tighter superhelical twist, resulting in an
~10-Å narrower molecule with a compacted
N-terminal ring (fig. S31, A and B). A Tower
protrudes from the midpoint of the a-helical
solenoid toward the Head subdomain in both

structures, extending further in Nup192 than
the comparatively compressed Nup188 ver-
sion. Nic96R2 binds both scaffolds at the base
of the question mark but notably adopts dif-
ferent secondary structures, switching between
which requires breaking and reforming of a
helices (fig. S31C). By contrast, Nup145N binds
to different parts of Nup192 andNup188, at the
midpoint and the top of the question mark–
shaped molecules, respectively. Interestingly,
theNup145NR2 binding site at the topofNup188
is nearly congruent with that of the Nup53R1 on
Nup192 (fig. S31A).
Our structures and biochemical analysis

identify two distinct types of linker-scaffold
interactions. Nic96R2 binds with high affin-
ity, using the same well-defined ~60-residue
motif in binding to both Nup192 and Nup188.
On the contrary, Nup145N binds to Nup192
and Nup188 through protracted, overlapping
binding regions and a distinctive common
binding mode: Both interactions depend on a
structurally defined ~10-residue Nup145N an-
chor motif, yet tight binding requires extensive
~20- to 60-residue N- and C-terminal flanking
regions with high basic character. The Nup53-
Nup192 interaction relies on a similar binding
mode. The evasiveness of these interaction-
enhancing linker flanking regions to struc-
tural characterization suggests that their
binding to scaffold surfaces is highly dynamic
and promiscuous. Notably, the previously char-
acterized ~14-residue Nup170-binding motif of

Nup145N (residues 729 to 750) does not de-
pend on binding-enhancing flanking re-
gions, suggesting that the uncovered mode of
Nup145N and Nup53 binding to the Nup192
and Nup188 scaffolds is a desirable evolu-
tionary outcome and architectural principle
of the NPC inner ring.
Together, these data complete the struc-

tural and biochemical characterization of the
biochemically tractable linker-scaffold inter-
actions. Nup145N binds at distinct sites on
Nup192 and Nup188, forming mutually ex-
clusive interactions with either Nup192 and
Nup170 or Nup188 through extensive overlap-
ping binding sites mapped to Nup192 (R1,
residues 616 to 683), Nup188 (R2, residues
640 to 732) and Nup170 (R3, residues 729 to
750). Binding by means of a central anchor
motif enhanced by extensive flanking regions
is reminiscent of Velcro, in which weak bind-
ing events accumulate to build a robust yet
flexible interaction with manifold productive
binding configurations possible in terms of
both spatial distribution and occupancy. As an
architectural principle, Velcro-like binding could
accommodate scaffold movements without
entirely breaking the linker-scaffold, main-
taining the NPC’s integrity in face of large-
scale dilation or constriction.

Architecture of the S. cerevisiae linker-scaffold

The inner ring of the NPC contains eightfold
rotational symmetry about a nucleocytoplasmic
axis and twofold symmetry in the plane of the
nuclear envelope (34, 35). In the S. cerevisiae
(sc) NPC, each of the 16 inner ring protomers
were proposed to consist of a scNup192 and a
scNup188 inner ring complex (Fig. 1, C and
D), with scNup192 and scNup188 located at the
equatorial and peripheral positions, respec-
tively (36, 37). High-confidence quantitative
docking of our full-length experimental Nup192•
Nic96R2•Nup145NR1•Nup53R1 and Nup188•
Nic96R2•Nup145NR2 structures in an ~25-Å
in situ cryo-ETmap of the S. cerevisiaeNPC (fig.
S32) (36) confirmed these proposals. Whereas
docking of the folded scaffolds Nup170, Nic96,
Nup192, Nup188, and the CNT into cryo-ET
maps of intact NPCs revealed their positioning
to form four concentric cylinders, the linker
network that connects them has remained
elusive. Combined with our previously deter-
mined structures of Nup170•Nup53R3, Nup170•
Nup145NR3, Nic96•Nup53R2, and CNT•Nic96R1

(28, 35), theNup192•Nic96R2•Nup145NR1•Nup53R1

andNup188•Nic96R2•Nup145NR2 structures al-
lowed us to identify the locations of all scaffold-
bound linker regions. We considered whether
the length of linker polypeptides connecting
pairs of scaffold-bound linker segments con-
strained the topology of linker connections.We
found a single topology connecting linker seg-
ments related by the shortest Euclidean dis-
tance. For a detailed description of these
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Movie 1. Structural analysis of the Nup192 and Nup188 inner ring complexes. Comparison of crystal
and single-particle cryo-EM structures of C. thermophilum Nup192 and Nup188 scaffolds in complex with
Nic96, Nup145N, and Nup53 linkers. Cryo-EM densities are rendered as isosurfaces colored according to their
assigned protein chain.
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results, see the supplementary text (figs. S32
to S37).
Together, these data elucidated the archi-

tecture of the S. cerevisiae inner ring linker-
scaffold (Fig. 5A and Movie 2). Apart from
spoke bridging mediated by Nup53 orthologs,
all linker-scaffold connections in theS. cerevisiae
inner ring occur within the same spoke, there-
by allowing interspoke gaps to form. The
linker-scaffold architecture provides a molec-
ular explanation for the inner ring’s ability to
exist in constricted and dilated states (36, 37).

The S. cerevisiae linker-scaffold is robust
and essential

Owing to ancestral gene duplication events
in S. cerevisiae, there are several linker and
scaffold nup paralogs, including scNup145N
paralogs scNup116 and scNup100, scNup53
paralog scNup59,and scNup170paralog scNup157
(Fig. 1B) (2). The scNup100 and scNup116 para-
logs contain sequences homologous to the
Nup192, Nup188, and Nup170 binding regions
characterized in C. thermophilum Nup145N,
but only scNup116 possesses the Gle2 binding
site (GLEBS) motif (fig. S38) (50).
To interrogate the function of individ-

ual scaffold-binding regions in the linker
scNup116, we established a S. cerevisiaemini-
mal nup100Dnup116Dnup145D strain com-
plemented with scNup116 and scNup145C,
ectopically expressed from centromeric plas-
mids (Fig. 5, B and C, and fig. S39). Next, we
systematically mutated all functional ele-
ments in the scNup116 sequence, including
the scNup192, scNup188, and scNup157/170
scaffold-binding regions R1, R2, and R3, re-
spectively, with three types of mutations:
deletions (DR1, DR2, and DR3), substitutions
with glycine-serine (GS) linkers of equivalent
length (R1/40×GS, R2/40×GS, and R3/12×GS),
or substitutions of sequence-conserved residues
shown todisruptbindingof theC. thermophilum
Nup145N to the respective scaffolds (R1m,R2m,
and R3m) (Fig. 5B and fig. S38). Deletions
and GS-linker substitutions, being aggressive
types of mutations, were lethal if targeting R1
and affected growth, mRNA export, and 60S
preribosome export if introduced in R2 and
R3. The less aggressive combination of sub-
stitutions, R1m, caused substantial yet non-
lethal phenotypic effects, which were further
exacerbated through combination with R2m
(R1m+R2m) or R3m (R1m+R3m), culminating
with the lethal R1m+R2m+R3m triple muta-
tion (Fig. 5, D andE, and fig. S40). Interestingly,
all scNup116mutations resulted in temperature-
dependent loss of enhanced green fluorescent
protein (eGFP)–scNup116 from the nuclear
envelope rim and concomitant emergence of
eGFP-scNup116 foci (Fig. 5D and fig. S40F), as
previously reported (51–53).
Next, we transposed the insight from our

structural and biochemical characterization

of the C. thermophilum linker-scaffold into
equivalent substitutions of conserved resi-
dues or more aggressive truncations of bind-
ing site–harboring subdomains of scNup192,
scNup188, and scNic96 (Fig. 5F). Notably, the
combination of LAF and LIFH substitutions
(LAF+LIFH) that ablated Nup192 binding to
Nic96R2 and Nup145NR1, respectively, failed
to rescue the lethal nup192D phenotype (Fig.
5G and fig. S41 and S42). Analogously, the
combination of FLV and HHMI substitutions
(FLV+HHMI) that ablated Nup188 binding to
Nic96R2 and Nup145NR2, respectively, led to an
additive cold-sensitive slow-growth phenotype
with mRNA and 60S preribosome export de-
fects in the synthetic lethal nup188Dpom34D
strain (Fig. 5, G and H, and figs. S43 and S44)
(54–56). Finally, we introduced the transposed
FFF substitutions of evolutionarily conserved
hydrophobic residues that abolished Nic96R2

binding to Nup192 and Nup188 into scNic96,
along with scNic96R2 deletion (DR2) (Fig. 5F
and fig. S45). Surprisingly, neither mutation
resulted in a detectable phenotype in a nic96D
strain (Fig. 5, F to H, and fig. S46). The com-
posite structure of the NPC linker-scaffold sug-
gests that Nic96R2 binding to Nup192 and
Nup188 restricts the diffusive path of the N-
terminal Nic96 linker, thereby correctly posi-
tioning the Nic96R1 assembly sensor that
recruits the CNT complex (Fig. 5J). We rea-
soned that CNT mispositioning would affect
the spatial distribution and local concen-
tration of FG repeats, with consequences on
nucleocytoplasmic transport. Therefore, we
replaced the Nic96R2 region with GS-linkers
matching the number of residues (R2/66×GS) or
approximating its a-helical length (R2/32×GS)
(Fig. 5F). Despite not affecting CNT recruit-
ment by the Nic96R1 region, the R2/66×GS
and R2/32×GS mutations resulted respec-
tively, in lethal and severely deleterious effects
on growth, mRNA export, and 60S preribo-
some export (Fig. 5, G to I, and fig. S46). For a
detailed description of these results, see the
supplementary text.
Taken together, these data demonstrate the

physiological relevance of our residue-level
biochemical and structural characterization
of Nup192 and Nup188 as keystone scaffold
hubs of the inner ring that integrate connec-
tions between the membrane-coating Nup170
layer and the central transport channel–
interfacing CNT layer through respective in-
teractions with Nup145N and the N-terminal
Nic96 linker regions. The wild-type phenotype
of the nup53Dnup59D strain (57) precludes
analysis of the scNup53 and scNup59 inter-
actions in S. cerevisiae. However, this fact,
coupled with our knockout of all but one of
the scNup145N paralogs, highlights the ro-
bustness of the S. cerevisiae inner ring archi-
tecture, which can tolerate a considerable loss
of linker-scaffold interactions. Robustness is

also found in nup-nup interactions, whereby
perturbing a linker-scaffold interaction re-
quires multiple residue substitutions in both
structured motifs and flanking linker regions.

Evolutionary conservation of the
human linker-scaffold

Despite low sequence conservation, composite
structures of the human and S. cerevisiae
NPCs reveal an identical positioning of the
scaffold nups, suggesting that the linker-
scaffold architecture is evolutionarily conserved
(34–37). Specifically, the human linker-scaffold
interactions, the topology of scaffold-binding
regions in the linkers, and the location of linker-
binding sites in the scaffolds are expected to
match those of the C. thermophilum nups
(28, 33, 35, 40, 41). We developed expression
and purification protocols for recombinant
human nups (Fig. 6A), enabling systematic
interaction analyses between scaffold and linker
nups, for which we generated truncation and
sequence variants, aided by multispecies se-
quence alignments (figs. S38, S45, and S47 to
S49). For a detailed description of these re-
sults, see the supplementary text (figs. S50 to
S53). Together with our previous mapping of
the NUP155CTD-NUP98R3 interaction (35), these
data establish that the linker-scaffold is evolu-
tionarily conserved from C. thermophilum to
humans, including the linker-binding sites in
the scaffolds and the topology of the scaffold-
binding regions in the linkers (Fig. 6B).

Biochemical and structural analysis
of the human NUP93-NUP53 interaction

Our dissection of the human linker-scaffold
interaction network identified an interac-
tion between NUP93SOL and a NUP53 region
N-terminal of theRNArecognitionmotif (RRM)–
like domain (N) (residues 1 to 169) (fig. S51)
that was nevertheless devoid of homology to
the corresponding C. thermophilumNup53R2

amphipathic a-helix motif that fits into a hy-
drophobic groove of the Nic96SOL scaffold
(figs. S48 and S49) (35). Through fragment
truncation and five-alanine scanning muta-
genesis, we identified a NUP53R2 region (re-
sidues 84 to 150) that formed a stable complex
with NUP93SOL, within which residues 86 to
100 were required for binding to NUP93SOL

(Fig. 6, C and D, and figs. S54 and S55).
To elucidate the molecular details of binding

between the divergent NUP53R2 andNUP93SOL,
we determined crystal structures of apo
NUP93SOL and NUP93SOL•NUP53R2 at 2.0-
and 3.4-Å resolution, respectively. As with
other linker-scaffold interactions, only a core
region (residues 88 to 95) of the biochemically
mapped minimal NUP53R2 was resolved (Fig.
6E and fig. S56). C. thermophilum and human
Nic96SOL orthologs display equivalent a-helical
solenoid architectures (Fig. 6F) (35, 58, 59). In
contrast to the C. thermophilum Nup53R2
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Fig. 5. Functional in vivo dissection of the S. cerevisiae NPC linker-scaffold.
(A) Cross-sectional view of the S. cerevisiae NPC composite structure generated by
docking linker-scaffold structures into an ~25-Å in situ subtomogram averaged cryo-
ET map [Electron Microscopy Data Bank (EMDB) ID EMD-10198] (36) (top).
Schematic representation of a S. cerevisiae NPC spoke (bottom). (B) Domain
structure of scNup116 variants, the Gle2-binding sequence (GLEBS), FG repeats, the
scNup192-binding region (R1), the scNup188-binding region (R2), and the scNup157/
170-binding region (R3). (C) Viability analysis of a 10-fold dilution series of a
nup100Dnup116Dnup145D/NUP145C strain expressing scNup116 variants and
subjected to 5-fluoroorotic acid (5-FOA) selection for loss of rescuing wild-type plasmid.
(D) Subcellular localization at permissive (30°C) and growth-challenging (37°C)
temperatures of a representative subset of eGFP-scNup116 variants in a
nup100Dnup116Dnup145D/NUP145C-mCherry strain. (E) Representative images and
quantitation (n > 500) of subcellular localization of 60S preribosomal export reporter
scRpl25-mCherry and poly(A)+ RNA at 30° and 37°C in the presence of a representative

subset of scNup116 variants. (F) Domain structures of scNup192, scNup188, and
scNic96 variants. (G) Viability analysis of a 10-fold dilution series of nup192D,
nup188Dpom34D, and nic96D S. cerevisiae strains expressing scNup192, scNup188, and
scNic96 variants, respectively, and subjected to 5-FOA selection for loss of rescuing
wild-type plasmids. (H) Representative images and quantitation (n > 500) of the
nuclear scRpl25-mCherry and poly(A)+ RNA retention in the presence of
scNup188 and scNic96 variants at indicated growth-challenging temperatures in
nup188Dpom34D and nic96D S. cerevisiae strains, respectively. (I) Subcellular
localization at permissive (30°C) and growth-challenging (37°C) temperatures of
the scCNT subunit scNup57-eGFP in the presence of mCherry-scNic96 variants.
(J) Schematic model of CNT positioning in wild-type, scNic96R2 deletion, and
GS-linker replacement strains. Squares associated with variant labels are color
coded according to the nup binding partners targeted by the mutation. All
experiments were performed in triplicate. Mean and associated standard error
are reported for all quantitation. Scale bars are 5 mm.
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amphipathic a helix, human NUP53R2 binds
the conserved NUP93SOL hydrophobic groove
that encompasses a helices a5 and a13 to a15
as a linear eight-residuemotif, burying ~1100 Å2

of combined surface area (Fig. 6, E and I to K,
Movie 3, and fig. S56E). Systematic alanine
substitution of the resolved NUP53R2 motif,
invariant across metazoan NUP53 sequences
(fig. S49), confirmed the key role of the Pro89-
Pro90 di-proline and Ile94, consequently also
illustrating the importance of the NUP93SOL

residues that interface with them (Fig. 6, G, H,
and L, and fig. S57). Together, our data es-
tablish that despite distinct binding modes
and low sequence conservation, linker-scaffold
interactions are evolutionarily conserved, fur-
ther highlighting their essential role and in-
dicating that shape conservation of scaffolds is
a key determinant of the NPC architecture.

Architecture of the human NPC symmetric core
Quantitative docking of nup complexes
in cryo-ET maps of the human NPC

We have previously demonstrated that nup
ortholog crystal structures can be success-
fully used to interpret the density of an ~23-Å
cryo-ET map of the intact human NPC, yield-
ing a near-atomic composite structure of the

NPC symmetric core that included linker-
scaffold crystal structures of the Nup170•
Nup53R3•Nup145NR3, Nic96SOL•Nup53R2, and
CNT•Nic96R1 complexes (28, 35). The newly
available structures of full-length Nup192 and
Nup188 as part of Nup192•Nic96R2•Nup145NR1•
Nup53R1 and Nup188•Nic96R2•Nup145NR2

linker-scaffold complexes, as well as the hu-
manNUP93SOL•NUP53R2 complex, allowed us
to build on our previous analysis with an im-
proved ~12-Å cryo-ET map of the intact hu-
man NPC (provided by Martin Beck’s group)
(47). As for the S. cerevisiae NPC described
above, our quantitative docking approach con-
sisted of statistically scoring the fit of resolution-
matched densities simulated from crystal and
single-particle cryo-EM structures that were
randomly placed and locally refined in cryo-
ET maps of the human NPC. Structures of
theCNC,Nup192•Nic96R2•Nup145NR1•Nup53R1,
Nup188•Nic96R2•Nup145NR2, and NUP358NTD

(reported in the accompanying manuscript)
(60) were readily placed in cryo-ET maps of
the entire NPC or of the inner ring portion.
Assigned density was then iteratively sub-
tracted from the maps to reduce the subse-
quent search space for NUP93SOL•NUP53R2,
Nup170•Nup53R3•Nup145NR3, CNT•Nic96R1,

and NUP53RRM (fig. S58). For a detailed de-
scription of these results, see the supplemen-
tary text (figs. S58 to S77).
The structures and improved cryo-ET map

of the intact human NPC have disambiguated
the placement of NUP188 and NUP205 hubs in
the inner ring anddistal outer ring positions, led
to the discovery of a proximal NUP205 in the
cytoplasmic outer ring, identified NUP93SOL

in the outer rings, placed NUP53RRM homo-
dimers between inner ring spokes, and revealed
a comprehensive map of scaffold-bound linker
segments that implied a single symmetric core
linker topology connecting linker segments re-
lated by the shortest Euclidean distance (Movie
4 and figs. S77 and S78). The composite structure
includes ~400,000 ordered residues that ex-
plain nearly all protein density of the symmet-
ric core and assign the protein identity and
location of ~64 MDa out of ~110 MDa of the
human NPC mass.

Architecture of cytoplasmic and nuclear
outer rings

In both the cytoplasmic and nuclear outer
rings of the human NPC, 16 copies of the Y-
shaped CNC are arranged in two concentric
proximal and distal rings. At equivalent lo-
cations on both the cytoplasmic and nuclear
sides, eight copies of NUP205 are interca-
lated between the proximal NUP75 arms and
distal NUP107 stalks of CNCs from adjacent
spokes. Eight NUP93SOL copies are inserted
between the distal NUP107 and proximal
NUP96 a-helical solenoids, bisecting the stalks
of tandem-arranged CNCs of a single spoke
(Fig. 7 and fig. S79). Stretched out, the ~25-
residue unstructured linker connecting the
R2 and SOL regions of NUP93 bridge the
~95-Å gap between the distal NUP205-bound
NUP93R2 and the distal NUP93SOL of an adja-
cent spoke, thus cross-linking the outer ring
spokes (Fig. 7, Movie 4, and figs. S78 to S80).
Compared to the Nup192 ortholog, NUP205
presents an additional ~240 residues that elon-
gate the C-terminal Tail region, suggesting that
~95 Å is an upper estimate for the distance
between distal NUP93R2 and NUP93SOL from
adjacent spokes.
Specific to the cytoplasmic face, an addi-

tional eight copies of the proximal NUP205
are lodged between the NUP75 arm of the
proximal CNC and the bridge NUP155 that
connects the outer and inner ring (Fig. 7A
and fig. S79). The proximal NUP205-bound
NUP93R2 can only be linked with a proximal
NUP93SOL of the same spoke (Fig. 7A and figs.
S79 and S80A). Furthermore, the arrangement
of NUP53 binding sites on NUP93SOL and
NUP205 copies in the cytoplasmic outer rings
is compatible with the NUP53-mediated link-
age of the distal NUP205 with the proximal
NUP93SOL and, conversely, the proximal
NUP205 with the distal NUP93SOL (Fig. 7 and
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Movie 2. Architecture of the S. cerevisiae NPC linker-scaffold. An animated dissection of the composite
structure generated by docking high-resolution crystal and single-particle cryo-EM structures into the
S. cerevisiae ~25-Å NPC cryo-ET map (EMDB ID EMD-10198) (36). The nuclear envelope and protein cryo-ET
densities are rendered as opaque and transparent gray isosurfaces, respectively. Crystal structures of
nups and nup complexes are shown in cartoon representation. Unstructured linker connections between
docked scaffolds are drawn as dashed lines.
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Fig. 6. Evolutionary conservation of the human linker-scaffold network.
(A) Domain structures of the human inner ring nups. NUP93 consists of linker
(residues 1 to 173) and scaffold (residues 174 to 819) regions. (B) Schematic
summary of the linker-scaffold interactions in complexes organized around the
NUP188 and NUP205 scaffold hubs. Black lines connecting colored bars indicate
interactions between nup regions. (C) Summary of SEC binding analysis identifying
the minimal NUP53R2 region (red) sufficient for NUP93SOL binding. +++, no effect;
++, weak effect; +, moderate effect; –, abolished binding. (D) Effect of each five-
alanine substitution on SUMO-NUP53N binding to NUP93SOL, as assessed by SEC and
indicated by colored boxes above NUP53 primary sequence. (E) Cartoon
representations of the 2.0-Å H. sapiens apo NUP93SOL, 3.4-Å H. sapiens

NUP93SOL•NUP53R2, and 2.7-Å C. thermophilum Nic96SOL•Nup53R2 (PDB ID 5HB3)
(35) crystal structures and their superposition. An ~12° displacement of the
C-terminal a-helical solenoid, pivoted about the hinge loop, is observed between the
apo NUP93SOL and NUP93SOL•NUP53R2 structures. (F) Schematic of the human
NUP93SOL and C. thermophilum Nic96SOL fold architectures. (G and H) Summary of
the effect of structure-guided mutations in (G) SUMO-NUP53N and (H) NUP93SOL

on NUP93SOL•SUMO-NUP53N complex formation, as assayed by SEC. (I to K) Magnified
views of the regions indicated with insets in (E), which compare molecular details of the
NUP53R2 and Nup53R2 binding sites. (L) SEC analyses of NUP93SOL•SUMO-NUP53N

complex formation and disruption by mutants. SDS–polyacrylamide gel electrophoresis
(SDS-PAGE) gel strips of peak fractions visualized by Coomassie staining.
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figs. S79 and S80, D and E). NUP53 could also
mediate long-range links between the bridge
NUP155 and the R1 and R2 binding sites on
outer ring NUP205 andNUP93SOL, respectively
(fig. S80, F, H, and I).
On both the nuclear and cytoplasmic sides,

theNUP98APD-bindingNUP96 sites present in
the 16 CNC copies recruit 16 copies of NUP98
that can simultaneously satisfy the outer ring
NUP205 binding sites because of the ~115-
residue linker between the autoproteolytic
domain (APD) and the R1-R2-R3 regions
(Fig. 7 and fig. S79). The cytoplasmic proximal
NUP205 and bridge NUP155 scaffolds could,
in principle, be linked by NUP98, although
NUP98R3 is likely outcompeted from its bridge
NUP155 binding site by the asymmetric cyto-
plasmic filament nups GLE1•NUP42 (61), as
explained in the accompanying manuscript
(Fig. 7A and fig. S80C) (60). To maximize
nup copy parsimony while satisfying all avail-
able scaffold binding sites, the outer rings
would recruit 16 copies of NUP53 and NUP98
on each side of the NPC.

Architecture of the inner
ring linker-scaffold

The quantitative docking confirmed evolu-
tionary conservation of the inner ring linker-
scaffold architecture between Homo sapiens
andS. cerevisiaeNPCs (Fig. 8). ANUP155•NUP53
linker-scaffold coats the nuclear envelope,
anchored by membrane curvature–sensing
amphipathic lipid packing sensor (ALPS) mo-
tifs and the C-terminal NUP53 amphipathic
helix (35, 62–64), with a peripheral and equa-
torial copy on each side of a spoke midplane.
The homodimerizingNUP53RRMdomains link
spoke halves across the midplane (Fig. 8C and
figs. S81 and S82, A and B). A second cross-
midplane link between NUP53 and NUP93
connects NUP188•NUP93•CNT and NUP205•
NUP93•CNT modules to the NUP155 coat at
equatorial and peripheral positions, respec-
tively (Fig. 8, D to F, and fig. S82, C to J).
Restrained by their length, NUP93 N-terminal
linkers connect NUP188 with the peripheral
and NUP205 with the equatorial inner ring
NUP93SOL and CNT copies of the same inner
ring spoke (Fig. 8, D to F, and fig. S82, G to J).
The equatorial position of NUP205 is fur-

ther solidified by a NUP98-mediated linkage
with the equatorial NUP155 and by a NUP53-
mediated linkage with a peripheral NUP93
from an adjacent spoke (Fig. 8E and fig. S82,
E and F). As in the S. cerevisiae NPC, the
NUP205, NUP188, and peripheral NUP155
binding sites for the NUP98 R1, R2, and R3
regions, respectively, are too far apart to be
linked by the same NUP98, suggesting that
three NUP98 copies are required to satisfy all
binding sites on each side of a spokemidplane
instead. The NUP98APD-binding NUP96 and
cytoplasmic filament NUP88NTD (placed in
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Movie 4. Architecture of the symmetric core of the human NPC. An animated dissection of the composite
structure generated by quantitatively docking high-resolution crystal and single-particle cryo-EM structures into
the human ~12-Å NPC cryo-ET map (EMDB ID EMD-14322) (47). The nuclear envelope and protein cryo-ET
densities are rendered as opaque and transparent gray isosurfaces, respectively. Crystal structures of nups and
nup complexes are shown in cartoon representation. Unstructured linker connections between docked scaffolds
are drawn as dashed lines.

Movie 3. Structural analysis of the NUP93SOL•NUP53R2 structure. Comparison of cartoon representa-
tions of H. sapiens NUP93SOL•NUP53R2 with S. cerevisiae Nic96SOL (PDB ID 2QX5) (59) and C. thermophilum
Nic96SOL•Nup53R2 (PDB ID 5HB3) (35) orthologs and comparison of conformational differences between
apo NUP93SOL and NUP93SOL•NUP53R2 obtained from different crystal forms.
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the accompanying manuscript) (60) sites are
within reach of the ~115-residue linker be-
tween the APD and the R1-R2-R3 regions, thus
linking the inner ring with the outer ring and
cytoplasmic asymmetric portions of the NPC.
The inner ring scaffold architecture is in-

terwoven by linker interactions (Movie 4). The
peripheral NUP155-NUP188-NUP93-CNT and
equatorial NUP155-NUP205-NUP93-CNT scaf-
fold modules that together form a protomer
for a D8-symmetric inner ring can themselves
be superposed, if NUP188 and NUP205 are con-
sidered as equivalent organizing hubs (Fig. 8G).
Nevertheless, the peripheral NUP155 is not
linked to the peripheral NUP188•NUP93•CNT
complex from the same side of a spoke mid-
plane. Instead,withineachspoke, linker-mediated
complexes form between a peripheral NUP188•
NUP98•NUP93•CNT•NUP53 and an equatorial
NUP155 from across the midplane (fig. S82K).
On the contrary, the equatorial NUP205•NUP98•
NUP93•CNT•NUP53 complex is linked with

a peripheral NUP155 from the same and an
equatorial NUP155 from the opposite side of a
spokemidplane, throughNUP98- andNUP53-
mediated links, respectively (fig. S82K).
To maximize nup copy parsimony while

satisfying all available scaffold binding sites,
the human NPC would recruit a total 56 and
80 copies of NUP53 and NUP98, respectively.
Though the rest of the symmetric core com-
posite structure agrees with previous esti-
mates of nup stoichiometry, the implied NUP98
and NUP53 copy number exceeds the empir-
ical measurements (65). Whereas the discrep-
ancy may be explained by available NUP98
and NUP53 binding sites not being fully
occupied, the NUP98 and NUP53 linker nups
are known to exchange comparatively rapidly
at the NPC (66, 67) and might get depleted as
part of the preparation for mass spectrometric
analysis.
Docking the composite structure of the NPC

into a ~37-Å in situ cryo-ETmap of the dilated

human NPC revealed that the inner ring spokes
move as relatively rigid bodies, accommo-
dating the dilation by increasing the NUP53
linker-bridged gaps between spokes (fig. S83,
A and B) (45). Spatial restraints in the dilated
NPC confirm the intraspoke topology of link-
ages established by N-terminal NUP93 and
NUP98 linkers. Notably, the dilation of the
NPC does not induce a substantial increase in
the gap between the adjacent spokes of the
outer rings, consistent with the cross-linking
purported by the linker between distal NUP93
R2 and SOL regions of adjacent spokes (Movie
5 and fig. S83B).

Conclusions

The linker-scaffold is a fundamental architec-
tural principle of the NPC structure. Despite
the continuing improvement in resolution
attained by cryo-ET reconstructions of intact
NPCs over the past decade, the fine molecular
detail of the linker-scaffold has remained
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Fig. 7. Architecture of the human NPC symmetric core outer rings. (A and B)
Composite structure generated by quantitatively docking crystal and single-particle
cryo-EM structures into an ~12-Å cryo-ET map of the intact human NPC (EMDB ID
EMD-14322) (47) viewed from the (A) cytoplasmic and (B) nuclear face. Nuclear
envelope and docked structures are rendered in isosurface and cartoon representation,

respectively. Insets indicate regions encompassing two spokes (top), 90° rotated and
magnified (middle), and schematized (bottom). Cross-spoke distances between the distal
NUP205-bound NUP93R2 and distal NUP93SOL are indicated in red. Linker binding sites
on scaffold nup surfaces are indicated by colored circles. Dashed transparent shapes
indicate the absence of proximal NUP205 and NUP93 from the nuclear outer ring.
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Fig. 8. Linker-scaffold architecture of the human NPC inner ring. (A and B)
Composite structure generated by quantitatively docking crystal and single-
particle cryo-EM structures into an ~12-Å cryo-ET map of the intact human NPC
(EMDB ID EMD-14322) (47) viewed from (A) the cytoplasmic face and (B) the
central transport channel cross-section. Nuclear envelope and docked structures
are rendered in isosurface and cartoon representation, respectively. (C to F)
Starting from the nuclear envelope, successive layers reveal the architecture of
three inner ring spokes of the human NPC. Corresponding schematics illustrate
linker paths between binding sites on scaffold surfaces (colored circles).
NUP53RRM domains (C) homodimerize between spokes to link cytoplasmic

peripheral with nuclear equatorial, and conversely cytoplasmic equatorial with
nuclear peripheral copies of NUP155. NUP53RRM domains (D) link cytoplasmic
peripheral with nuclear equatorial and, conversely, cytoplasmic equatorial
with nuclear peripheral copies of NUP93SOL. NUP205 and NUP188 (E) bind to the
equatorial and peripheral NUP93R2, respectively. NUP98 connects NUP205 and
equatorial NUP155. NUP53 connects NUP205, and cross-spoke peripheral
NUP93SOL (F) CNT is recruited by NUP93R1 and positioned by NUP93R2 binding
to NUP188 and NUP205. (G) Close-up views of inner ring modules assembled
around NUP188 and NUP205 scaffold hubs and their superposition. Dashed lines
indicate unstructured linker nup segments and FG-repeat regions.
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out of reach. We used comprehensive residue-
level biochemical reconstitution andmapping,
crystallographic and single-particle cryo-EM
structure determination, in vivo validation,
and quantitative docking into improved and
diversified cryo-ET NPC reconstructions to
delineate the near-atomic structure and evo-
lutionary conservation of the linker-scaffold
interactions that underpin the integrity of
the NPC.
This study completes the set of structures

capturing all biochemically tractable linker-
scaffold interactions of the symmetric core.
Docked into cryo-ET maps of the human and
S. cerevisiaeNPC, they reveal the topology and
restrain distances between linker binding sites
on scaffold surfaces, outlining how the multi-
valent linkers Nup145N/NUP98, Nup53/NUP53
and the N-terminal region of Nic96/NUP93
connect different parts of the NPC. Linkers
mediate the formation of inner ring com-
plexes that coalesce into relatively rigid spokes
spanning from the nuclear envelope to the
central transport channel. They also cross-
stitch the inner ring scaffolds with connec-
tions across spoke midplanes and flexible
links between spokes. In the outer rings, linker-
scaffold interactions connect spokes and project
ties toward the inner ring.
Our biochemical analysis of linker-scaffold

interactions involving Nup145N and Nup53
revealed another architectural principle, invi-
sible to structural methods: Linker-scaffold
interactions are driven by structurally defined
anchor motifs that present canonical two-

component binding dynamics but are poten-
tiated by disperse, structurally elusive interac-
tionsbetween flanking residues andpromiscuous
binding sites on scaffold surfaces. These Velcro-
like binding modes, sometimes referred to as
“fuzzy interactions,” are found in systems in-
volving intrinsically disordered proteins across
biology, a prominent example being the ultra-
fast exchange of nucleocytoplasmic transport
receptors on FG repeats (12).
The physical and chemical properties of

linkers are advantageous for the assembly of
giant complexes like the NPC. The unfolded
property of linkers enables long-range inter-
actions and confers flexibility that can accom-
modate large movements or shock-absorb
nuclear envelope deformations. The disperse
nature of linker-scaffold interactions is con-
ducive to the reuse of linker interactions in
different chemical and steric environments of
the NPC. The ensemble of binding modes pro-
vides robustness in the face of conformational
changes of the NPC that might otherwise be
incompatible with a singular binding mode.
The bulk of FG repeats present in the central
transport channel, which form promiscuous
transient interactions with the inner ring
scaffold and other parts of the NPC, is likely
to have a similar effect. Specifically, the pre-
vious findings that FG repeats not only form the
NPC’s diffusion barrier but also interact with
scaffolds supports this notion (49, 52, 58, 68, 69).
Considering the avidity that results from
multiple scaffold valences per linker, and
the allovalency mediated by flanking resi-

dues (70, 71), it is unsurprising that our in vivo
perturbation of interactions required exten-
sive mutations to exacerbate deleterious pheno-
types. For this reason and because of the lack
of constraints imposed by a protein fold, new
linker sequences are readily evolvable. Nota-
bly, the linker-scaffold network topology and
modular binding site distribution on linkers is
conserved from fungi to humans, despite con-
siderable divergence in linker sequences, most
extremely exemplified by the complete diver-
gence of theNup53/NUP53motif that binds to
a conserved site on Nic96/NUP93.
The binding of linkers is amenable to ex-

change and regulation. The linearity of link-
ers imposes few obstacles to the deposition of
posttranslational modifications by the same
machinery along the entire sequence to rapidly
ablate the multiple binding valences. Indeed,
patterns of Cdk1 and Nek-driven phosphoryl-
ation that lead to the choreographed deple-
tion of both NUP98 and NUP53 from the NPC
during mitotic nuclear envelope breakdown in-
clude the R1, R2, and R3 regions of both linkers
(72, 73). Structural defects in theNPC resulting
in aberrant nucleocytoplasmic transport may
affect gene expression, mRNA maturation,
and mRNA export, leading to downstream
tumorigenic processes. Therefore, the deple-
tion of NUP98 from the NPC as a result of
gene fusion mutations associated with vari-
ous hematopoietic malignancies should be
considered in the study of the carcinogenic
mechanisms triggered by these mutations (74).
The unexpected discovery of the presence

and distinctive role of NUP93 in cross-linking
the outer ring spokes of the human NPC,
along with its organizing role in the inner
ring as both scaffold and linker, exemplifies
the reuse of linker-scaffold functional units at
completely different locations of the NPC. Its
ubiquity rationalizes the observation that rapid
degron-induced depletion of NUP93 leads
to the concomitant loss of both inner and
outer rings from the nuclear pore, legitimizing
NUP93 as a “lynchpin” of the NPC (75). These
findings further inform the mechanistic basis
for pathologies like steroid-resistant nephrotic
syndrome (SRNS), which is associated with
mutations in NUP93 and NUP205, the most
poignant of which is NUP205 Phe1995→Ser
(F1995S), located in the NUP93R2 binding site
of NUP205 and shown to abolish the NUP205-
NUP93 interaction (76). Nonsense mutations
that omit the NUP93R2 binding site in NUP188
are also associated with neurologic, ocular, and
cardiac abnormalities (77).
The docking of our NPC composite struc-

ture into an ~37-Å in situ cryo-ET map of the
dilated human NPC demonstrates the magni-
tude of themovements thatmust bewithstood
by the linkers that connect the inner ring spokes
(45). Importantly, the dilated inner ring reveals
lateral channels between its spokes that can
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Movie 5. Dilation and constriction of the human NPC. Interpolated transition between near-atomic
composite structures of the symmetric core in the constricted state of the ~12-Å NPC cryo-ET map (EMDB ID
EMD-14322) (47) obtained from purified nuclear envelopes and the symmetric core in the dilated state
observed in the ~37-Å in situ cryo-ET map (EMDB ID EMD-11967) (45) of the human NPC. Enabled by
linker-scaffold plasticity, the outward motion of the relatively rigid inner ring spokes enlarges the central
transport channel and generates lateral channels between spokes.
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accommodate the passage of small cytosolic
domains of inner nuclear membrane inte-
gral membrane proteins (INM-IMPs), sug-
gesting the mechanism by which inner ring
constriction upon energy depletion might
interfere with the path of diffusion of these
proteins between outer and inner nuclear
envelope membranes (78–80). It remains to
be established whether the extent of inner ring
dilation observed by current cryo-ET recon-
structions of the human and S. cerevisiae
NPCs capture themaximally achievable lateral
channel dimensions. However, the previous
observations that karyopherin-mediated ac-
tive INM-IMP transport requires unstructured
tethers spanning the distance between the
nuclear envelope and the central transport
channel is consistent with the observed lateral
channel dimensions (fig. S83C) (81–85). Tak-
ing advantage of the composite NPC struc-
tures, future studies are expected to elucidate
the nucleocytoplasmic translocation pathways
and the impact of inner ring dilation for in-
dividual INM-IMPs. Similarly, the transloca-
tion of perinuclear domains on the opposite
side of the nuclear envelope is expected to be
limited by the luminal ring that encircles the
NPC midplane formed by Pom152/POM210
Ig-like domains (37, 47, 86).
Finally, the capacity of the NPC to exist in

dilated and constricted states dependent on
tension imparted by the surrounding nuclear
envelope portrays the NPC as the cell’s largest
mechanosensitive channel, with implications
in cellular energy–state sensing and transport
of transcriptional regulators in response to
mechanical stress on the cell (46, 87). The con-
striction and dilation of the inner ring may not
only affect the distribution and local concen-
tration of FG repeats in the central transport
channel, a determinant of karyopherin-mediated
transport efficiency (88) but also sterically mod-
ulate the flux of INM-IMPs and large cargos
such as preribosome or messenger ribonucleo-
protein particles (mRNPs). Future studies will
have to establish the causal links between the
transmission of tension from the nuclear envel-
ope to theNPC, the dilation of its inner ring, and
mechanisms by which dilation and constriction
may modulate nucleocytoplasmic transport.
Our results illuminate the elusive linker-

scaffold molecular interactions that main-
tain the integrity of the NPC, providing a
comprehensive characterization of a final
major aspect of the NPC symmetric core. Build-
ing on this roadmap, future studies can address
NPC assembly and disassembly mechanisms,
the emergence of NPC polarity and attachment
of the asymmetric cytoplasmic filaments and
nuclear basket to the symmetric core, mecha-
nisms of NPC-associated diseases, and mecha-
nisms of NPC dilation and constriction along
with their implications in nucleocytoplasmic
transport.

Methods summary
Comprehensive materials and methods are
presented in the supplementary materials.
Briefly, the source of materials and reagents is
listed in table S1. Summaries of bacterial ex-
pression constructs and conditions (table S2),
protein purification procedures (table S3), an-
alytical SEC-MALS protein interaction analyses
(table S4), and ITC binding affinity measure-
ments (table S5) are provided. Experimental
details of x-ray crystallography and single-
particle cryo-EM structure determination pro-
cedures are described, including summaries of
crystallization and cryo-protection conditions
(table S6), as well as data collection, process-
ing, and refinement statistics (tables S7 to S12).
S. cerevisiae constructs (table S13) and strains
(table S14), as well as the experimental details
of the viability and growth assay, subcellular
nup localization analysis, 60S preribosome
export assay, and mRNA export fluorescence
in situ hybridization (FISH) assay, which es-
tablish the physiological relevance of the bio-
chemical and structural findings, are provided.
Details of the incremental quantitative dock-
ing procedures for nup and nup complex
crystal and single-particle cryo-EM structures
into ~12- and ~23-Å cryo-ETmaps of the intact
humanNPC (constricted state) (38, 47), as well
as into an ~37-Å in situ cryo-ET map of the
human NPC (45) and an ~25-Å in situ map of
the S. cerevisiae NPC (36) (dilated states), are
provided. Inventories of nup and nup complex
experimental structures used to generate
the near-atomic composite structures of the
S. cerevisiae (table S15) and human (table
S16) NPCs are provided.
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