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ABSTRACT 

The nuclear pore complex (NPC) mediates the selective transport of macromolecules 

between the nucleus and the cytoplasm of the eukaryotic cell. In humans, the NPC is a 

~110 MDa assembly of ~1,000 proteins, termed nucleoporins, which establishes a 

~50 nm-wide central transport channel that traverses both membranes of the nuclear 

envelope. In the central transport channel, natively unfolded nucleoporin regions rich in 

repeated phenylalanine-glycine (FG) motifs form a size-selective barrier that limits the 

diffusion of macromolecules. Active cargo transport is facilitated by dedicated mobile 

transport factors that exchange through the FG barrier and couple binding and unbinding of 

cargo to GTP hydrolysis by the small GTPase Ran. By contrast, nuclear export of mature 

mRNA is driven by ATP-dependent remodeling of messenger ribonucleoprotein (mRNP) at 

the NPC’s cytoplasmic face. Whereas the mechanisms of the mobile Ran-dependent 

transport machinery have been conceptually rationalized, the NPC’s role in facilitating and 

modulating nucleocytoplasmic transport, including mRNA export, remains poorly 

understood. Addressing gaps in the understanding of the NPC’s structure and function, this 

thesis presents comprehensive interdisciplinary analyses of the NPC’s inner ring, 

linker-scaffold, and cytoplasmic face architectures. First, we determined the structure, 

stoichiometry, and location of the channel nucleoporin heterotrimer that provides the bulk of 

the FG repeats in the central transport channel. Second, we elucidated the molecular details 

and topology of the network of linker nucleoporins previously shown to assemble folded 

scaffold nucleoporins into protomeric subcomplexes of the inner ring. Third, we 

characterized the composition, stoichiometry, and attachment mechanism of cytoplasmic 

filament nucleoporins, which present manifold Ran- and RNA-binding domains on the 

cytoplasmic face of the NPC. The resulting near-atomic structure of the human NPC provides 

a rich foundation for rationalizing the dilation and constriction of the central transport 

channel, the nucleocytoplasmic transport of integral membrane proteins, and the spatial 

arrangement of cytoplasmic filament nucleoporins that are involved in mRNA export and 

etiologies of several human diseases.  
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1 
I n t r o d u c t i o n  

The etymology of the word eukaryote derives from the Ancient Greek word káruon, meaning 

“kernel,” in reference to the distinguishing characteristic of eukaryotic cells, the nucleus. The 

nuclear envelope, a double lipid membrane continuous with the endoplasmic reticulum, 

delimits the nucleus and segregates the cell’s genome from the cytoplasm and all other 

subcellular compartments. The nucleus not only shelters genomic DNA, the cell’s long-term 

storage of genetic information, from the potentially damaging metabolic chemistries that 

occur in the cytoplasm, but also provides an opportunity for regulating the access of 

transcription factors, chromatin remodelers, and other effectors that may alter gene 

expression programs to the genome. Notably, the nucleus spatially and temporally segregates 

transcription from translation by requiring both mRNA and pre-ribosomes to undergo the 

nuclear export checkpoint before translation can take place in the cytoplasm. For a cell to 

function normally, thousands of different macromolecular cargos, varying in size and 

chemical properties, must transit across the nuclear envelope, while thousands of others must 

be prevented from accumulating in the nucleus or even entering the nucleus altogether. For 

the nucleus to accomplish its function as a genome-sheltering compartment, transport across 

the nuclear envelope must be selective, but also fast, as well as amenable to an astounding 

number of diverse cargos. 

To meet these seemingly paradoxical requirements, the nucleus of a typical mammalian cell 

is gated by 2-5 thousand nuclear pores (1), which arise from the circumscribed fusion of 

inner and outer membranes of the nuclear envelope. Embedded in nuclear pores, nuclear pore 

complexes (NPCs) are massive assemblies of ~1,000 copies of 34 proteins (in humans), 

eponymously termed nucleoporins or nups, that serve as gatekeepers of the flow of matter 

and information through the ~50 nm-diameter channel at their center. A barrier formed by 

natively unfolded nucleoporin regions containing repeating phenylalanine-glycine (FG) 

motifs prevents macromolecules from passively diffusing through the NPC’s central 

transport channel (2, 3). The FG barrier excludes particles in a size-dependent manner, with 

40 kDa typically considered as a cutoff, though it effectively obstructs the passage of even 



 

 

2 
smaller particles (4–6). To overcome the FG diffusion barrier, cargos associate with 

karyopherins, dedicated transport factors whose ultrafast exchange and high affinity for FG 

repeats allows them to efficiently transit through the FG phase (2, 3, 7). Karyopherins interact 

with nuclear localization signal (NLS) and nuclear export signal (NES) motifs displayed by 

cargos, but are also known to directly recognize the three-dimensional fold of certain cargos 

(8, 9). The assembly and disassembly of cargo•karyopherin complexes are modulated by the 

small GTPase Ran, a member of the Ras-superfamily of GTPases. Small GTPases are 

employed as ‘molecular switches’ in various cellular machineries because their tertiary 

conformation is dictated by the presence and phosphorylation state of a bound guanine 

nucleotide (10). Nuclear Ran is maintained in a Ran(GTP) state by the presence of 

chromatin-associated guanine nucleotide exchange factors (GEFs), whereas in the cytoplasm 

Ran is induced to hydrolyze GTP to GDP by cytoplasmic GTPase-activating proteins 

(GAPs). Part of the energy expended in establishing a Ran(GTP)-Ran(GDP) gradient across 

the nuclear envelope is converted to work by karyopherins, which make use of it to 

directionally shuttle cargo across the NPC. Ran(GTP), but not Ran(GDP), is abundant in the 

nucleus, where it assembles and stabilizes export cargo complexes and, conversely, 

disassembles import cargo complexes. Nucleocytoplasmic transport is thus an active process 

that couples directional shuttling of cargo through the NPC with GTP hydrolysis. 

Whereas the mechanism by which the mobile components of the nucleocytoplasmic 

transport machinery accomplish their function has been conceptually established (8, 9) by 

more than half a century of research since the discovery of nucleocytoplasmic transport (11, 

12), understanding of the structure and dynamics of the NPC has not advanced at a 

comparable pace. Notably, the NPC is actively involved in mRNA export, which does not 

rely directly on a Ran-dependent karyopherin export mechanism. Instead, mRNA export 

proceeds via a separate, poorly understood process, wherein transport factors that facilitate 

transit through the FG-repeat barrier are loaded onto messenger ribonucleoprotein particles 

(mRNPs) in the nucleus and are eventually removed through the action of the 

ATP-dependent DEAD-box helicase nucleoporin DDX19 once the mRNPs have reached the 

cytoplasmic face of the NPC, irreversibly releasing mRNA into the cytoplasm (13). 



 

 

3 
Nevertheless, the discrepancy between the in vitro rate of DDX19-catalyzed ATP 

hydrolysis (~1/second) (14) and the measured in vivo mRNA dwell time at the NPC (<0.3 

seconds), suggesting that the current understanding of isolated DDX19 activity is insufficient 

to explain mRNA export in the cell (15–17). 

The aim of the research that this thesis is based upon was to expand our understanding of the 

human NPC’s structure, with the goal of informing experiments to elucidate its involvement 

in nucleocytoplasmic transport of protein and ribonucleic acids, at a molecular level. This 

thesis consists of four chapters, each one of which represents a standalone publication that I 

significantly contributed to as part of my graduate research project. In this introduction, I 

would like to contextualize the work presented and prime the reader to the advances deriving 

from the studies described in Chapters II, III and IV. 

The first chapter of this thesis is a review article entitled “Structure and function of the 

nuclear pore complex” that outlines the history of the pursuit for the structure of the NPC. 

Incepted by the first observation of nuclear pores (18) and the recognition that proteinaceous 

structures are embedded within them (19), the NPC structure field has advanced through both 

steady technological improvement and paradigm-shifting discoveries such as the 

identification of pleiotropic antibodies that enabled the isolation and cloning of nucleoporins 

during the 1990s (20) or the more recent assembly of near-atomic composite structures by 

combining top-down cryo-electron tomographic analyses of intact NPCs with bottom-up 

biochemical reconstitution and structure determination of their subcomplexes (21, 22). The 

review then discusses the latest advances in the characterization of until recently elusive 

aspects of the NPC’s structure and identifies outstanding questions about the NPC’s 

structure, dynamics, and function. Finally, the chapter presents an overview of human 

diseases associated with mutations in nucleoporins and of virulence factors that hijack the 

NPC for the benefit of the infecting viruses. This chapter serves as a comprehensive 

introduction to the remainder of the thesis. 
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Chapter II describes the attachment of the Nsp1•Nup57•Nup49 channel nucleoporin 

hetero-trimer (CNT) to the inner ring of the NPC via an assembly sensor located in a natively 

unfolded region of the nucleoporin Nic96. As demonstrated by subsequently elucidated 

composite structures of the NPC’s symmetric core (21, 22), the CNT is a vital component of 

the NPC because 32 copies of it decorate the sides of the central transport channel, providing 

the bulk of the FG motif mass at the core of the NPC’s diffusion barrier. The full-length 

CNT•Nic96 structure and the structure-driven biochemical and in vivo analyses 

demonstrated that a singular conformation and stoichiometry of the CNT can be recruited to 

the NPC, effectively disproving a popular ‘ring cycle’ model that attempted to explain the 

observed variation in nuclear pore channel diameters (23–26) by invoking rearrangements 

based on non-physiological states observed in crystallized CNT nup coiled-coil fragments 

(27–29). Therefore, the mechanism underlying the constriction and dilation of NPCs 

remained an enigma. 

The work presented in Chapter II indicated, as more conclusively shown by Lin et al. (22), 

that predominantly unstructured ‘linker’ nucleoporins capable of simultaneously binding to 

different folded ‘scaffold’ nucleoporins are required to build protomeric subcomplexes of 

the NPC’s inner ring. The work presented in Chapter III completes the characterization of 

linker and scaffold interactions to identify the ‘linker-scaffold,’ an evolutionarily conserved 

protein-protein interaction network that mediates the rubber band-like cohesion between the 

NPC’s structured building blocks, allowing the central transport channel to dilate and 

constrict. Despite displacements as large as 20 nm, the linker-scaffold architecture preserves 

the NPC’s integrity. The nucleus is mechanically tethered to the cytoskeleton, which imparts 

force that translates into membrane tension (30). With yet to be studied consequences, 

membrane tension is expected to dilate the nuclear pores, increasing the cross-sectional area 

of the NPC’s central transport channel, but also affecting local FG repeat concentrations and 

modifying the width of lateral channels that serve as conduits for integral membrane protein 

cargos. 
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Whereas Chapters II and III deal primarily with the symmetric core of the NPC, the fourth 

and final chapter of this thesis is focused on the asymmetric cytoplasmic face of the NPC. 

Harnessing a combination of biochemical reconstitution, high-resolution structure 

determination, and quantitative docking of subcomplex structures into cryo-electron 

tomographic reconstructions of intact NPCs with biochemical and physiological validation, 

we explained all currently observed cryo-electron tomographic density in maps of the intact 

human NPC, uncovered mechanisms for the attachment of the cytoplasmic nucleoporins to 

the NPC’s symmetric core, and systematically mapped RNA-binding properties of the 

cytoplasmic face components. The resulting near-atomic composite structure of the human 

NPC’s cytoplasmic face represents an important structural and biochemical survey of the 

machinery that remodels mRNPs as they exit from the central transport channel and a 

tantalizing starting point for elucidating the detailed mechanism of mRNA export. 
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Abstract 

The nucleus, a genome-containing organelle eponymous of eukaryotes, is enclosed by a 

double membrane continuous with the endoplasmic reticulum. The nuclear pore complex 

(NPC) is an ~110 MDa, ~1,000-protein channel that selectively transports macromolecules 

across the nuclear envelope and thus plays a central role in the regulated flow of genetic 

information from transcription to translation. Its size, complexity, and flexibility have 

hindered determination of atomistic structures of intact NPCs. Recent studies have overcome 

these hurdles by combining biochemical reconstitution and docking of high-resolution 

structures of NPC subcomplexes into cryo-electron tomographic reconstructions with 

biochemical and physiological validation. Here, we provide an overview of the near-atomic 

composite structure of the human NPC, a milestone towards unlocking a molecular 

understanding of mRNA export, NPC-associated diseases, and viral host-pathogen 

interactions, serving as a paradigm for studying similarly large complexes. 
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Introduction 

The emergence of compartmentalization has provided eukaryotic cells with opportunities to 

spatially separate molecules and molecular processes. The nucleus separates the regulation 

of gene expression and transcription from translation, while also sheltering chromatin from 

damaging metabolic chemistries that take place in the cytoplasm. Despite these advantages, 

subcellular compartments pose a challenge in protein homeostasis, particularly in the 

delivery of proteins to their target location. Indeed, three out of four human proteins are 

destined to leave the cytoplasm, where non-mitochondrial ribosomes that translate the vast 

majority of proteins reside (1). The subcellular localization problem is solved by labelling 

cargo with ‘address tags’ that are recognized by dedicated transport machineries (2). Proteins 

targeted to the ER, mitochondria, and chloroplasts must be unfolded during their 

translocation across membranes (3). Vesicles shuttle cargo between compartments, including 

secretion across the plasma membrane (4-6). 

Nucleocytoplasmic transport is distinct from other cargo trafficking because nuclear 

pores, which arise from the annular fusion of the inner and outer membranes of the nuclear 

envelope, are massive channels that obviate the need to perturb the tertiary and quaternary 

structures of cargo. This mode of transport presents advantages that are fundamental to the 

functions of the nucleus. Folded factors can transmit signals immediately upon translocation, 

enabling agile regulation of gene expression in response to intra and extra-cellular cues. 

Beyond the transmission of signals, this mode of transport allows the cell to enact quality 

control by spatially separating the biogenesis of large and complicated macromolecular 

assemblies such as pre-60S ribosomal subunits (7-9), RNA polymerase II (10, 11), or mature 

mRNA (12), from the milieu in which they perform their function. For the nuclear 

compartment to accomplish this, nucleocytoplasmic transport must be selective. The nucleus 

of a typical mammalian cell presents ~2-5 thousand nuclear pores, although the number is 

relative to the surface area of the nuclear envelope and doubles in preparation for mitosis 

(13). Embedded in the nuclear pore is the nuclear pore complex (NPC), which establishes a 

diffusion barrier made up of natively unfolded phenylalanine-glycine (FG) repeat regions 

(14-17). Historically, the diffusion barrier has been described as preventing macromolecules 
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with a mass above ~40 kDa from passively diffusing across the nuclear envelope (18, 19). 

However, more recent research employing GFP-fused model cargoes indicates that the 

diffusion barrier represents a more gradual hurdle (20). The diffusion barrier is permeated by 

karyopherins (21, 22), a surprisingly small set of dedicated transport factors considering that 

about a third of the human proteome is found in the nucleus (1). Karyopherins can be divided 

into two main families: b-karyopherins interact directly with FG repeats and facilitate 

transport, whereas a-karyopherins serve as adaptors linking proteins containing nuclear 

localization signals (NLS) to a b-karyopherin (23). The directionality of transport is 

established by a gradient of the small GTPase Ran, which in the nucleus is actively 

maintained in a GTP-bound state (21, 22). 

The mechanism of Ran-dependent transport of proteins and some types of non-

messenger RNA is conceptually understood (21, 22), though the details of specific transport 

events have been determined for only a small subset of cargoes. In contrast, the process by 

which messenger ribonucleoprotein particles (mRNPs) are remodeled and messenger RNA 

(mRNA) is exported from the nucleus is not generally understood (24). The NPC 

dynamically couples transcription, splicing, and mRNA export with translation in the 

cytoplasm (12). Given this role of the NPC in the execution of the central dogma in 

eukaryotes, it is unsurprising that severe diseases are associated with defective NPC 

components, and that viruses have evolved exquisite ways to hijack the NPC and the 

nucleocytoplasmic transport machinery (25, 26). 
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Determination of the nuclear pore complex structure 

Nuclear pores were first observed more than 70 years ago (27) and structures embedded in 

them, corresponding to NPCs, were subsequently described (28, 29). Early electron 

microscopic (EM) studies showed that NPCs have an eightfold symmetry along the 

nucleocytoplasmic axis (30) and also discovered asymmetric decorations on the cytoplasmic 

and nuclear sides of this symmetric core, known as the cytoplasmic filaments and nuclear 

basket, respectively (31) (Fig. 1A). Over the next 40 years, EM characterizations of NPCs 

from various species became more refined, with cryo-electron tomography (cryo-ET) and 

sub-tomogram averaging currently representing the most prominent method for the 

three-dimensional reconstruction of intact NPCs (32-39). 

The NPC entered the molecular age with pleiotropic antibodies that were raised 

against nuclear envelopes (40) and that provided an entry point for the identification of NPC 

components (41, 42). Over more than a decade, bootstrapping by genetic and biochemical 

means revealed an evolutionarily conserved set of ~34 different proteins termed 

nucleoporins, the completeness of which was confirmed by mass spectrometry (43, 44). To 

add up to a mass of ~110 MDa in the human NPC (45, 46), many copies of these building 

blocks are recruited in multiples of eight. Most nucleoporins are soluble proteins, although 

the set also includes integral membrane proteins of the pore membrane domain (POMs) (47) 

and proteins that present membrane curvature sensing motifs (48-51). 

Having inventoried the building blocks, the next challenge was to determine how 

they fit together in the structure of the intact NPC, which is one of the largest supramolecular 

assemblies in the eukaryotic cell. Although the NPC’s size and complexity made it resistant 

to established approaches for high-resolution structure determination, progress over the last 

two decades has managed to overcome many previously intractable hurdles. Combining 

biochemical reconstitution, interaction mapping and atomic structure determination of 

increasingly larger NPC subcomplexes with improving cryo-ET maps has now led to a 

composite near-atomic structure of an entire NPC, from which only a handful of 

nucleoporins remain missing (49, 50, 52-79). 
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A pivotal event in the pursuit of the NPC structure was the elucidation of a key 

component of its symmetric core known as the outer ring. Determining the crystal structure 

of its basic building block, the Y-shaped coat nucleoporin complex (CNC; also referred to as 

NUP107-NUP160 complex), and docking it into an ~32 Å cryo-ET map of the intact human 

NPC (54, 69) revealed a reticulated head-to-tail arrangement of CNCs into two concentric 

rings on each side of the nuclear envelope. More generally, the success of this approach 

demonstrated that the resolution gap between cryo-ET reconstructions of intact NPCs and 

high-resolution structures of its components could be bridged by quantitative docking (54, 

69). Rapidly thereafter, biochemical reconstitution of inner ring complexes, X-ray 

crystallographic characterization of the constituent nucleoporins, and quantitative docking 

into an ~23 Å cryo-ET map completed the structure of the symmetric core of the human NPC 

(50, 52, 53, 56, 72, 74-76, 80, 81). The symmetric core was revealed to consist of an inner 

ring lining the lumen of the nuclear pore and two outer rings sitting on each side of the nuclear 

envelope (Fig. 1B). The eight spokes symmetrically arranged about the nucleocytoplasmic 

axis present additional two-fold rotational symmetry along axes coplanar with the nuclear 

envelope (50, 52, 53). A similar approach was subsequently employed to determine the 

structure of the Saccharomyces cerevisiae NPC (82, 83), demonstrating an overall conserved 

architecture, with compositional differences in the outer rings of the symmetric core. 

The NPC’s inner ring is composed of six structured scaffold nucleoporins NUP155, 

NUP188, NUP205, NUP54, NUP58, and NUP62, two mostly unstructured linker 

nucleoporins NUP98 and NUP53, and NUP93, which presents an N-terminal linker region 

and a C-terminal scaffold. Whereas the CNC complex of the outer rings is held together by 

extensive interfaces between structured domains (51, 58, 60-63, 65-67, 69), the integrity of 

the inner ring relies on multivalent linker nucleoporins simultaneously binding to multiple 

scaffold nucleoporins via short linear motifs (50, 56, 74, 80, 81), often potentiated by 

promiscuous interactions between flanking linker sequences and the scaffold surfaces (79). 

From the nuclear envelope to the central transport channel, the scaffold proteins form 

concentric layers that are interconnected by linker-scaffold interactions (Fig. 1C). Anchored 

by membrane-sensing motifs, NUP155 forms the outermost coat, followed by layers of 

NUP93, NUP205/NUP188, and the NUP54•NUP58•NUP62 channel nucleoporin 
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hetero-trimer (CNT) (50, 52). The relative position of scaffold proteins in the inner ring is 

conserved in all known NPC structures (50, 52, 79, 82-88). The recently completed structural 

characterization of the linker-scaffold interactions has elucidated the topology of protein 

interactions within and between the different scaffold layers (50, 56, 79). NUP205 or 

NUP188 are at the center of two alternative ~425 kDa hetero-octameric inner ring 

complexes, two copies of each symmetrically arranged about the NPC midplane per each of 

the eight inner ring spokes. Within the layered architecture of the inner ring, NUP205, 

NUP188, and the scaffold portion of NUP93 are anchored to the membrane-adjacent 

NUP155 layer by the linkers NUP53 and NUP98 (Fig. 1C). The N-terminal linker portion of 

NUP93 interacts with NUP205 and NUP188, while also anchoring and positioning the CNT 

(56, 79-81). Though most linker-scaffold interactions reinforce intra-spoke connections, 

NUP53 forms flexible bridges between adjacent spokes. Parts of the linker-scaffold have also 

been observed in a recent single particle cryo-EM structure of a detergent-extracted 

S. cerevisiae NPC, although the identity of all the linkers could not be assigned from the map 

alone (89). Despite divergent primary sequences, especially of the linker nucleoporins, the 

topology of the inner ring linker-scaffold is conserved from fungi to humans (79). 

The inner ring encircles the central transport channel, into which the natively 

unfolded N-terminal FG-repeat regions of NUP98 and the CNT components NUP54, 

NUP58, and NUP62 project to establish the diffusion barrier. The asymmetric nuclear basket 

(NUP153, NUP50, and TPR) and cytoplasmic filament (NUP358, NUP214, and NUP42) 

nucleoporins, which decorate the nuclear and cytoplasmic faces of the NPC, respectively, 

also contribute to the FG-repeat meshwork. FG-repeat regions can be as long as ~1,000 

residues with FXFG or GLFG motifs present approximately every 20 residues. Purified 

FG-repeat regions give rise to liquid-liquid phase separation (LLPS) (90) that over time 

matures into a solid hydrogel driven by the hydrophobicity of the phenylalanine residues (14, 

91). FG-repeat peptides have also been observed to form amyloid-like structures in vitro (92, 

93). b-karyopherins or karyopherin•cargo complexes can specifically penetrate FG-repeat 

LLPS condensates and hydrogels with rates comparable with in vivo transit across the NPC 

(14, 90). In vivo, condensation of FG repeats is likely modulated by their persistent 

association with transport factors, transiting cargo, and post-translational modifications, most 
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notably O-linked β-N-acetylglucosamine glycosylation (O-GlcNAcylation) (94) and 

phosphorylation (95, 96) of serine and threonine residues. The unfolded nature of FG-repeat 

regions precludes their direct structural characterization and experimental validation of FG-

repeat condensation in the intact NPC’s diffusion barrier has remained elusive primarily 

because of the lack of adequate technology to analyze such a compartment (90). Whether 

LLPS nuclear speckles that are routinely observed in cells expressing NUP98 leukemogenic 

fusions are relevant to the condensation state of the diffusion barrier remains to be 

determined (97). High speed atomic force microscopy has provided intriguing first glimpses 

of FG-repeat meshwork dynamics at transport-relevant timescales, capturing rapidly 

elongating and retracting FG-repeat regions, but has not yet been able to directly discern the 

condensation state of the diffusion barrier (98). 

The human NPC’s symmetric core outer rings are connected to the inner ring by 

bridge NUP155 copies and anchored to the nuclear envelope by membrane-sensing motifs 

in the NUP160 and NUP133 components of the CNC (48, 50, 53, 54). The backbone of the 

outer rings is the ~400 kDa hetero-nonameric Y-shaped CNC, sixteen copies of which are 

arranged in a reticulated head-to-tail fashion, giving rise to a wider distal and a narrower 

proximal CNC ring (Fig. 1D). On both sides of the nuclear envelope, eight copies of NUP205 

and NUP93 are intercalated between the CNC double rings. The N-terminal linker portion 

of NUP93 stretches to the adjacent spoke to bind to NUP205, forming a trans-spoke staple 

(79, 86). This is unlike the inner ring, where the NUP93 interactions with NUP205 and 

NUP188 occur within the same spoke. On the cytoplasmic face, eight more NUP205 and 

NUP93 copies are present at the base of the outer ring, interacting in a cis-spoke fashion (79, 

86). The ubiquity of NUP93 in both inner and outer rings suggests it is a ‘lynchpin’ of the 

NPC, which is consistent with the observation that degradation-targeting of NUP93 leads to 

rapid loss of the rest of the NPC in live cells (99). Compared to the human NPC, its fungal 

and algal counterparts present simpler outer ring architectures. The S. cerevisiae, 

Schizosaccharomyces pombe and Chlamydomonas reinhardtii NPCs do not possess bridge 

NUP155 copies linking the inner and outer rings, do not include NUP205 or NUP93 in the 

outer rings, and their cytoplasmic outer ring is composed of a single head-to-tail arranged 

CNC ring (82-85). Interestingly, the S. pombe cytoplasmic outer ring lacks NUP107 and 
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NUP133, and is therefore discontinuous (85, 100). On the nuclear side, S. pombe (85) and 

C. reinhardtii (84) present a double CNC ring, whereas S. cerevisiae appears to possess 

NPCs with both single and double nuclear CNC rings (82, 83, 89). 

Recent advances in focused ion beam (FIB) milling-enabled in situ imaging have 

revealed that the central transport channel of NPCs in intact cells is dilated compared to that 

of NPCs from purified nuclear envelopes or detergent extracted NPCs (52-55, 82-87, 89, 

101-103). The observed ~200 Å dilation is mostly achieved by outward displacement of the 

eight inner ring spokes, which the robust yet plastic linker-scaffold architecture can readily 

accommodate (Fig. 2A) (79). In contrast to the inner ring, the outer rings, rigidified by large 

surface interfaces between CNC components and tight NUP205-NUP93 trans-spoke staples, 

undergo minimal rearrangement in response to the dilation (79, 86, 87). Inner ring dilation 

results in the emergence of lateral channels between the eight spokes of the NPC (Fig. 2B). 

These lateral channels can accommodate freely diffusing small pore-facing domains of inner 

nuclear membrane integral membrane proteins (INM-IMPs) (104-106). However, INM-

IMPs with larger pore-facing domains or karyopherin binding NLSs require unstructured 

linkers between the soluble pore-facing and transmembrane domains to span the distance 

between the central transport channel of the NPC and the nuclear envelope (Fig. 2C) (107-

111). In S. pombe, the relaxation of nuclear envelope membrane tension following energy 

depletion or hypertonic osmotic shock results in constricted NPCs (85). The observed NPC’s 

structural responsiveness to perturbations in nuclear envelope membrane tension establishes 

it as the cell’s largest mechanosensitive channel. 

The cytoplasmic outer ring serves as a platform for the incorporation of the 

cytoplasmic filament nucleoporin complex (CFNC) and the metazoan-specific NUP358, 

whereas the bridge NUP155 provides a tentative binding site for the GLE1•NUP42 complex 

(78, 86, 112) (Fig. 3A). A homo-oligomerizing pentameric bundle of NUP358 clamps down 

on the tandem arranged stalks of the Y-shaped CNCs in each spoke of the cytoplasmic outer 

ring with its N-terminal a-helical solenoid domains (78, 86). The remainder of flexibly 

attached NUP358 domains project as far as ~60 nm into the cytoplasm (113), providing 

manifold binding sites for the small GTPase Ran (78, 114, 115) and a binding site for 

SUMOylated Ran GTPase-activating protein (RanGAP) (116-118) (Fig. 3B to D). 
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Overlooking the central transport channel, the CFNC represents a second patch of 

asymmetric nucleoporins attached to the cytoplasmic outer ring (78, 86) (Fig. 4A). The 

CFNC comprises NUP62, NUP88, NUP214, NUP98, RAE1, and the ATP-dependent 

DEAD-box RNA helicase DDX19 (78). Its modular hetero-hexameric architecture is 

conserved between fungi and humans, although the nucleoporins that anchor the CFNC 

coiled-coil hub to the NPC vary between species (78, 119). In the human NPC, the same 

NUP93 region that recruits the CNT complex to the inner ring anchors two CFNC coiled-coil 

hubs on the cytoplasmic face, one of which is currently unresolved in cryo-ET maps, possibly 

due to flexible tethering (78, 86). Other folded domains can be tentatively docked nearby, 

including the N-terminal b-propellers of NUP214 and NUP88, the latter bound to NUP98. 

The elucidated architecture of the cytoplasmic face of the NPC provides a tantalizing outlook 

towards the mechanistic dissection of mRNP remodeling mechanisms. 

The asymmetric nucleoporins of the nuclear face, which include the nuclear basket 

components NUP50, NUP153, TPR, and ELYS, are the least well characterized parts of the 

NPC. The N-terminal b-propeller and a-helical solenoid domains of ELYS are identified 

exclusively on the nuclear face, interfacing with NUP160 copies of the outer ring (78, 86). 

Specific localization of ELYS to the nuclear face may be mediated by its C-terminal 

AT-hook and basic RRK motifs that bind to chromatin (120-122). Interestingly, the S. pombe 

ELYS ortholog, which consists of only the evolutionarily conserved a-helical solenoid 

domain, is present on both nuclear and cytoplasmic faces (85). Tubular densities atop the 

nuclear outer ring of the human (78, 86) and S. cerevisiae (89) NPCs are anchoring points 

for the nuclear basket and likely correspond to homo-oligomerizing coiled-coil domains of 

TPR (123). 
Finally, the POMs POM121, POM210, and NDC1 are integral membrane proteins 

recruited to the NPC. The single-pass transmembrane proteins POM210 and POM121 

possess soluble domains in the perinuclear space, which for POM121 is predicted to be 

mostly unstructured (47, 124, 125). Artificial intelligence (AI) models of POM210 fit into 

cryo-EM density surrounding the Xenopus laevis or human NPCs predict a ring-like structure 

circumscribing the equator of the NPC’s perinuclear space, in which eight copies of POM210 

per spoke align fifteen immunoglobulin (Ig)-like domains into an antiparallel butterfly-like 
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arrangement (86, 103). Imaging of NPCs from POM210-deficient human cells confirmed 

this prediction (86). Furthermore, modeling of a S. cerevisiae POM210 ortholog into 

low-resolution cryo-EM density has also delineated a luminal ring, albeit one arising from a 

simpler antiparallel arrangement of only two copies per spoke (82, 89). Unlike POM121 and 

POM210, NDC1 is predicted to possess six transmembrane helices and a soluble pore-facing 

domain (125). AI models of NDC1 in complex with the metazoan-specific nucleoporin 

ALADIN were suggested to fit into two unexplained transmembrane and 

membrane-adjacent cryo-ET densities per spoke, interfacing with the bridge and inner ring 

NUP155 copies (86). 

Although AI-based modeling only emerged subsequent to the elucidation of the 

near-atomic architecture of NPCs from various organisms, it can now provide a first glance 

at parts of the NPC that have yet to be structurally characterized (86). AI-based modeling 

will accelerate the approach to structural biology that conquered the NPC, whereby low 

resolution cryo-ET maps of intact and even in situ large multi-component molecular 

machines are interpreted by docking atomic models. Coincidently, the importance of careful 

experimental validation has never been greater, particularly in the interpretation of protein-

protein interfaces and of structures for which no prior knowledge is available. 

Crystal and single particle cryo-EM structure determination of subcomplexes 

combined with cryo-ET reconstruction of intact NPCs have successfully elucidated the 

near-atomic architecture of the human NPC, as well as NPCs from other species. A few 

‘blind spots,’ consisting primarily of the molecular details of individual binding interfaces 

and the nuclear basket, remain to be resolved. The divide-and-conquer approach that led to 

the determination of the NPC structure is a paradigm for the elucidation of similarly complex 

and dynamic multi-component mega-macromolecular cellular machineries. Importantly, the 

structure of the NPC provides a context for predicting molecular functions, which is essential 

for the further study of the NPC’s role in nucleocytoplasmic transport, mRNA export, 

nucleoporin diseases, and viral interference. 
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Function of the nuclear pore complex in mRNA export 

Eukaryotic mRNA transcription in the nucleus is closely tied to processing steps that include 

5’ capping, intron removal by splicing, 3’ polyadenylation, and packaging with P15•TAP 

mRNA export factors, forming an export-competent mRNP which is then transited through 

the NPC (12, 126). At the cytoplasmic face of the NPC, the mRNP is remodeled to remove 

P15•TAP (Figs. 4B and C). Though the mechanism is relatively poorly understood, mRNP 

remodeling involves the CFNC components, including the DEAD-box helicase DDX19, a 

transient nucleoporin and RNA-dependent ATPase (127) that was first identified as 

Dbp5/RAT8 in S. cerevisiae from a screen for genes required for poly-A+ RNA export (128, 

129). In addition to ATP and RNA, DDX19 binds to components of the NPC’s cytoplasmic 

filaments (130-132). GLE1•NUP42 as well as RNA stimulate DDX19’s ATPase activity 

(112, 133), ensuring that DDX19 mediated removal of P15•TAP occurs only after mRNPs 

have translocated through the NPC (134, 135). By contrast, DDX19 association with 

NUP214 is mutually exclusive with RNA binding and facilitates ADP release and nucleotide 

exchange (131, 132, 136-138). DDX19 also possesses an N-terminal autoinhibitory a-helix 

that binds to the same cleft as RNA (130). In fungi, but not in humans, the small molecule 

inositol hexaphosphate (IP6) regulates interactions at the cytoplasmic face of the NPC by 

promoting Gle1•Nup42’s interaction with Dbp5 (112, 134, 135), while also abolishing 

Gle1•Nup42 binding to the outer ring CNC (78). 

RAE1 is a prominent RNA-binding nucleoporin of the CFNC whose function in 

mRNA export remains unknown, despite its original discovery in a S. pombe poly-A+ RNA 

export screen (139) and mutations in the S. cerevisiae ortholog Gle2 causing a poly-A+ RNA 

export defect (140). Human RAE1, originally called mrnp41, was identified by 

co-purification of cross-linked poly-A+ RNA from UV-irradiated HeLa cells (141). RAE1 is 

frequently targeted by viral virulence factors which directly compete with RNA for RAE1 

binding and cause nuclear accumulation of poly-A+ RNA (142-144). However, despite a 

quarter century of research, the exact role of RAE1 in mRNA export remains unclear. A 

recent systematic screen of RNA binding by cytoplasmic filament nucleoporins identified a 

number of additional RNA binding activities in the N-terminal domains (NTDs) of NUP88 
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and NUP358, the GLE1•NUP42 complex, and the NUP358 Ran-binding domains when 

complexed with Ran(GTP) (78). The relevance of these binding activities needs to be 

determined, not only in mRNP remodeling, but potentially also in the subsequent loading of 

cytosolic factors and handover to the translation machinery. Coordination between processes 

at the NPC and downstream translation is hinted at by the striking observation that rapid 

depletion of NUP358 results in the reduced translation of reporter genes but not in nuclear 

accumulation of RNA (78, 145). 

Many questions regarding the coordinated action of cytoplasmic filament 

nucleoporins in mRNA export and mRNP remodeling remain unanswered. The recently 

determined near-atomic composite structure of the cytoplasmic face of the human NPC (78, 

86) is expected to enable the design of experiments to address these outstanding questions. 

 

 

Nucleoporin diseases 

Given the central role of the NPC in controlling nuclear access and egress, it is unsurprising 

that nucleoporin mutations give rise to a wide variety of human diseases, and that the NPC 

is frequently targeted by viruses intent on entering the nucleus or altering host cell physiology 

in their favor. Perturbations in at least 24 nucleoporins are associated with human diseases, 

and at least six are targeted by viruses (Fig. 5). We present a brief overview highlighting 

representative examples of NPC-related pathogenesis. 

Aberrant function of nucleoporins and NPCs has been linked to autoimmune 

diseases, neurodegenerative diseases, cardiomyopathies, developmental disorders, cancers 

and others. The first direct implication of a nucleoporin in a human disease was the 

identification of a chromosomal rearrangement that fuses the 3’ end of the NUP214 gene 

(also known as CAN) to the 5’ end of the DEK gene and causes acute myeloid leukemia 

(AML) (146). Gene fusions involving NUP358, NUP98 and TPR are also linked to 

leukemias, with >25 leukemogenic gene fusions involving NUP98 alone (25, 147-150). 

Leukemogenic fusions combine NUP98’s natively unfolded N-terminal FG-repeat region 

and part of the scaffold-binding linker region with proteins involved in transcriptional and 
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epigenetic regulation. An attractive mechanism for NUP98 fusion protein-induced 

leukemogenesis involves NUP98 modulating the fusion partner’s activity. For example, a 

NUP98-PHD finger chimera was shown to interfere with deposition of H3K27me3 marks 

on histones, preventing the cell from silencing developmentally significant genes, ultimately 

causing AML in murine models (151). The mechanisms may depend on NUP98’s propensity 

to form LLPS, as shown for NUP98 fused with the homeodomain-containing transcription 

factor HOXA9, which promotes HOXA9 association with genomic targets and results in 

super-enhancer-like long-distance chromatin looping that upregulates proto-oncogenes (97). 

Aberrant nucleoporin expression levels have also been associated with several 

diseases. Notably, NUP88 is highly overexpressed in various cancers and is used as a tumor 

marker (152). Increased expression of different scaffold nucleoporins, including NUP160, 

NUP75, NUP107, and NUP93 has been linked to cardiovascular diseases (153-155). 

Missense and nonsense mutations in scaffold nucleoporins NUP160, NUP75, NUP107, 

NUP133, NUP37, NUP93, and NUP205 that likely perturb the structure of the NPC and 

affect nucleocytoplasmic transport have also been shown to cause steroid-resistant nephrotic 

syndrome (SRNS) (155-159). In other cases, the effect of disease-associated mutations on 

nucleoporin structure and function may be more subtle. Point mutations in the N-terminal 

domain of NUP358 that are linked to familial acute necrotizing encephalopathy 1 (ANE1) 

(160, 161) do not disturb the overall protein fold, but reduce its thermosolubility in vitro (78) 

and the same molecular phenotype is observed for GLE1 variants associated with 

neurodegenerative diseases (112, 162-164). Generally, the molecular mechanisms by which 

aberrations in nucleoporins and NPC structure relate to disease etiologies are not well 

understood. More patient genomic sequencing and the recently determined near-atomic 

structure of the human NPC (78, 86) are expected to provide a rich foundation for the 

discovery and functional characterization of nucleoporin alterations and establishing the 

clinical relevance of NPC function. 
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Viral targeting of the nuclear pore complex 

The hijacking of the NPC and nucleocytoplasmic transport is a common event in the life 

cycle of a wide variety of viruses. Viruses with nuclear replication cycles rely on the 

nucleocytoplasmic transport of viral proteins, genomes, and even intact capsids and have 

evolved various strategies to exploit the cellular transport machinery for this purpose. For 

example, the genomic RNA fragments of influenza A that are released from the viral particle 

upon its disassembly in the cytoplasm are coated with NLS-containing viral nucleoproteins 

(NP), recognized by a-karyopherins, and transported into the nucleus (165, 166). In the case 

of herpesviruses and adenoviruses, their icosahedral capsids remain intact until they attach 

to the cytoplasmic face of the NPC, where partial capsid disassembly and viral genome 

release into the nucleus is triggered (167-170). Finally, the NPC’s central transport channel 

is large enough for the intact NLS-displaying hepatitis B virus (HBV) or human 

immunodeficiency virus 1 (HIV-1) capsids to traverse the nuclear pore in a karyopherin-

dependent manner before their disassembly in the nucleus (102, 171). 

Beyond exploiting it as a gateway into the nucleus, the NPC represents a key target 

for countering the host cell’s defenses and redirecting its physiology to favor viral replication. 

Poliovirus (PV) and human rhinovirus (HRV) encode proteases that degrade a subset of FG 

repeat-containing nucleoporins to disrupt the NPC’s diffusion barrier (172, 173). Human 

papillomavirus (HPV), severe acute respiratory syndrome coronavirus (SARS-CoV), and 

ebola virus (EBOV) sequester karyopherins from their intended host cargo, thereby 

disrupting the nuclear import of antiviral transcription factors and inhibiting the host’s innate 

immune response (174-180). Virulence factors of herpesviruses, influenza A, vesicular 

stomatitis virus (VSV), and SARS-CoV-2 target the nucleoporin RAE1 to inhibit mRNA 

export, thereby suppressing innate immune response mechanisms, decreasing the abundance 

of host mRNAs and outcompeting the host for the available translation machinery and 

anabolic resources (142-144, 181-183). The near-atomic composite structure of the human 

NPC (78, 86) puts the interactions between nucleoporins and viruses or viral virulence factors 

in the more comprehensive context of the NPC as the gateway for nucleocytoplasmic 

transport, opening the door for the development of novel therapies. 
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Concluding remarks 

Since the discovery of nuclear pores in 1950, the structure and function of the NPC and the 

nucleocytoplasmic transport machinery have been an area of active research. Over the last 

20 years, efforts to solve the NPC structure have culminated in near-atomic snapshots of 

NPCs from several species, with only a few blind spots soon to be revealed, particularly in 

the nuclear basket and integral membrane portions of the NPC. The increasing detail of 

cryo-EM reconstructions and AI-based structural approximations are providing the first 

glimpses of these missing areas. Experimental structures, biochemical reconstitution and 

functional studies will be vital to avoid forgoing crucial and unexpected biological insights 

that may arise from characterizing these missing areas. In situ imaging enabled by FIB 

milling of whole-cell specimens has revealed dilated states of NPCs from various species, 

providing glances of the NPC’s membrane tension-sensing dynamics and extending the 

current static snapshot view of the NPC to the first frames of a molecular movie. Facing 

forward, the most enigmatic and challenging task for the field of nucleocytoplasmic transport 

is to unravel the mechanisms of mRNP remodeling at the NPC and mRNA export, along 

with their coupling to upstream and downstream processes. Additionally, understanding the 

molecular mechanisms of the myriad nucleoporin-associated diseases and viral interference 

mechanisms that involve nuclear transport and the NPC offers a chance for the design of 

novel therapies. The determination of the near-atomic composite structure of the human NPC 

is an important milestone that now enables tackling these problems from a molecular 

perspective. 
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Figures 

Fig. 1. The nuclear pore complex linker-scaffold. (A) Schematic cutaway representation 

of the NPC architecture. (B) Near-atomic composite structure of the human NPC symmetric 

core generated by quantitatively docking nucleoporin and nucleoporin complex crystal and 

single particle cryo-electron microscopy (cryo-EM) structures into an ~12 Å cryo-electron 

tomographic (cryo-ET) map of the intact human NPC (79, 86). The nuclear envelope is 

shown as a gray isosurface and the nucleoporin structures are displayed in cartoon 

representation colored according to the legend. (C) Schematic layer-by-layer representation 

of a cross-section view of three spokes of the NPC inner ring illustrating the network of 

linker-scaffold interactions. (D) Schematic representation of the top views of human NPC 

cytoplasmic and nuclear outer rings and corresponding side views of two spokes, illustrating 

the reticulated head-to-tail arrangement of the CNCs crosslinked by trans-spoke 

NUP93-NUP205 interactions. 
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Fig. 2. Dilation of the NPC and lateral channel formation. (A) Cytoplasmic views of 

the near-atomic composite structure of constricted and dilated human NPCs (78, 86). The 

nuclear envelope is shown as a gray isosurface and nucleoporins are shown in cartoon 

representation. (B) Closeup views of the interface between two spokes, separated by a dashed 

line, in the constricted and dilated human NPCs. Nucleoporins are shown in surface 

representation, with the inner ring spokes uniformly colored in pale blue. (C) Schematic 

representation of the NPC symmetric core cross-section, illustrating inner nuclear membrane 

integral membrane protein (INM-IMP) passage through the lateral channels. Top views of 

the NPC symmetric core illustrate that lateral channels can accommodate freely diffusing 

small folded pore-facing domains or unstructured linkers tethering larger folded domains or 

karyopherin-binding nuclear localization sequences (NLSs; classical Kapa/Kapb-mediated 

import shown).  
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Fig. 3. Architecture of the cytoplasmic face of the human nuclear pore complex.  

(A) Cross-sectional view of the near-atomic composite structure of the human NPC 

generated by docking nucleoporin and nucleoporin complex crystal and single particle cryo-

EM structures into an ~12 Å cryo-ET map of the intact human NPC (78, 86). The nuclear 

envelope is shown as a gray isosurface, the inner ring is displayed in cartoon representation 

uniformly colored pale blue, and the nuclear and cytoplasmic face structures are displayed 

in cartoon representation colored according to the legend. (B) Architecture of the 

cytoplasmic face of the human NPC (78). Flexibly attached NUP358 domains protrude into 

the cytoplasm. (C) Schematic representation of a single cytoplasmic face protomer, 

illustrating the attachment of a NUP358 pentameric bundle held together by interactions 

between oligomerization elements (OEs). Four NUP358NTD copies wrap around the tandem 

arranged Y-shaped CNC stalks, generating a binding site for a fifth copy. (D) Cartoon 

representations of crystal structures of NUP358 complexes: NUP358NTD (PDB ID 7MNL), 

NUP358ZnF7•Ran(GDP) (PDB ID 7MNU), NUP358RanBD-IV•Ran(GTP) (PDB ID 7MNZ) 

(78), NUP358E3•SUMP-RanGAP•UBC9 (PDB ID 1Z5S) (117), NUP358CTD (PDB ID 4I9Y) 

(184). 
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Fig. 4. mRNP export and remodeling at the cytoplasmic face of the NPC. (A) Cartoon 

representation and corresponding schematic conceptualization of a spoke of the NPC 

cytoplasmic face illustrating the relative positions of the cytoplasmic filament nucleoporins, 

with the cytoplasmic filament nucleoporin complex (CFNC) anchored by NUP93R1 and a 

pentameric bundle of NUP358 bound to the stalk of tandem-arranged Y-shaped coat 

nucleoporin complexes (CNCs). (B) Cartoon representations of crystal structures of human 

cytoplasmic filament complexes: DDX19(ADP)•GLE1CTD•NUP42GBM (PDB ID 6B4I) 

(112), DDX19(ATP)•GLE1CTD•NUP42GBM (PDB ID 6B4J) (112), DDX19(ATP)•U10RNA 

(PDB ID 3FHT) (131), DDX19(ATP) (PDB ID 6B4K) (112), DDX19(ADP)•NUP214NTD 

(PDB ID 3FMO) (132), NUP214NTD (PDB ID 2OIT) (185), NUP88NTD•NUP98APD (PDB ID 

7MNI) (78), RAE1•NUP98GLEBS (PDB ID 3MMY) (186). (C) Schematic representation of 

the maturation, export, and remodeling of mRNPs by the DDX19 helicase cycle. In the 

nucleus, mRNA is transcribed by RNA polymerase II, followed by 5’ capping, recruitment 

of the cap binding complex (CBC), deposition of exon junction complexes (EJC) at splice 

sites, loading of the transcription-export (TREX) complex in a splicing-dependent manner, 

3’ poly-adenylation, and deposition of polyadenylate-binding nuclear protein 1 (PABPN1). 

ATP-hydrolyzing DEAD-box helicase UAP56 may facilitate loading of export factors 

P15•TAP to produce an export-competent mRNP. The exported mRNP is remodeled at the 

cytoplasmic face of the NPC, where P15•TAP is removed in a DDX19-dependent manner: 

(1) ATP-bound DDX19 cycles between autoinhibited and closed conformations. (2) Upon 

binding RNA, DDX19 adopts a closed, catalytically active conformation that is incompatible 

with GLE1 binding but could strip P15•TAP from mRNA. (3) ATP hydrolysis by DDX19 

triggers RNA release, converting DDX19 to an autoinhibited ADP-bound conformation in 

which the autoinhibitory a-helix binds between N- and C-terminal RecA domains. (4) GLE1 

binding destabilizes the autoinhibited conformation. (5) NUP214 binding converts DDX19 

to an open conformation, promoting nucleotide exchange. (6) Nucleotide exchange displaces 

NUP214, priming the DDX19(ATP)•GLE1•NUP42 complex to restart the cycle (112).  
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Fig. 5. Nucleoporin-associated diseases. An overview of human nucleoporin diseases 

and viral virulence factors targeting the NPC. Domain structures of human nucleoporins 

drawn as horizontal boxes with residue numbers indicated and their observed or predicted 

folds colored according to the legend. NUP160: dilated cardiomyopathy (153), 

steroid-resistant nephrotic syndrome (SRNS) (156, 157), B-cell acute lymphoblastic 

leukemia (B-ALL) (187); NUP75: congestive heart failure (154), SRNS (157); SEC13: 

breast cancer (188), gastric cancer (189); NUP107: cardiac arrhythmia (155), SRNS (155, 

157), microcephaly (190), ovarian dysgenesis (191), breast cancer (188), brain cancer, 

glioblastoma multiforme (192), dedifferentiated liposarcoma (193); NUP133: SRNS (157), 

breast cancer (194); NUP43: aortic dilatation (195); NUP37: breast cancer (188), atrial 

fibrillation (195), SRNS (157); NUP205: congenital heart disease associated with situs 

inversus and heterotaxy (196), SRNS (158); NUP188: congenital heart disease associated 

with heterotaxy (197), mitral valve prolapse (195), Sandestig-Stefanova syndrome (198, 

199), B-ALL (200); NUP93: dilated cardiomyopathy (153), SRNS (158, 159), Down 

syndrome (201); NUP155: atrial fibrillation (202, 203); ALADIN: Triple A syndrome (204); 

NUP62: ischemic cardiomyopathy (205), Primary biliary cirrhosis (206), amyotrophic 

lateral sclerosis (ALS) (207), infantile striatonigral degeneration (208), protein degradation 

induced by poliovirus (172) and rhinovirus (173) infections, hyperphosphorylation induced 

by cardiovirus infection (209), protein mislocalization induced by HIV-1 infection (210); 

NUP98: acute myeloid leukemia (25, 147-150), acute megakaryoblastic leukemia without 

Down syndrome (211, 212), protein degradation induced by poliovirus infection (213), Liver 

cancer (214); RAE1: acute myeloid leukemia (211, 212), breast cancer (215), herpesviruses 

(181), Influenza A (182), vesicular stomatitis virus (VSV) (186, 216) and SARS-CoV2 (183) 

virulence factor binding; NUP88: fetal akinesia deformation sequence (144), prostate, 

ovarian, breast, hepatocellular, colon, and lung cancers, and mesotheliomas and lymphomas 

(217); NUP214: acute febrile encephalopathy (152, 218), acute myeloid leukemia (146, 219), 

breast cancer (194), hyperphosphorylation induced by cardiovirus infection (209), protein 

degradation induced by rhinovirus infection (220); GLE1: ALS (162), lethal congenital 

contracture syndrome (163), lethal arthrogryposis with anterior horn cell disease (164); 

NUP358: acute myelomonocytic leukemia (164), dilated cardiomyopathy (153), ischemic 
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cardiomyopathy (221), acute necrotizing encephalopathy (160, 161), colorectal cancer 

(222), protein degradation induced by rhinovirus infection (220), HIV-1 virulence factor 

binding (223); NUP153: dilated cardiomyopathy and ischemic cardiomyopathy (153), 

cardiac arrhythmia (224), protein degradation induced by poliovirus and rhinovirus (173) 

infections, hyperphosphorylation induced by cardiovirus infection (209), HIV-1 virulence 

factor binding (225), autoimmune liver disease/rheumatic disease (226); TPR: gastric, lung, 

bone, thyroid and colorectal cancers (227-229), autoimmune liver disease/rheumatic disease 

(226); NDC1: dilated cardiomyopathy and ischemic cardiomyopathy (153); POM210: 

congenital heart disease (196), breast cancer (230, 231), Primary biliary cirrhosis (232), 

colorectal cancer (233), cervical cancer (234). Abbreviations: fs, frameshift; asterisk (*), 

nonsense mutation; delta (D), deletion. 
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Abstract 

The nuclear pore complex (NPC) constitutes the sole gateway for bidirectional 

nucleocytoplasmic transport. We present the reconstitution and interdisciplinary analyses of 

the ~425-kDa inner ring complex (IRC), which forms the central transport channel and 

diffusion barrier of the NPC, revealing its interaction network and equimolar stoichiometry. 

The Nsp1•Nup49•Nup57 channel nucleoporin hetero-trimer (CNT) attaches to the IRC 

solely through the adaptor nucleoporin Nic96. The CNT•Nic96 structure reveals that Nic96 

functions as an assembly sensor that recognizes the three-dimensional architecture of the 

CNT, thereby mediating the incorporation of a defined CNT state into the NPC. We propose 

that the IRC adopts a relatively rigid scaffold that recruits the CNT to primarily form the 

diffusion barrier of the NPC, rather than enabling channel dilation. 
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Introduction 

One of the great hallmarks of eukaryotic evolution is the enclosure of genetic information in 

the nucleus. The spatial segregation of replication and transcription in the nucleus from 

translation in the cytoplasm imposes the requirement of transporting thousands of 

macromolecules between these two compartments. Nuclear pore complexes (NPCs) are 

massive transport channels that allow bi-directional macromolecular exchange across the 

nuclear envelope (NE) and thus function as key regulators of the flow of genetic information 

from DNA to RNA to protein (1). 

NPCs are formed by multiple copies of ~34 distinct proteins, termed nucleoporins 

(nups) (1).The docking of the yeast coat nup complex (CNC) crystal structure into a cryo-

electron tomographic (cryo-ET) reconstruction of the intact human NPC revealed its 

organization into two sixteen-membered CNC rings on the nuclear and cytoplasmic faces of 

~100 nm NE pores (Fig. 1A) (2, 3). This arrangement established that the doughnut-shaped 

inner ring is composed of adaptor and channel nups (3). 

Anchoring of the inner ring in the NE pore is mediated by the membrane recruitment 

complex, composed of adaptor nups Nup53 and Nup170, and transmembrane nup Ndc1 (1, 

4-6). Recently, Nup53 was shown to harbor distinct binding sites for Nic96, Nup170 and 

Nup192, allowing the Nup53•Nup170 hetero-dimer to interact with either Nic96•Nup192 or 

Nic96•Nup188 (7, 8). 

The inner ring harbors the central transport channel and diffusion barrier of the NPC, 

preventing macromolecules larger than ~40 kDa to freely diffuse across the NE (1, 9). The 

channel nups Nsp1, Nup49, and Nup57 constitute part of the central transport channel and 

form the diffusion barrier with their disordered phenylalanine-glycine (FG) repeats (1, 9-11). 

Transport factors ferry cargo across the NE by binding to FG repeats in the central transport 

channel (1, 9). Furthermore, the central transport channel seems to be permanently occupied 

by transport factors even after biochemical purification of NPCs (10, 12). In addition to their 

N-terminal FG repeats, the three channel nups are predicted to possess C-terminal coiled-coil 

regions (13, 14). The knockout of any of the three channel nups is lethal in S. cerevisiae, 
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whereas the deletion of any two N-terminal FG-repeat regions can be tolerated, but reduces 

transport rates, suggesting an essential function of the coiled-coil regions (13, 15-19). 

Arguably, the most important questions about the inner ring architecture pertain to 

the recruitment and positioning of the channel nups, because of their essential function in 

forming the diffusion barrier and providing binding sites for transport factors. Native 

purifications from S. cerevisiae and mammalian cells showed that the channel nups co-

purified with Nic96, suggesting the evolutionary conservation of a hetero-tetrameric 

Nsp1•Nup49•Nup57•Nic96 complex (13, 20, 21). Subsequent biochemical reconstitution 

attempts yielded channel nup complexes with inconsistent stoichiometries that resisted 

structural analysis (22-24). Reconstitutions employing channel nup fragments revealed 

dynamic interactions and generated a series of crystal structures with various homomeric and 

heteromeric assembly states (22, 25, 26). Biochemical analysis of these structures led to 

heavily contested models that have resisted physiological validation, including the proposal 

that the reversible karyopherin-mediated transition between homo- and hetero-oligomers 

facilitates the constriction and dilation of the central transport channel (25-28). 

Despite half a century of research, our understanding of the inner ring architecture 

remains rudimentary. The prevalent assumption is that the inner NPC ring is composed of 

multiple copies of a single NPC subcomplex, but such a complex has remained elusive. Here, 

we present an in-depth characterization of the NPC’s inner ring. Starting with the 

reconstitution of a ~425-kDa hetero-hexameric inner ring complex (IRC), we demonstrate 

its scaffolding function by showing that it interacts with additional peripheral nups. In 

dissecting the underlying protein interaction network of the IRC, we determined an 

equimolar stoichiometry for its six components and identified Nic96 as the sole NPC 

attachment site for the channel nup hetero-trimer (CNT). Nic96 is essential for CNT 

recruitment and, through its interaction with Nup192, for proper positioning of the CNT 

within the inner ring scaffold. Structural and functional analyses of the intact CNT reveal a 

defined coiled-coil domain architecture that is specifically recognized by Nic96. Our results 

differ dramatically from previous characterizations of channel nup fragments and an 

associated model for a flexible transport channel that is capable of constriction and dilation 

of up to ~400-Å (25-28). We propose a model for the inner ring architecture in which sixteen 
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copies of the IRC form a relatively rigid inner ring scaffold. In the proposed arrangement, 

the central transport channel would be filled with the channel nup FG repeats to establish the 

diffusion barrier of the NPC and to provide binding sites for cargo•transport factor 

complexes. 

 

 

Results 

Reconstitution and dissection of the inner ring complex (IRC) and binding of 

peripheral nups 

To reconstitute and uncover the architectural principles of a putative inner ring complex 

(IRC), we developed expression and purification protocols for the channel, adaptor, and 

cytoplasmic filament nups from C. thermophilum on the milligram scale. All purified nups 

lacked FG-repeat regions to facilitate soluble protein expression (Fig. 1A). We refer to all 

nups in the remainder of the text according to the C. thermophilum nomenclature, labeling 

nups from other species with a prefix.. 

Using recombinant purified nups, we reconstituted a monodisperse hetero-hexameric 

IRC containing the adaptor nups Nup192, Nic96 and Nup145N, and the Nsp1•Nup49•Nup57 

channel nup hetero-trimer (CNT) (Fig. 1, A and B and fig. S1A). The ~425 kDa measured 

molecular mass of the IRC is consistent with an equimolar stoichiometry (Table S1). No 

higher-order oligomers formed at concentrations up to ~5 µM. Our reconstitution omitted 

Nup170 because of its low solubility in standard buffer conditions. However, the interaction 

of Nup170 with a C-terminal region of Nup53, directly adjacent to the membrane-binding 

motif, established its proximity to the pore membrane (7). 

Further analyses showed that the reconstituted IRC is a bona fide NPC scaffold 

complex, capable of binding the membrane recruiting Nup53, and the peripheral cytoplasmic 

filament complex (CFC), forming a stable hetero-nonamer (Fig. 1C and fig. S1B). The 

measured masses for both complexes, ~100 kDa lower than expected, indicate their dynamic 

nature at the tested concentrations. The reconstitution and structure determination of a core 

IRC-CFC attachment complex composed of the CFC nups Nup82NTD and Nup159T and the 
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autoproteolytic domain (APD) of the IRC component Nup145N revealed the molecular 

details of this inter-subcomplex linkage (Fig. 1J and figs. S2, A and B and Table S2). A 

structural comparison with its S. cerevisiae homolog shows that the interactions of the core 

CFC•Nup145NAPD complex are conserved, despite low sequence conservation (29, 30). This 

analysis supports the hypothesis that nup interactions in the NPC are evolutionary conserved 

(fig. S3). 

Because Nup145N acts as an adaptor that attaches the CFC, we probed its interaction 

with the other IRC components. Nup145N formed a stoichiometric complex with Nup192, 

elicited weak CNT association, and barely interacted with the Nic96 solenoid (SOL) 

(fig. S2, C to E). However, Nup145N was incapable of linking the CNT to Nup192, 

suggesting mutually exclusive interactions (fig. S2F). 

The IRC reconstitution enabled us to identify how the CNT is incorporated into the 

IRC by defining a minimal CNT attachment complex. We found that Nup145N, Nic96SOL 

and the N-terminal and middle domains of Nup192 were dispensable for CNT attachment, 

because a minimal stoichiometric Nup192TAIL•Nic96R1-R2•CNT attachment complex could 

be reconstituted (Fig. 1D and E and figs. S1, C and D). Nic96R1-R2 is an adaptor linking the 

CNT with Nup192TAIL (Fig. 1, F and G and figs. S1, E and F, and S4, A and B). 

Consistently, no interaction between Nup192TAIL and the CNT was observed (fig. S4C). 

Most importantly, an IRC lacking Nic96R1 failed to incorporate the CNT, demonstrating that 

Nic96R1 is the sole IRC attachment site for the CNT (Fig. 1H and fig. S1G). We tested 

whether Nup53 could rescue the deletion of Nic96R1 by providing an additional CNT binding 

site. However, the CNT did not incorporate into the IRC in the presence of Nup53 (Fig. 1I 

and fig. S1H). 

These data established an equimolar stoichiometry of the six different IRC 

components and demonstrated that the CNT is solely attached to the adaptor nups through 

its interaction with Nic96R1. 

 

The Nic96-Nup192 interaction positions the CNT in the central transport channel 

Consistent with previous findings that Nup192 and Nup188 form mutually exclusive 

complexes (7), we were able to reconstitute an architecturally equivalent 



 

 

71 
Nup188TAIL•Nic96R1-R2•CNT hetero-pentamer (fig. S5, A and B). However, salt stability 

and competition experiments showed that Nup192TAIL interacts more tightly with Nic96R2 

than Nup188TAIL does (figs. S5, C and D and S6, A and B). 

To gain insight into the molecular details of the Nic96R2 interaction with Nup192 and 

Nup188, we determined the crystal structures of the TAIL domains of Nup192 and Nup188 

(Table S2). Nup192TAIL and Nup188TAIL share a similar crescent-shaped architecture, 

composed of ARM and HEAT repeats with overall similar surface conservation and 

electrostatic properties. However, Nup188TAIL contains an additional evolutionarily 

conserved C-terminal ARM repeat (Fig. 2A-E and figs. S7 to S11) (31). When docked into 

the electron microscopy (EM) reconstruction of S. cerevisiae Nup192, Nup192TAIL was 

located at the bottom of the question mark-shaped map (Fig. 2G) (32). Based on the structural 

and biochemical results and previous findings that Nup192, but not Nup188, is essential for 

viability in yeast, we focused our further analyses on the IRC containing Nup192 (33, 34). 

To identify the Nic96R2 interaction surface in Nup192TAIL, we tested alanine mutants 

of 15 conserved surface residues and identified two adjacent residues, Phe1735 and Ile1730, 

that abolished binding and decreased the interaction with Nic96R2, respectively (Fig. 2F to H 

and figs. S12 and S13). Both residues are located in a hydrophobic pocket at the bottom of 

the Nup192 molecule (Fig. 2G). 

To evaluate the physiological relevance of the identified Nup192-Nic96 interaction 

for NPC function, we analyzed the identified Nup192 mutants in S. cerevisiae. Whereas the 

F1735A point mutant (Y1679A in yeast) displayed no significant defects in growth and 

ribosomal or mRNA export, the removal of the entire TAIL domain resulted in a substantial 

growth defect at all temperatures, and substantial mRNA and ribosomal export defects, at 

30 ºC and 37 ºC, respectively (Fig. 2I, K and L). Despite the severity of the DTAIL 

phenotypes, Nup57-GFP yielded strong NE staining (Fig. 2J), consistent with our 

biochemical analyses that Nup192TAIL is expendable for CNT attachment. 

These data established that the Nic96-Nup192 interaction is dispensable for CNT 

incorporation into the NPC, but required for proper NPC function, suggesting that the Nic96-

Nup192 interaction is required for correct CNT positioning, and, in turn, for the proper 

placement of the FG-repeat meshwork. 
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Nic96 is the sole NPC attachment site for the CNT in vivo 

To characterize the adaptor function of Nic96, we carried out a mutational analysis of the 

conserved R1 and R2 regions of Nic96, which interact with the CNT and Nup192, 

respectively (Fig. 3, A to C and fig. S13). Because the Nic96R1-CNT interaction is stable at 

increased salt concentrations but sensitive to C-terminal truncations, we focused our analysis 

on conserved hydrophobic residues in the C-terminal region of Nic96R1 

(figs. S14 and S15A). Indeed, mutating four leucines located at the C-terminal end of R1 to 

alanines (LLLL mutant) abolished the Nic96R1-CNT interaction (Fig. 3B and 

figs. S13 and S15B). 

Similarly, because the Nic96R2-Nup192TAIL interaction is also salt stable and was 

disrupted by mutating a hydrophobic pocket on Nup192TAIL, we focused our mutational 

analysis on evolutionarily conserved hydrophobic residues of Nic96R2 (figs. S5C and S13). 

We identified two mutations, I294A and F298A, which reduced and abolished Nup192TAIL 

binding, respectively (Fig. 3C and fig. S16). 

Next, we carried out functional analyses of the identified Nic96 mutants in 

S. cerevisiae (fig. S17). Nic96 fragments lacking either Nic96SOL (DSOL) or Nic96R1-R2 

(SOL) were unable to rescue the previously identified lethal nic96D phenotype and were not 

analyzed further (Fig. 3D) (35). All remaining mutants were viable and yielded NE staining, 

consistent with NPC incorporation (Fig. 3E). A Nic96 mutant lacking the 

Nup192-interacting region R2 (DR2) displayed severe growth and mRNA export defects yet 

failed to affect Nup57-GFP localization (Fig. 3D to F). Nic96 mutants lacking the CNT-

interacting region R1 (R2-SOL) and R1-R2 linker (DLINKER) also had severe growth 

defects accompanied by a marked decrease and no detectable NE staining for Nup57-GFP, 

respectively (Fig. 3D to F). Additionally, DR2 and DLINKER displayed a mild ribosome 

export defect (Fig. 3G). The milder LLLL and F159A mutants failed to yield significant 

phenotypes (Fig. 3D to F).  

Together, these experiments demonstrated that the channel nup Nup57 is solely 

anchored to the NPC through its interaction with Nic96R1 in vivo, in agreement with our 

biochemical studies. 
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Channel nup fragments do not capture the solution behavior of the intact CNT 

A secondary structure analysis revealed that the channel nups Nsp1, Nup49 and Nup57 

possessed evolutionarily conserved domain architectures with an N-terminal FG-repeat 

region of varying length, followed by three predicted a-helical coiled-coil segments, CCS1-3 

(fig. S18A). Nup57 contained an additional evolutionarily conserved a/b region, which 

preceded the three coiled-coil regions. 

Lacking a fully assembled CNT structure, we attempted to obtain structural insight 

from short channel nup fragments. Using fragments of Nic96 and the three channel nups 

from three different species, we carried out a systematic interaction and crystallization 

analysis, which led to the structure determination of multiple channel nup fragments 

(figs. S19 to S21). This approach yielded six different crystal structures of homomeric and 

heteromeric channel nup assemblies with different stoichiometries 

(figs. S18B, S22 and S23). Two structures revealed novel assembly states (figs. S18B and 

S24). The remaining four were almost identical to previously determined R. norvegicus 

structures (22, 25, 26). These assembly states constituted the basis for the proposal of a 

dilating transport channel, whose diameter is modulated by karyopherin-mediated 

transitioning between these homomeric and heteromeric assembly states (25-28). Despite the 

remarkable degree of sequence conservation between human and rat fragments with identical 

domain boundaries, we observed different assembly states that behaved inconsistently when 

mutated or further truncated (figs. S25 and S26). 

In contrast to these results, only two states were detected for the intact CNT in 

solution, corresponding to monodisperse equimolar monomeric and dimeric species 

(fig. S18C). At concentrations up to ~30 mg/ml, the predominant species was the CNT 

monomer. Both the CNT monomer and dimer were capable of forming monodisperse 

hetero-tetrameric complexes with Nic96R1 in solution (fig. S18D). 

To identify which of the three channel nups form a specific interaction with Nic96R1, 

we carried out a GST-pull down interaction assay. We found that GST-Nic96R1 did not 

interact with separately purified Nsp1 or Nup49•Nup57 in isolation, but formed a complex 

in the presence of both (fig. S18E). 
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These data show that the coiled-coil architecture of the intact CNT cannot be 

elucidated by a reductionist approach that involves channel nup coiled-coil fragments, 

because of their inconsistent behavior in solution and their inability to capture the correct 

stoichiometry of the intact CNT. 

 

Crystal structure of CNT•Nic96R1 

Our biochemical and in vivo data established that the CNT architecture can only be elucidated 

by a structure of the intact CNT and that the physiologically relevant state is the 

CNT•Nic96R1 attachment complex. However, extensive crystallization attempts for the 

CNT•Nic96R1 yielded crystals that diffracted to ~10-Å resolution, at best. To improve the 

diffraction quality, we generated a series of conformation-specific, high-affinity monobodies 

(MBs) and synthetic antibody Fab fragments (sABs) by phage display selection methods as 

crystallization chaperones. Up to two different MBs or sABs could bind to the intact IRC 

and CNT•Nic96R1, forming monodisperse stoichiometric complexes (figs. S27 and S28). 

These data established that access to the CNT was sterically unrestricted by its incorporation 

into the IRC, suggesting that the CNT protrudes from the IRC. 

Crystals of CNT•Nic96R1•sAB-158 diffracted to 3.77 Å, facilitating structure 

determination by single anomalous dispersion (SAD) (fig. S29 and Table S4). The crystal 

contacts are primarily mediated by sAB-158, demonstrating the effectiveness of chaperoning 

reagents in aiding the crystallization of difficult structural targets (fig. S30). The three 

channel nups formed a parallel, three-stranded, hetero-trimeric coiled-coil structure with two 

sharp kinks that divided the CNT into three left-handed coiled-coil domains (CCD1-3), with 

an overall resemblance to the numeral “4” and maximum dimensions of 

~145-Å ´ ~80-Å ´ ~60-Å (Fig. 4, A and B and movies S1 and S2). CCD1 formed the 

~145-Å long stalk and was composed of the N-terminal coiled-coil segments (CCS1) of 

Nsp1, Nup49, and Nup57, each containing twelve heptad repeats. Analogously, CCS2 and 

CCS3 were each composed of five heptad repeats that were ~70 Å in length. The three CCDs 

were connected by unstructured linker regions, of varying length, between the three coiled-

coil segments of each channel nup. CCS1 of Nup57 was interrupted close to the base of the 
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stalk by a 56-residue insertion forming a novel fold with two parallel b-sheets and one 

a-helix, termed the a/b insertion domain (Fig. 4B). 

A salient feature of the structure was the extensive interaction of Nic96R1 with all 

three CCDs of the CNT, located in the triangular opening at the apex of the “4” (Fig. 4B and 

movie S3). Nic96R1 formed two 11-residue a-helices, a1 and a2, which were linked by a 

sharply kinked 16-residue connector (Fig. 4C). One face of helix a1 recognized CCD1 by 

binding the Nup57-Nup49 surface, while the opposite face of helix a1 interacted with the 

Nsp1-Nup57 surface of CCD3. The kinked loop inserted as a wedge between the top of the 

long stalk-forming CCD1 and CCD2. Residues at the N- and C-termini of the loop formed 

additional electrostatic contacts with the Nup57-Nup49 surface of CCD1 and extensive 

hydrophobic contacts with the Nup49-Nsp1 surface of CCD2, respectively. Finally, helix 

a2, which harbors our LLLL mutant, bound exclusively to the hydrophobic Nsp1-Nup49 

surface of CCD3. Not only did Nic96R1 recognize the proper assembly of all three CCDs by 

forming specific interactions with composite CCD surfaces that are each formed by two 

different channel nups, but it also locked the CNT into a specific conformation. Overall, 

~4,150 Å2 of surface area are buried in the Nic96R1-CNT interface, involving 38 and 64 

residues of Nic96R1 and the CNT, respectively. The evolutionary conservation of these 

interface residues further corroborates the evolutionary conservation of the CNT•Nic96R1 

architecture (fig. S13, S31 to S34). 

CNT•Nic96R1•sAB-158 forms a cross-handshake dimer in the asymmetric unit of the 

crystal that is generated by two identical dimerization interfaces, involving the Nup57 a/b 

insertion domain and CCD3 (Fig. 4D and movie S4). The CNT•Nic96R1 dimer buried ~2,600 

Å2 of surface area. The N-termini of all channel nups in the dimer point in the same direction, 

which would permit the FG repeats to be projected towards the central transport channel. 

Notably, sAB-158 did not participate in CNT•Nic96R1 dimer formation, as it recognized a 

composite Nup57-Nup49 surface in the middle of the CCD1 stalk. 

The N-terminal regions of Nsp1, Nup49, and Nup57 in the three-stranded CCD1 stalk 

appeared to contain seven-residue signature motifs akin to coiled-coil trigger sequences that 

were previously shown to facilitate proper three-stranded coiled-coil assembly (fig. S35A) 
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(36). An N-terminal truncation of Nup57, Da/b, which lacked four helical turns of CCS1 

and the a/b insertion domain, transformed the equimolar and monodisperse CNT into a 

polydisperse mixture (fig. S35, B to E). These data provided a molecular explanation for the 

observed heterogeneous stoichiometries and dynamic nature of previous mammalian CNT 

reconstitutions, which also lacked this region (22, 23, 26, 28). In addition to removing the 

trigger sequence, Nup57 Da/b exposed a hydrophobic surface of approximately four 

unpaired heptad repeats (~50-Å in length). Thus, misfolding and aggregation would be 

expected. 

We conclude that the CNT adopts a robust coiled-coil domain architecture with a 

single defined assembly state that is specifically recognized by Nic96R1 to ensure NPC 

incorporation of only properly assembled CNT. None of the interactions from previously 

determined channel nup fragment crystal structures occured in the intact CNT. Thus, these 

data strongly disagree with the model in which the CNT undergoes dynamic rearrangements 

to facilitate NPC constriction and dilation, as previously proposed based on the dynamic 

nature of various channel nup fragment interactions (25, 26, 28). 

 

Nic96 is an assembly sensor for the properly assembled CNT 

Next, we identified channel nup mutants that disrupted the Nic96R1-CNT interaction. As we 

deemed alanine scanning mutagenesis unlikely to disrupt the extensive CNT-Nic96R1 

interface, we characterized a previously identified quintuple S. cerevisiae Nup49 mutant 

(EVPIP; K376E, I390V, I391P, V398I, and L449P) (37). The five Nup49 EVPIP mutations 

mapped to two Nic96R1 interfaces located in CCD2 and CCD3 (Figs. 4C and 5A). The 

corresponding C. thermophilum CNTEVPIP mutant failed to interact with the minimal IRC in 

SEC-MALS experiments (Fig. 5A and fig. S36A). Further analysis showed that CNTEPP was 

sufficient to abolish binding and CNTPP severely reduced binding, but no single mutant alone 

affected complex formation (Fig. 5B and fig. S36, B to F). The severity of the required 

mutations demonstrated the robustness of the CNT-Nic96R1 interaction. 

Next, we tested the effects of these Nup49 mutations in S. cerevisiae. Whereas, the 

single mutants displayed no phenotypes, PP displayed a temperature-sensitive growth defect, 

which was intensified in EPP and EVPIP, consistent with their decreased thermostability 
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(Fig. 5C and fig. S37). In line with the growth defects, PP showed wild type levels of 

mCherry-Nup49 and Nup57-GFP NE staining at 30 °C, but barely detectable levels at 37 °C 

(Fig. 5D). The temperature-sensitive localization defect for both nups was escalated in EPP 

and EVPIP, which showed severe reduction and complete loss of NE staining at 30 °C and 

37 °C, respectively (Fig. 5D). Interestingly, despite an almost complete loss of Nup49 and 

Nup57 from the NE, we only observed a mild effect on mRNA export (Fig. 5E). Regardless, 

the EPP and EVPIP mutants resulted in a ribosomal export defect at 30 °C. (Fig. 5F). 

These data established that NE recruitment of Nup57 and Nup49 are co-dependent, 

consistent with our biochemical and structural analyses that Nic96R1 only interacts with the 

intact CNT, validating that the CNT•Nic96R1 structure represents the physiologically 

relevant state in the assembled NPC. 
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Conclusions 

Through reconstitution and systematic structural and functional dissection of the IRC, we 

established the equimolar stoichiometry of its six components and uncovered the 

physiologically relevant underlying interaction network. We showed that Nup53 and the 

CFC could be attached to the IRC, facilitating membrane attachment and functionalization 

at the cytoplasmic face, respectively. Surprisingly, none of the previously determined 

dynamic channel nup fragment assemblies occur in the intact CNT•Nic96R1 structure. In fact, 

the CNT adopts a robust parallel three-stranded coiled-coil domain architecture resembling 

the numeral 4. This organization guarantees that the N-terminal FG repeats of the three 

channel nups emanate from a single site on the CNT surface. Because Nic96 harbors an 

assembly sensor for this specific CNT state, the NPC incorporation of the three channel nups 

is co-dependent to facilitate the concomitant generation of the diffusion barrier and 

cargo•transport factor complex docking sites. Additionally, we demonstrated efficient 

nucleocytoplasmic transport also requires proper CNT positioning, which is achieved by the 

Nic96-Nup192 interaction. 

NPC recruitment of a single robust CNT assembly state rules out the possibility that 

channel nups dynamically rearrange into different assembly states with various 

stoichiometries to facilitate karyopherin-assisted dilation and constriction of the central 

transport channel, as previously proposed (25-28). Indeed, dilation is unnecessary as the 

central transport channel of the human NPC can easily accommodate even one of the largest 

cargoes, the Arx1 pre-60S ribosomal particle (fig. S38) (2, 38). 

Apart from its role in the CNT, Nsp1 forms a mutually exclusive complex with the 

C-terminal coiled-coil regions of Nup82 and Nup159 at the cytoplasmic face of the NPC 

(39). The CNT•Nic96R1 structure suggests that Nsp1•Nup82•Nup159 might adopt a similar 

three-stranded coiled-coil domain architecture. More generally, our biochemical and 

structural analyses of the three channel nups instruct that utmost caution is required when 

analyzing heteromeric coiled-coil interactions. 

The finding that the IRC and the IRC•CFC•Nup53 hetero-nonamer are monomeric 

in solution is not unexpected. The CNC is also monomeric in solution, but organizes into 
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densely packed, sixteen-membered rings. The cryo-ET reconstruction of the human NPC 

suggests that the inner ring is large enough to accommodate sixteen copies of the IRC, and 

we propose that they are recruited to the nuclear pore membrane by their association with 

the membrane anchored Nup53•Nup170•Ndc1 complex (Fig. 6) (5, 40). Stabilization of the 

inner ring scaffold could occur through multiple weak interactions between adjacent IRCs, 

including the dimerization of neighboring CNTs, the formation of a FG-repeat hydrogel in 

the central transport channel (9), and/or transport factor•cargo complex binding to such a 

FG-repeat meshwork. A sixteen-membered inner ring scaffold accounts for ~10-MDa of the 

NPC mass. Our results represent a major step forward towards the in vitro reconstitution of 

the entire NPC, which is essential for the development of in vitro assays to quantitatively 

characterize nucleocytoplasmic transport. 
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Figures 

Fig. 1. Reconstitution and dissection of the IRC. (A) Cross-sectional schematic 

representation of the NPC and domain structures of the Chaetomium thermophilum 

nucleoporins (nups). Black lines indicate regions used for reconstitution. U, unstructured; 

T, TAIL; NTD, N-terminal domain; MID, middle domain; SH3, SRC Homology 3-like 

domain; L, linker domain; APD, auto-proteolytic domain; RRM, RNA recognition motif; M, 

membrane-binding motif; FG repeats, phenylalanine-glycine repeats; CCS, coiled-coil 

segment; a/b, a/b insertion domain; IRC, inner ring complex. (B to I) Pair-wise biochemical 

interaction analyses of various reconstituted nup complexes. Size-exclusion chromatography 

coupled to multiangle light scattering (SEC-MALS) profiles of nup or nup complexes are 

shown individually (red and blue) and after their preincubation (green). Measured molecular 

masses are indicated for the peak fractions. (J) Structure of the 

Nup82NTD•Nup159T•Nup145NAPD cytoplasmic filament nup complex (CFC) is shown in a 

cartoon representation. Nup145NAPD (green), Nup159T (red), and Nup82NTD (blue), the 

Nup82NTD helical 4CD (gray) and 6CD (orange) insertions and FGL loop (yellow), and the 

conserved Nup145NAPD K/R loop (purple) are illustrated. 
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Fig. 2. Structural and functional analyses of the TAIL domains of Nup192 and 

Nup188. Cartoon representations of (A) Nup192TAIL (blue), (B) Nup188TAIL (red), and (C) a 

superposition of the two structures is shown in two different orientations. (D, E) Schematic 

representation of Nup192TAIL and Nup188TAIL structures. Positions of HEAT and ARM 

repeats are indicated. (F) Domain structures of Nup192 and Nic96 are shown; black bars 

indicate fragments used for interaction studies in (H). (G) Docking of Nup192TAIL and 

Nup192NTD into the yeast Nup192 EM envelope (8, 32). The Inset illustrates the position of 

Nup192TAIL and is expanded on the right, rotated by 90º. Surface representation of 

Nup192TAIL with the location of the analyzed mutations and their effect on Nic96R2 binding 

indicated; no effect (green), decreased binding (orange), abolished binding (red). 

(H) Summary of tested Nup192TAIL mutants and their effect on SUMO-Nic96R2 binding; (-) 

no effect, (+) decreased binding, (+++) abolished binding. (I) Growth analysis of 

S. cerevisiae strains carrying the indicated GFP-NUP192 variants. Serial dilutions of the 

respective cells were spotted onto YPD plates and grown for 2-3 days. (J) Subcellular 

localization of mCherry-Nup192 variants (red) and Nup57-GFP (green) in a 

nup192D/NUP57-GFP strain. (K) Subcellular localization of the 60S ribosomal export 

reporter Rpl25-mCherry (red) and GFP-tagged Nup192 variants (green) in a nup192D strain. 

Representative images and quantification of nuclear Rpl25-mCherry retention are shown on 

the right. (L) mRNA export assay in a nup192D strain carrying GFP-NUP192 variants. 

Representative images and quantification of nuclear poly(A)+ RNA retention are shown. 

Cells were analyzed at the indicated temperatures and incubation times. Error bars represent 

the standard deviation. Scalebars are 5 µm. 
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Fig. 3. Nic96 is an adaptor protein that attaches the CNT to Nup192. (A) Domain 

structure of Nic96 is shown. R1, region 1; R2, region 2. (B) The positions of the mutated 

leucine residues of the LLLL mutant are indicated below the primary Nic96R1 sequence. 

SEC-MALS profiles of CNT (black), Nic96R1 LLLL mutant (blue) and after preincubation 

of the CNT with wild type Nic96R1 (green) or Nic96R1 LLLL (red).  Measured molecular 

masses are indicated for the peak fractions. (C) The positions of the mutated residues are 

indicated below the primary Nic96R2 sequence and colored according to their effect on 

Nup192TAIL binding; no effect (green), mild effect (orange), abolished binding (red). SEC 

profiles of Nup192TAIL preincubated with wild type Nic96R2 (green), Nic96R2 I294A (orange) 

and Nic96R2 F298A (red). (D) Growth analysis of S. cerevisiae strains carrying the indicated 

GFP-NIC96 variants. Serial dilutions of the respective cells were spotted onto indicated 

plates and grown for 3-5 days at the specified temperatures. (E) Subcellular localization of 

mCherry-Nic96 variants (red) and Nup57-GFP (green) in a nic96D/NUP57-GFP strain. 

(F) mRNA export assay in a nic96D�NUP57-GFP strain carrying GFP-NIC96 variants. 

Representative images and quantification of nuclear poly(A)+ RNA retention are shown. 

Cells were analyzed at the indicated temperatures and incubation times. Error bars represent 

the standard deviation. Scalebars are 5 µm. 
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Fig. 4. Crystal structure of the intact Nsp1•Nup49•Nup57 CNT bound to Nic96R1 and 

sAB-158. (A) Domain structures of the C. thermophilum channel nups Nsp1, Nup49, Nup57, 

the adaptor nup Nic96, and sAB-158. Black lines indicate the construct boundaries of the 

crystallized CNT•Nic96R1•sAB-158 complex. The constructs of the three channel nups 

comprise all regions with predicted secondary structure elements and only lack their 

unstructured N-terminal FG repeat regions. VH, heavy chain variable region; CH, heavy 

chain constant region; VL, light chain variable region; CL, light chain constant region. 

(B) Cartoon representation of the Nic96R1•CNT crystal structure viewed from three sides. 

For clarity, sAb-158 has been omitted. (C) Details of the Nic96R1-CNT interaction, 

illustrating the three channel nups and Nic96R1 in surface and cartoon representation, 

respectively. The Inset marks the region enlarged and 90º rotated in the middle panel. A 

further 90º rotated view is shown on the right. Nic96R1 (red) and Nup49 (magenta) residues 

that abolish CNT-Nic96R1 complex formation upon mutation (Figures 3 and 6) are indicated. 

(D) Structure of the CNT•Nic96R1•sAB-158 dimer shown in cartoon representation. The two 

copies of the CNT, Nic96R1, and sAB-158 are shown in blue/yellow, magenta/red, and gray, 

respectively. A 90º rotated view is shown on the right. The two CNT•Nic96R1•sAB-158 

complexes in the asymmetric unit are related by two-fold rotational symmetry (black oval). 

Notably, the N-termini of all channel nups in the dimer point in the same direction, which 

would permit the FG repeats to be projected towards the central transport channel of the 

NPC. 
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Fig. 5. The intact CNT is recruited to the NPC by its interaction with Nic96. 

(A) Domain structure of Nup49, indicating the corresponding EVPIP mutations (red) of the 

S. cerevisiae nup49-313 allele (37).  (B) SEC-MALS profiles of the CNTEPP mutant (blue), 

Nic96R1-R2•Nup192TAIL (red) and after their preincubation (green). As reference, wild type 

CNT•Nic96R1-R2•Nup192TAIL is shown (black). Measured molecular masses are indicated for 

the peak fractions. (C) Growth analysis of S. cerevisiae strains carrying the indicated 

GFP-NUP49 variants. Serial dilutions of the respective cells were spotted onto YPD plates 

and grown for 2-4 days at the specified temperatures. (D) Subcellular localization of 

mCherry-Nup49 variants (red) and Nup57-GFP (green) in a nup49D/NUP57-GFP strain. 

(E) Subcellular localization of the 60S ribosomal export reporter Rpl25-mCherry (red) and 

GFP-tagged Nup49 variants (green) in a nup49D strain. Quantification of nuclear 

Rpl25-mCherry retention is shown on the right. (F) mRNA export assay in a nup49D strain 

carrying GFP-NUP49 variants. Representative images and quantification of nuclear poly(A)+ 

RNA retention are shown. Cells were analyzed at the indicated temperatures and incubation 

times. Error bars represent the standard deviation. Scalebars are 5 µm. 
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Fig. 6. Proposed architecture of the NPC inner ring scaffold. Sixteen copies of the IRC 

are anchored to the nuclear pore membrane and arranged in a ring-shaped scaffold in an 

anti-parallel fashion to satisfy the established 8-fold and 2-fold symmetry axes of the NPC. 

Each IRC is composed of the channel nucleoporins Nsp1, Nup49, and Nup57 (CNT, red), 

the adaptor nucleoporins Nup192 (blue), Nic96 (yellow), Nup53 (magenta), and Nup145N 

(orange). The cytoplasmic and nuclear CNC rings (gray) and the putative location of the 

POMs (green) are shown. On the cytoplasmic side, Nup145N attaches the cytoplasmic 

filament nucleoporins Nup82 and Nup159 (CFC, cyan). The primarily unstructured adaptor 

nucleoporins Nup53 and Nup145N mediate the association of various structured IRC 

components and thus are critical for the IRC scaffold integrity. Nic96 functions as an 

assembly sensor that recognizes the conformation of the overall 4-shaped three-stranded 

coiled-coil domain architecture of the CNT, thereby mediating the selective incorporation of 

a defined CNT state into the NPC. The CNTs are positioned in the equatorial plane of the 

inner ring with the FG repeats of all three channel nups projecting towards the central 

transport channel. The anti-parallel orientation of adjacent IRCs would generate two CNT 

rings, one at the top and another at the bottom of the central transport channel. This 

arrangement would allow for the formation of a transport factor mediated FG repeat 

meshwork or hydrogel, which would further reinforce the inner ring scaffold. For size 

reference, a b-Karyopherin•cargo complex is shown in gray. 
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Materials and Methods 

Bacterial expression constructs 

DNA fragments were amplified by PCR using C. thermophilum and H. sapiens cDNA. 

SUMO (small ubiquitin-like modifier) tagged proteins were cloned into a modified pET28a 

vector or a modified pET-MCN vector containing an N-terminal hexahistidine tag followed 

by a SUMO tag using BamHI and NotI restriction sites (41, 42). Hexahistidine tagged 

proteins were cloned into a modified pET28a vector containing a N-terminal hexahistidine 

tag followed by a PreScission protease cleavage site using NdeI and NotI restriction sites 

(43). GST tagged proteins were cloned into pGEX-6P1 using the BamHI and NotI restriction 

sites. Additionally, DNA coding for Nsp1 (residues 467-674) and Nup57 (residues 77-319) 

or Nup57 (residues 146-319) were cloned sequentially into pETDuet1 (Novagen) for 

expression of untagged protein. Nsp1 was cloned into the first multiple cloning site using 

NcoI and NotI restriction sites while Nup57 was cloned into the second multiple cloning site 

using NdeI and XhoI restriction sites. The selected synthetic antibody (sAB) fragments of 

sAB-158 and sAB-160 were cloned into the pSFV4 vector (Peter Loppnau, Structural 

Genomics Consortium, University of Toronto) using the restriction sites NcoI and SalI, and 

subsequently digested using SalI and BsaI and re-ligated to obtain the C-terminal 

hexahistidine tag. Mutants were generated by QuikChange mutagenesis and confirmed by 

DNA sequencing. Details of expression constructs are shown in Table S5. 

 

Protein expression and purification 

Proteins were expressed in E. coli BL21-CodonPlus(DE3)-RIL cells (Stratagene) in Luria-

Bertani media and induced at an OD 600 of 0.8 with 0.5 mM IPTG. For details of the 

expression times and temperatures see Table S5. Seleno-L-methionine (SeMet) labeled 

proteins were expressed by a methionine pathway inhibition protocol, as previously 

described (44). Cells were harvested by centrifugation and re-suspended in a buffer 

containing 20 mM TRIS (pH 8.0), 500 mM NaCl, 5 mM 2-mercaptoethanol (b-ME), 

supplemented with complete EDTA-free protease inhibitor cocktail (Roche). For 
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purification, the cell suspensions of all proteins and protein complexes were supplemented 

with 1 mg DNase I (Roche) and lysed using a cell disruptor (Avestin). Cell lysates were 

cleared by centrifugation at 30,000 x g for 1 hour. The supernatants were filtered through a 

0.45-µm filter (Millipore) and purified using standard chromatography methods; for details 

see Table S6. Proteins were concentrated to ~10-20 mg/ml for biochemical interaction 

experiments, complex reconstitution, and crystallization. 

Purification of Nup192•Nic96R2-SOL. Nup192 and GST tagged Nic96R2-SOL were 

expressed individually. After harvesting cells, were re-suspended in 50 mM TRIS (pH 8.0), 

500 mM NaCl, 5 mM b-ME, 10 % (v/v) glycerol supplemented with complete EDTA-free 

protease inhibitor cocktail (Roche), 2 µM bovine lung aprotinin (Sigma) and 1 mM 

phenylmethanesulfonyl fluoride (PMSF; Sigma). Prior to lysis, cell suspensions of GST-

Nic96R2-SOL and Nup192 were mixed in a 1:2 ratio. Clarified lysate was loaded onto a Ni-

NTA column equilibrated in a buffer containing 25 mM TRIS (pH 8.0), 500 mM NaCl, 

5 mM b-ME, 20 mM imidazole, and 5 % (v/v) glycerol and eluted with an imidazole 

gradient. Peak fractions were pooled and loaded onto a Glutathione Sepharose 4 Fast Flow 

(GE Healthcare) column and eluted using a glutathione gradient. Peak fractions were pooled 

and dialyzed overnight against a buffer containing 20 mM TRIS (pH 8.0), 150 mM NaCl, 

5 mM DTT, and 5 % (v/v) glycerol in the presence of PreScission protease. The protein was 

concentrated and further purified over a HiLoad Superdex 200 16/60 PG column equilibrated 

in a buffer containing 20 mM TRIS (pH 8.0), 150 mM NaCl, and 5 mM DTT. Peak fractions 

were pooled and concentrated to ~20 mg/ml for biochemical interaction experiments. 

Purification of CNT•Nic96. Cells containing CNT and Nic96 were grown 

individually and re-suspended in 50 mM TRIS (pH 8.0), 500 mM NaCl, 4 mM b-ME, 

10 % (v/v) glycerol supplemented with complete EDTA-free protease inhibitor cocktail 

(Roche), 2 µM bovine lung aprotinin (Sigma) and 1 mM phenylmethanesulfonyl fluoride 

(PMSF; Sigma). Prior to lysis, cell suspension containing CNT and Nic96 were mixed in a 

3:1 ratio. Clarified lysate was loaded onto a Ni-NTA column equilibrated in a buffer 

containing 25 mM TRIS (pH 8.0), 500 mM NaCl, 5 mM b-ME, 20 mM imidazole, and 

5 % (v/v) glycerol and eluted with an imidazole gradient. Peak fractions were pooled and 
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desalted using a HiPrep 26/20 Desalting (GE Healthcare) column equilibrated in a buffer 

containing 20 mM TRIS (pH 8.0), 150 mM NaCl, 5 mM DTT, and 5 % (v/v) glycerol in the 

presence of ULP1 protease. After SUMO cleavage, the protein was loaded onto a MonoQ 

5/50 GL (GE Healthcare) column equilibrated in 20 mM TRIS (pH 8.0), 150 mM NaCl, 

5 mM DTT, and 5 % (v/v) glycerol and eluted with a sodium chloride gradient. 

Protein-containing fractions were pooled and concentrated to ~5 mg/ml for biochemical 

interaction experiments. 

Purification of sABs. The expression of sABs was induced at an OD 600 of 0.9 with 

0.25 mM IPTG and grown at 37 °C for 3 hours. The lysate was incubated at 65 °C for 

30 minutes and then cooled on ice for 15 minutes before centrifugation at 30,000 x g for 

1 hour. The supernatant was filtered through a 0.45-µm filter (Millipore) and loaded onto a 

Ni-NTA column equilibrated in 20 mM TRIS (pH 8.0), 500 mM NaCl, and 20 mM 

imidazole. Protein was eluted with a linear gradient of 20 mM TRIS (pH 8.0), 500 mM NaCl, 

and 500 mM imidazole. Protein-containing fractions from the Ni-NTA affinity purification 

were pooled and loaded onto a 5 ml HiTrap MabSelect SuRe (GE Healthcare) column 

equilibrated in a buffer containing 20 mM TRIS (pH 8.0) and 500 mM NaCl and eluted using 

a linear gradient of an elution buffer containing 0.1 M acetic acid. The eluted fractions were 

dialyzed against a buffer containing 20 mM TRIS (pH 8.0) and 100 mM NaCl and 

concentrated to ~50 mg/ml for biochemical interaction experiments, complex reconstitution, 

and crystallization. 

Purification of CNT•Nic96R1. Purified CNT was mixed with 2-fold molar excess of 

purified SUMO-Nic96R1 and incubated on ice for 30 minutes. The mixture was then loaded 

onto a HiLoad Superdex 200 16/60 PG column equilibrated in buffer containing 20 mM 

TRIS (pH 8.0), 100 mM NaCl, and 5 mM DTT. To obtain untagged CNT•SUMO-Nic96R1, 

the proteins were mixed in the presence of ULP1 protease. Fractions containing either 

CNT•SUMO-Nic96R1 or untagged CNT•Nic96R1 were pooled and concentrated to 

~30 mg/ml for biochemical studies. 

Purification of CNT•Nic96R1•sAB-158. Purified CNT was mixed with 2-fold molar 

excess of purified SUMO-Nic96R1, 2-fold molar excess of purified sAB-158, and ULP1 

protease, followed by incubation on ice for 30 minutes. The mixture was then loaded onto a 
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Superdex 200 10/300 GL column equilibrated in buffer containing 20 mM TRIS (pH 8.0), 

100 mM NaCl, and 5 mM DTT. Fractions containing CNT•Nic96R1•sAB-158 were pooled 

and concentrated to ~50 mg/ml for biochemical studies and crystallization. 

Purification of Nup82NTD•Nup159T•Nup145NAPD. Purified Nup82NTD•Nup159T was 

mixed with a 1.2-fold molar excess of Nup145NAPD and incubated on ice for 30 minutes. The 

mixture was then loaded onto a Superdex 200 16/60 PG column equilibrated in buffer 

containing 20 mM TRIS (pH 8.0), 100 mM NaCl, and 5 mM DTT. Peak fractions containing 

a stoichiometric Nup82NTD•Nup159T•Nup145NAPD hetero-trimer were pooled and 

concentrated to ~30 mg/ml for biochemical studies and crystallization. 

Reconstitution of hsNup49CCS2+3*•hsNup57CCS3* complexes. Purified 

hsNup49CCS2+3* was mixed with an equimolar amount of hsNup57CCS3* and incubated on 

ice for 30 minutes. The mixture was then loaded onto a HiLoad Superdex 200 16/60 PG 

column equilibrated in buffer containing 20 mM TRIS (pH 8.0), 100 mM NaCl, and 5 mM 

DTT. Peak fractions containing a stoichiometric hsNup49CCS2+3*•hsNup57CCS3* complex 

were pooled and concentrated to ~20 mg/ml for crystallization. 

Reconstitution of CNT•Nic96•Nup192•Nup53. The hetero-nonameric IRC protomer 

including the CFC proteins Nup82NTD and Nup159T was reconstituted as follows. A 

Nup192•Nup53 complex was formed by mixing purified Nup192 and Nup53 with a 1.2-fold 

molar excess of Nup53, incubated on ice for 30 minutes and purified over a HiLoad Superdex 

200 16/60 PG column equilibrated in a buffer containing 20 mM TRIS (pH 8.0), 100 mM 

NaCl and 5 mM DTT. The Nup192•Nup53 dimer was subsequently mixed with a 1.2-fold 

molar excess of CNT•Nic96, incubated for 30 minutes on ice and further purified over a 

HiLoad Superdex 200 16/60 PG gel filtration column equilibrated in 20 mM TRIS (pH 8.0), 

100 mM NaCl and 5 mM DTT. Complex-containing fractions were pooled and concentrated 

to ~8 mg/ml for biochemical studies. 

Reconstitution of CNT•Nic96•Nup192•Nup53•Nup145N•Nup82•Nup159. To 

reconstitute CNT•Nic96•Nup192•Nup53•Nup145N•Nup82•Nup159, 1 mg of purified 

CNT•Nic96•Nup192•Nup53 was mixed with 0.8 mg of purified 

Nup82NTD•Nup159T•Nup145N, incubated for 30 minutes on ice, and purified over a 
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Superose 6 10/300 GL column equilibrated in 20 mM TRIS (pH 8.0), 100 mM NaCl and 

5 mM DTT. 

 

Generation of synthetic antibodies and monobodies 

The selection of synthetic binders was performed using avi-tagged CNT, CNT•Nic96R1, and 

CNT•Nic96139-201, containing Nup49 with an N-terminal avi-tag. Biotinylation was carried 

out using of 40 µM protein in a buffer containing 50 mM BICINE (pH 8.3), 100 mM biotin, 

10 mM ATP, 10 mM magnesium acetate, and 30 µg biotin ligase (BirA) at 30 °C for 2 hours 

in a total volume of 2 ml. After labeling, protein was buffer exchanged using a 5 ml HiTrap 

Desalting (GE Healthcare) column equilibrated with a buffer containing 20 mM TRIS 

(pH 8.0), 100 mM NaCl, and 5 mM DTT and purified again using a HiLoad Superdex 200 

16/60 PG column equilibrated in the same buffer. The extent of biotinylation and efficiency 

of capture were tested by incubating 10 µg protein with 50 µl of Streptavidin MagneSphere 

Paramagnetic Particles (Promega), followed by a single washing step with 50 µl buffer, 

containing 20 mM TRIS (pH 8.0), 100 mM NaCl, and 5 mM DTT, and resolving the bound 

proteins by SDS-PAGE and visualizing by Coomassie Brilliant Blue staining. 

For sAB identification, four rounds of competitive selection were performed using 

100 nM (round 1), 50 nM (round 2), 10 nM (round 3), and 10 nM (round 4) biotinylated 

CNT, CNT•Nic96R1, or CNT•Nic96139-201 and a phage display library according to 

previously published protocols (45, 46). After successful selection, the specificity of 

candidate sABs was tested against the biotinylated CNT, CNT•Nic96R1, and CNT•Nic96139-

201 using a single point competitive ELISA assay (45). Only sequence-unique sABs with the 

desired binding properties were chosen for further biochemical characterization. Monobody 

libraries were screened with a similar protocol and affinities determined by yeast display, as 

previously described (47, 48). 

To evaluate the binding affinity and specificity of the selected sABs and MBs, 1.5-

fold molar excess of sAB or MB was incubated with CNT, CNT•Nic96R1, or CNT•Nic96139-

201 and loaded onto a MonoQ 5/50 GL column equilibrated in a buffer containing 20 mM 

TRIS (pH 8.0), 100 mM NaCl, and 5 mM DTT and eluted using a NaCl gradient. Interacting 

sABs or MBs eluted with the CNT, CNT•Nic96R1, or CNT•Nic96139-201, whereas non-
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interacting sABs or MBs eluted prior to the gradient step. The screened sABs or MBs 

formed stable complexes with CNT, CNT•Nic96R1, and CNT•Nic96139-201, but failed to 

differentiate between them. 

 

Multi-angle light scattering coupled to analytical size-exclusion chromatography 

Purified proteins and complex formation were characterized by inline multi-angle light 

scattering following separation on Superdex 200 10/300 GL or Superose 6 10/300 GL 

columns (49). All proteins and complexes were analyzed in a buffer containing 20 mM TRIS 

(pH 8.0), 100 mM NaCl and 5 mM DTT, except those involving Nup192TAIL, which were 

carried out in a buffer containing 20 mM TRIS (pH 8.0), 200 mM NaCl and 5 mM DTT. The 

chromatography system was connected in series with an 18-angle light scattering detector 

(DAWN HELEOS II, Wyatt Technology), a dynamic light scattering detector (DynaPro 

Nanostar, Wyatt Technology), and a refractive index detector (Optilab t-rEX, Wyatt 

Technology). Data were collected every 1 second at a flow rate of 0.5 ml/min at 25 ºC and 

analyzed using ASTRA 6 software, yielding molar mass and mass distribution 

(polydispersity) of the samples. For interaction studies, proteins were mixed and incubated 

on ice for 30 minutes prior to being applied to the gel filtration column. Protein containing 

fractions were analyzed by SDS-PAGE followed by Coomassie brilliant blue staining. 

 

Thermal stability assay 

Purified CNT (10 µg) was incubated in a total volume of 50 µl for 30 minutes at 40-61 ºC, 

increased in 3.5 ºC increments. Soluble and pellet fractions were separated by centrifugation 

at 30,000 x g for 35 minutes at 4 ºC, resolved by SDS-PAGE, and visualized by Coomassie 

brilliant blue staining. 

 

GST pull-down protein-protein interaction analysis 

Bait protein (5 µg, purified GST-Nic96R1 or GST) was incubated for 30 minutes with an 

equimolar amount of target proteins in a buffer containing 20 mM TRIS (pH 8.0), 100 mM 

NaCl, 4 mM DTT. The mixtures were then incubated for 30 minutes with 20 µl pre-washed 

Glutathione Sepharose 4B resin (GE Healthcare). The beads were collected by centrifugation 
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at 500 x g for 2 minutes and washed five times with 200 µl binding buffer. Bound proteins 

were released from the resin by addition of 0.5 µg PreScission protease and incubation for 

20 minutes at room temperature. Samples from the load, PreScission eluted supernatant, and 

post-elution beads were analyzed by SDS-PAGE and visualized by Coomassie brilliant blue 

staining. Because Nup49 and Nup57 were poorly behaved when expressed individually, they 

were not tested in isolation. 

 

Yeast strains, media and miscellaneous genetic methods 

Preparation of all media (yeast peptone dextrose, YPD; synthetic dextrose complete, SDC), 

LiAc-mediated yeast transformation and genetic manipulation was carried out according to 

standard protocols. For details of the yeast expression constructs and haploid S. cerevisiae 

strains see Tables S7 and S8. To generate the listed shuffle strains the respective essential 

genes were replaced with either the HIS3 or the natNT2 cassette by homologous 

recombination, as previously described (50, 51). Due to the lethality of the deletions, the 

indicated parental strain was complemented with a pRS416 construct carrying the respective 

full-length S. cerevisiae gene with an N-terminal mCherry tag under the control of the PNOP1 

promoter prior to chromosomal integration. Subsequently, pRS415-eGFP or 

pRS415-mCherry constructs carrying the various Nup variants were introduced. The 

transformants were selected twice on SDC-leucine (Leu) plates followed by plating twice on 

SDC+5-fluoroorotic acid (5-FOA) to ensure the loss of the pRS416-mCherry construct prior 

to analysis. The NUP192 shuffle constructs and the nup49-313 mutant (EVPIP) were 

described previously (52, 53). 

 

Yeast cell growth analyses and fluorescence microscopic assays 

For viability and growth analysis, S. cerevisiae strains carrying eGFP-tagged variants of the 

respective scNUP were grown at 30 °C. Ten-fold dilution series were generated, of which 

20 µl were spotted on SDC-Leu and SDC+5-FOA plates and grown at 23 °C for 5 days. For 

growth analysis of the shuffled strains, 7.5 µl of the dilution series were spotted on YPD 

plates and grown at 23 °C, 30 °C, and 37 °C for 2-4 days. For scNup57 co-localization 

analysis, cells with a genomic, C-terminal GFP-tagged scNUP57 and pRS415-mCherry 
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constructs carrying the various NUP variants in the respective knockout background were 

grown at 30 °C to mid log phase and afterwards shifted for 6 hours to 37 °C. The large 

ribosomal subunit scRpl25 reporter assay was performed as described previously (54). The 

pRS411 (for scNUP192 and scNIC96 mutant analysis) or the pRS413 (for scNUP49 mutant 

analysis) vectors carrying mCherry-tagged scRPL25 were co-transformed with the 

respective pRS415-eGFP variant plasmids (see above) into the indicated shuffle strain. The 

transformants were selected twice on SDC-LEU-MET or SDC-LEU-HIS plates followed by 

plating twice on SDC-MET+5-FOA or SDC-HIS+5-FOA to ensure the loss of the 

pRS416-mCherry construct. For analysis, cells were grown in selective SDC-MET or 

SDC-HIS medium at 30 °C to mid-log phase. For fluorescence microscopy, live cells were 

washed once with water, re-suspended and analyzed using a Carl Zeiss Observer Z.1 

equipped with a Hamamatsu camera C10600 Orca-R2. The statistical analysis was carried 

out using two sets of independent images with at least 500 cells each for every analyzed 

sample. Error bars represent standard deviation. 

 

FISH mRNA Export Assay 

Liquid cultures of deletion yeast strains were grown at 30 °C (23 °C for the 

nic96D/Nup57-GFP strain) in YPD media to an OD 600 of 0.4 and subsequently shifted to 

37 °C for 4 hours prior to fixation in formaldehyde. These cells were then analyzed by FISH 

using an Alexa647-labeled 50-mer oligo(dT) probe as previously described (55, 56). The 

statistical analysis was carried out using two sets of independent images with at least 

500 cells each for every analyzed sample. Error bars represent standard deviation. 

 

Crystallization and structure determination 

Crystals of Nup192TAIL, Nup188TAIL, hsNup49CCS3*, hsNup57CCS3*, Nup57CCS3*, 

hsNup49CCS2+3*•hsNup57CCS3* with 2:4 and 2:2 stoichiometry, 

Nup82NTD•Nup159T•Nup145NAPD, and CNT•Nic96R1•sAB-158 were grown at 21 °C in 

hanging drops containing 1 µl of protein and 1 µl of a reservoir solution. SeMet-labeled 

crystals were grown under similar conditions. For CNT•Nic96R1•sAB-158, native crystals 

were derivatized with p-chloromercuribenzoic acid (PCMB), ethyl mercury thiosalicylate 
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(EMTS), potassium hexachloroosmate (K2OsCl6), and potassium osmate (K2OsO4). 

Crystals were cryoprotected by supplementing the drop with cryo protectant and flash-frozen 

in liquid nitrogen. For details of the crystallization and cryo protection see Table S9. X-ray 

diffraction data were collected at 100 K at beamline 8.2.2 at the Advanced Light Source 

(ALS), Lawrence Berkley National Laboratory (LBNL), beamline BL12-2 at the Stanford 

Synchrotron Radiation Source (SSRL), and beamline GM/CA-CAT 23ID-D at the Advanced 

Photon Source (APS). The X-ray diffraction data were processed using the HKL2000 and 

XDS (57, 58). 

Initial phases for all structures were calculated in PHASER using single anomalous 

dispersion (SAD) X-ray diffraction data obtained from SeMet derivatives (59). Solvent 

flattening and NCS averaging were performed in RESOLVE, yielding improved phases and 

experimental maps of excellent quality. In the case of CNT•Nic96R1•sAB-158, the best 

experimental map was obtained using SAD X-ray diffraction data obtained from the K2OsCl6 

derivative. Iterative rounds of model building and refinement were performed with COOT 

and PHENIX (60, 61). The unambiguous assignment of the CNT•Nic96R1•sAB-158 

sequence register was aided by anomalous difference Fourier map calculations using the 

derivatives. Subsequently, the assigned sequence register was verified by methionine 

mutants yielding 22 additional selenium sites (Nup49: I263M, H276M, L31M, A307M, 

L332M, E438M; Nup57: I82M, H109M, L113M, E127M, I138M, L198M, I233M, L253M, 

V304M; Nsp1: L527M, L548M, A628M; and Nic96R1: L140M, L158M, L161M, L178M). 

In total, 78 heavy atom sites were identified in anomalous difference Fourier maps (fig. S29). 

For all structures, the final models possess excellent Rwork and Rfree values and the 

assessment of their stereochemical qualities with MolProbity revealed no Ramachandran 

outliers (60). For details of the data collection and refinement statistics see Tables S2 to S4. 
 

Illustrations and figures 

Gel filtration profiles and MALS graphs were generated in IGOR (WaveMetrics) and 

assembled in Adobe Illustrator. Sequence alignments were generated using ClustalX (62) 

and colored with ALSCRIPT (63). Electrostatic potentials were calculated with APBS 
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(Adaptive Poisson-Blotzmann Solver) software (64). Structure figures were generated 

with PyMOL (www.pymol.org). 

 

Coordinates and Structure Factors 

The coordinates and structure factors have been deposited with the Protein Data Bank with 

accession codes 5CWV (Nup192TAIL), 5CWU (Nup188TAIL), 4JQ5 (hsNup49CCS2+3*), 4JNV 

and 4JNU (hsNup57CCS3*), 5CWT (Nup57CCS3*), 4JO7 (hsNup49CCS2+3*•hsNup57CCS3*, 2:2 

stoichiometry), 4JO9 (hsNup49CCS2+3*•hsNup57CCS3*, 2:4 stoichiometry), 5CWW 

(Nup82NTD•Nup159T•Nup145NAPD) and 5CWS (CNT•Nic96R1•sAB-158). 
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Supplementary figures and tables 

Fig. S1. Reconstitution and dissection of the IRC. (A to H) SEC-MALS and SDS-PAGE 

analysis corresponding to Fig. 1. SEC-MALS profiles of nucleoporins or nup complexes are 

shown individually (red and blue) and after their preincubation (green). Measured molecular 

masses are indicated for the peak fractions. Gray bars indicate fractions that were resolved 

on SDS-PAGE gels and visualized by Coomassie staining. 
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Fig. S2. Reconstitution and dissection of the IRC (continued). (A to F) SEC-MALS 

and SDS-PAGE analysis corresponding to Fig. 1. SEC-MALS profiles of nucleoporins or 

nup complexes are shown individually (red and blue) and after their preincubation (green). 

Measured molecular masses are indicated for the peak fractions. Gray bars indicate fractions 

that were resolved on SDS-PAGE gels and visualized by Coomassie staining.  
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Fig. S3. Structure of the minimal CFC in complex with Nup145NAPD. (A) Structure 

of the Nup82NTD•Nup159T•Nup145NAPD hetero-trimer shown in cartoon representation. 

Nup145NAPD (green), Nup159T (red), and Nup82NTD (blue), the Nup82NTD helical 4CD 

(grey) and 6CD (orange) insertions and FGL loop (yellow), and the conserved Nup145NAPD 

K loop (purple) are illustrated. (B) Structure of the previously determined 

scNup82NTD•scNup159T•mmNup145NAPD hetero-trimer (PDB ID: 3TKN) shown in cartoon 

representation (65). (C) Superposition of the two hetero-trimers in cartoon representation, 

revealing the evolutionary conservation of their architectures, and differing mainly by an 

angular displacement of Nup145APD. (D) The Inset marks the location of the two close-up 

views, depicting the molecular details of the Nup145NAPD-Nup82NTD interaction (top) and 

the Nup159T-Nup82NTD interaction (bottom). The D pocket that binds the K loop is indicated. 

(E) Sequence alignments of the conserved S. cerevisiae and C. thermophilum Nup159T, the 

Nup82NTD FGL loop, and the Nup145N K/R loop. Sequence similarity is shaded from white 

(less than 60 % similarity), to yellow (60 % similarity), to red (100 % identity) using the 

BLOSUM62 matrix. Numbering below alignment is according to the C. thermophilum 

proteins. Secondary structure is shown above the alignment.  
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Fig. S4. The CNT does not interact with Nic96R2 or Nup192TAIL, nor does Nic96R1 

bind Nup192TAIL. (A to C) SEC-MALS profiles of nucleoporins or nup complexes are 

shown individually (red and blue) and after their preincubation (green). Measured molecular 

masses are indicated for the peak fractions. Gray bars indicate fractions that were resolved 

on SDS-PAGE gels and visualized by Coomassie staining. Asterisks indicate degradation 

products or contamination. 
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Fig. S5. Nup188TAIL forms an alternative complex with the CNT. (A) Reconstitution 

of SUMO-Nup188TAIL•SUMO-Nic96R1-R2•CNT. (B) Reconstitution of SUMO-

Nup188TAIL•SUMO-Nic96R2. (C, D) SEC analysis of Nup192TAIL•SUMO-Nic96R2 and 

SUMO-Nup188TAIL•SUMO-Nic96R2 carried out in a 1 M NaCl buffer. SEC profiles of 

nucleoporins or nup complexes are shown individually (red and blue) and after their 

preincubation (green). Gray bars indicate fractions that were resolved on SDS-PAGE gels 

and visualized by Coomassie staining. Asterisks indicate degradation products or 

contamination. 
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Fig. S6. Binding of Nup192 and Nup188 to Nic96 is mutually exclusive. (A) SEC 

interaction analysis of SUMO-Nup188TAIL challenging a preformed Nup192•SUMO-

Nic96R2 complex. (B) SEC interaction analysis of Nup192 challenging a preformed 

SUMO-Nup188TAIL•SUMO-Nic96R2 complex. SEC profiles of nucleoporins or nup 

complexes are shown individually (red and blue) and after their preincubation (green). 

Proteins were mixed at equimolar ratios. Gray bars indicate fractions that were resolved on 

SDS-PAGE gels and visualized by Coomassie staining. Asterisks indicate degradation 

products or contamination.   
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Fig. S7. Multispecies sequence alignment of Nup192TAIL. Sequences from six diverse 

fungal species were aligned and colored by sequence similarity according to the BLOSUM62 

matrix from white (less than 40 % similarity), to yellow (40 % similarity), to red (100 % 

identity). Numbering below alignment is relative to C. thermophilum. Secondary structure 

observed in the Nup192TAIL structure is shown above the alignment; a-helices (blue bars) 

and black lines (unstructured regions). Residues tested for their ability to interact with Nic96 

in a mutational analysis (Figs. 2 and S12) are indicated with dots below the alignment and 

colored according to the measured effect; no effect (green), mild effect (orange), abolished 

binding (red).  
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Fig. S8. Surface properties of Nup192TAIL. Surface representation of Nup192TAIL is 

shown in three different orientations, front, back and side. The degree of rotation around the 

vertical axis is indicated between the respective views. (A) Mutated Nup192TAIL residues are 

colored according to their effect on SUMO-Nic96R2 binding; no effect (green), mild effect 

(orange), abolished binding (red). (B) Surface representation colored according to sequence 

identity based on the alignment in Fig. S7. (C) Surface representation colored according to 

electrostatic potential from -10 kBT/e (red) to +10 kBT/e (blue).  
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Fig. S9. Multispecies sequence alignment of Nup188TAIL. Sequences from seven 

diverse fungal species were aligned and colored by sequence similarity according to the 

BLOSUM62 matrix from white (less than 40 % similarity), to yellow (40 % similarity), to 

red (100 % identity). Numbering below alignment is relative to C. thermophilum. Secondary 

structure observed in the Nup188TAIL structure is shown above the alignment; a-helices (blue 

bars) and black lines (unstructured regions).  
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Fig. S10. Surface properties of Nup188TAIL. Surface representation of Nup188TAIL is 

shown in three different orientations, front, back and side. Rotations around the vertical axis 

are indicated between the respective views. (A) Surface representation colored according to 

sequence identity based on alignment in Fig. S9. (B) Surface representation colored 

according to electrostatic potential from -10 kBT/e (red) to +10 kBT/e (blue).  
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Fig. S11. Comparison of ctNup188TAIL and mtNup188TAIL structures. Cartoon 

representations of (A) C. thermophilum Nup188TAIL (red), (B) M. thermophila Nup188TAIL 

(grey) (PDB ID: 4KF8) (68), and (C) a superposition of the two structures is shown in two 

different orientations.  
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Fig. S12. Identification of Nup192TAIL mutations that disrupt SUMO-Nic96R2 

binding. (A) SEC interaction analysis between Nup192TAIL mutants and SUMO-Nic96R2. 

SEC profiles are colored according to the effect on SUMO-Nic96R2 binding; no effect (gray), 

mild effect (orange), or abolished binding (red). As reference, the wild type complex is 

shown (green). A gray bar indicates fractions that were resolved on SDS-PAGE gels and 

visualized by Coomassie staining. (B) Summary of tested Nup192TAIL mutants and their 

effect on SUMO-Nic96R2 binding; (-) no effect, (+) decreased binding, (+++) abolished 

binding. The colors of the dots correspond to the color of the respective SEC profile in (A).  
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Fig. S13. Multispecies sequence alignment of Nic96R1-R2. Sequences from eight diverse 

species were aligned and colored by sequence similarity according to the BLOSUM62 matrix 

from white (less than 40 % similarity), to yellow (40 % similarity), to red (100 % identity). 

Numbering below alignment is relative to C. thermophilum. The secondary structure is 

shown above the alignment; a-helices are represented by blue bars. Black bars above the 

alignment indicate CNT-binding (R1) and Nup192-binding regions (R2). Dots below the 

alignment indicate the positions of mutations tested for CNT or Nup192TAIL binding 

(Figs. 3, S15, and S16); no effect (green), mild effect (orange), abolished binding (red).  
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Fig. S14. Salt stability of the CNT•SUMO-Nic96R1 complex. SEC analysis of purified 

CNT•SUMO-Nic96R1 carried out in a buffer containing 0.1 M (yellow), 0.5 M (light orange) 

or 1.0 M NaCl (red). A gray bar indicates fractions that were resolved on a SDS-PAGE gel 

and visualized by Coomassie staining. 
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Fig. S15. Mapping and mutational analysis of the minimal Nic96R1 region required 

for CNT binding. (A, B) Analyzed Nic96R1 truncations and Nic96R1 leucine-alanine 

mutants are indicated below the primary Nic96R1 sequence. SEC-MALS profiles of 

SUMO-Nic96R1 fragments or mutants preincubated with CNT are shown and colored 

according to their effect on complex formation; mild effect (orange) or abolished binding 

(red). As reference, SEC profiles of CNT (black) and SUMO-Nic96R1 (blue) and their 

preincubation (green) are shown. Measured molecular masses are indicated for the peak 

fractions. Gray bars indicate fractions that were resolved on SDS-PAGE gels and visualized 

by Coomassie staining. LL1, LL2, and LLLL refer to the three combinations of SUMO-

Nic96R1 leucine-alanine mutants tested. Asterisks indicate degradation products or 

contamination.  
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Fig. S16. Identification of Nic96R2 mutations that disrupt Nup192TAIL binding. 

(A) SEC interaction analysis between SUMO-Nic96R2 mutants and Nup192TAIL. SEC 

profiles are colored according to the effect on Nup192TAIL binding; no effect (gray), mild 

effect (orange), or abolished binding (red). For reference, SEC profiles of wild type 

Nup192TAIL•SUMO-Nic96R2 (green) and Nup192TAIL (black) are shown. A gray bar 

indicates fractions that were resolved on SDS-PAGE gels and visualized by Coomassie 

staining. (B) Summary of tested SUMO-Nic96R2 mutants and their effect on Nup192TAIL 

binding; (-) no effect, (+) decreased binding, (+++) abolished binding. The colors of the dots 

correspond to the color of the respective SEC profile in (A).  
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Fig. S17. S. cerevisiae GFP-Nic96 constructs used for in vivo analyses. The domain 

architecture of S. cerevisiae Nic96 is shown and colored according to Fig. 1. Black lines 

indicate the regions that were removed in various Nic96 deletion mutants. The positions of 

the F159A and LLLL mutants that abolish Nup192 and CNT binding, respectively, are 

highlighted in yellow. 
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Fig. S18. Characterization of channel nucleoporin fragments and the intact CNT. 

(A) Domain structures of the three CNT-forming channel nups from H. sapiens, 

R. norvegicus, and C. thermophilum. Bars indicate the boundaries of the crystallized Nup57 

(blue, orange), Nup49 (yellow), and Nsp1 (green) fragments. (B) Crystal structures of seven 

channel nup fragments in isolation or in complex colored according to (A). The species and 

fragment stoichiometry are indicated for each structure. For clarity, only the homo-dimers of 

H. sapiens and R. norvegicus Nup49CCS2+3* are shown. The structures of Nup57CCS3*, 

hsNup57CCS3* (two different states), hsNup49CCS2+3*, and hsNup49CCS2+3*•hsNup57CCS3* 

(with 1:2 and 2:2 stoichiometry) reported here are indicated with blue dots. The previously 

determined structure of rnNup57CCS1*•rnNsp1CCS1* (1:2 stoichiometry), rnNup57CCS3*, 

rnNup49CCS2+3*, and rnNup49CCS2+3*•rnNup57CCS3* (with 1:2 stoichiometry) are marked 

with red dots (22, 25, 26). (C) SEC-MALS profiles of the CNT at three different 

concentrations (yellow to red). Asterisks indicate that the crystallized channel nup fragments 

do not exactly correspond to the predicted coiled-coil regions. (D) SEC-MALS interaction 

analysis of CNT (red), SUMO-Nic96R1 (blue), and after their preincubation (green). 

Measured molecular masses are indicated for the peak fractions. Gray bars indicate fractions 

that were resolved on SDS-PAGE gels and visualized by Coomassie staining. (E) GST pull-

down interaction analysis of Nsp1, Nup49•Nup57 or the premixed CNT with GST-Nic96R1 

or GST as bait. The input, PreScission protease elution, and post-elution beads were analyzed 

by SDS-PAGE and Coomassie staining. Nic96R1 specifically pulls-down the intact CNT and 

fails to interact with Nsp1 or Nup49•Nup57.  
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Fig. S19. Expression and solubility analysis of H. sapiens channel nups. (A) Domain 

architecture of the three human channel nups Nup49 (yellow), Nup57 (blue/purple), and 

Nsp1 (green) are shown. (B) The expression and solubility levels of individual CNT 

fragments expressed as GST-fusions, hexahistidine (HIS6) or HIS6-SUMO tagged proteins 

are indicated; not expressed, insoluble (-) to highly expressed, highly soluble (+++). 

Crystallized fragments are highlighted with a black bar and a black dot. 

  



 

 

138 
 



 

 

139 
Fig. S20. Expression and solubility analysis of C. thermophilum channel nups. 

(A) Domain architecture of the three C. thermophilum channel nups are shown and colored 

according to Fig. S19. (B) The expression and solubility levels of individual CNT-fragments 

expressed as GST-fusions, hexahistidine (HIS6) or HIS6-SUMO tagged tagged proteins are 

indicated; not expressed, insoluble (-) to highly expressed, highly soluble (+++). Crystallized 

fragments are highlighted with a black bar and a black dot.  
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Fig. S21. Expression and solubility analysis of S. cerevisiae channel nups. 

(A) Domain architecture of the three S. cerevisiae channel nups are shown and colored 

according to Fig. S19. (B) The expression and solubility levels of individual CNT-fragments 

expressed as GST-fusions, hexahistidine (HIS6) or HIS6-SUMO tagged proteins are 

indicated; not expressed, insoluble (-) to highly expressed, highly soluble (+++). Crystallized 

fragments are highlighted with a black bar and a black dot.  
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Fig. S22. Biochemical and structural analysis of different hsNup49CCS2+3* and 

hsNup57CCS3* complexes reveal different oligomerization states. (A) Domain 

architecture of hsNup49 and hsNup57 is shown and colored according to Fig. S19. 

(B) SEC-MALS profiles of hsNup49CCS2+3* are shown at increasing protein concentrations 

(yellow to red). (C) SEC-MALS profiles of hsNup57CCS3* and hsNup49CCS2+3* are shown 

individually (blue and yellow) and after their preincubation (green). Measured molecular 

masses are indicated for the peak fractions. Gray bars indicate fractions that were resolved 

on SDS-PAGE gels and visualized by Coomassie staining. Colored bars indicate the fractions 

that were pooled for crystallization. (D) Crystallization drop showing two different crystal 

forms of the hsNup57CCS3*•hsNup49CCS2+3* complex with 1:2 (purple) and 2:2 (magenta) 

stoichiometry. (E) The structure of the three different homo-oligomers of hsNup49CCS2+3* 

(elongated homo-tetramer, compact homo-tetramer, and homo-dimer), the homo-tetramer of 

hsNup57CCS3*, and the hsNup57CCS3*•hsNup49CCS2+3* complexes with 2:1 and 2:2 

stoichiometry are shown from left to right.  
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Fig. S23. Biochemical and structural analysis of the Nup57CCS3* segment from 

different species. (A) Domain architectures of the C. thermophilum, H. sapiens, and 

R. norvegicus Nup57 are shown and colored according to Fig. S19. SEC-MALS profiles of 

(B) Nup57CCS3* and (C) hsNup57CCS3*. Measured molecular masses are indicated for the 

peak fractions. Gray bars indicate fractions that were resolved on SDS-PAGE gels and 

visualized by Coomassie staining. (D) Structures of human and C. thermophilum 

Nup57CCS3* shown in cartoon representation, shown in the same orientations as the 

previously determined rat Nup57CCS3* (66). Two different states of hsNup57CCS3* were 

obtained in different crystal packing arrangements. (E) Structural comparison of the 

R. norvegicus and C. thermophilum Nup57CCS3* homo-tetramers. The Nup57CCS3* and 

hsNup57CCS3* homo-tetramers possess different helical packing arrangements and fail to 

superpose. As a reference, two corresponding residues Q273 (red) and Y293 of the 

C. thermophilum and R. norvegicus homo-tetramers, respectively, are indicated, illustrating 

their distinct helical packing. Notably, the C. thermophilum Nup57CCS3* is homo-dimeric in 

solution, whereas the human homologue forms a homo-tetramer.  
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Fig. S24. Structure of hsNup49•Nup57 with 2:2 stoichiometry. Cartoon representation 

of the hsNup57CCS3*•hsNup49CCS2+3* hetero-dimer with 2:2 stoichiometry. Two orientations 

are shown from the front and side; hsNup57CCS3* (blue) and hsNup49CCS2+3* (yellow). A 

surface representation of the two views is shown on the right.  
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Fig. S25. Analysis of oligomeric state of human channel nup fragment mixtures. 

(A) Domain architectures of the H. sapiens Nup49 and Nup57 are shown and colored 

according to Fig. S19. (B) SEC-MALS profiles of hsNup57CCS3* preincubated with 

increasing molar amounts of hsNup49 CCS2+3* (red, green, and blue). (C) SEC-MALS 

profiles of hsNup49CCS2+3* preincubated with increasing molar amounts of hsNup57CCS3* 

(yellow, red, green, and blue). Measured molecular masses are indicated for the peak 

fractions. Gray bars indicate fractions that were resolved on SDS-PAGE gels and visualized 

by Coomassie staining. An arrow indicates the position of a higher molecular mass peak, 

which was previously described as a Nup57CCS3*•Nup49CCS2+3* complex with 6:4 

stoichiometry, which constitutes the keystone for the open ring structure in the “ring model” 

(67). The abundance of this peak increases with increasing amounts of hsNup49CCS2+3*, 

whereas it stays constant in the presence of increasing amounts of hsNup57CCS3*. The 

corresponding SDS-PAGE analysis shows that Nup49 is substantially more abundant in this 

peak. To rule out that differential staining of the two proteins causes a perceived excess of 

hsNup49CCS2+3*, hsNup49CCS2+3* was mixed with different molar amounts of hsNup57CCS3*, 

analyzed by SDS-PAGE and compared to the protein in the unknown peak (cyan). This 

analysis confirms an abundance of hsNup49CCS2+3* in the peak.  
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Fig. S26. Analysis of hsNup49CCS2+3* mutants that affect the formation of higher 

oligomeric states. (A) Domain architectures of the H. sapiens Nup49 and Nup57 are shown 

and colored according to Fig. S19. A red dot indicates the position of the Y420F mutant in 

hsNup49, which was previously suggested to stabilize a hsNup57CCS3*•hsNup49CCS2+3* 

assembly with 6:4 stochiometry (67). (B) SEC-MALS profiles of wild type hsNup49CCS2+3* 

(blue) and hsNup49CCS2+3* Y420F (red) in isolation and (C) preincubated with equimolar 

amounts of hsNup57CCS3* (green and yellow; right). The Nup49CCS3* Y420F mutant 

decreases the height of the ~60 kDa peak (black arrow) in the presence of Nup57CCS3*, 

contrary to a previous report (67). SEC-MALS profiles of (D) hsNup49CCS2+3* Y420F and 

(E) hsNup49CCS2+3* DC417 at increasing protein concentrations. As reference, the wild type 

hsNup49CCS2+3* SEC profile at a protein concentration of 18 mg/ml is shown (black). 

Measured molecular masses are indicated for the peak fractions. Gray bars indicate fractions 

that were resolved on SDS-PAGE gels and visualized by Coomassie staining. (F) Close-up 

view of the elongated hetero-tetramer interface of hsNup49CCS2+3* in cartoon representation. 

The C-terminal two helical turns that are absent in the hsNup49CCS2+3* DC417 mutant are 

colored in red. The hsNup49CCS2+3* Y420F mutant forms higher order homo-oligomers with 

increasing molecular masses which is abolished in the hsNup49CCS2+3* DC417 mutant.  
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Fig. 27. Probing the CNT accessibility and assembly state in the IRC with synthetic 

monobodies. (A) Sequence alignment of the variable loops (BC, DE, FG) of 10 monobodies 

generated against either the CNT or the CNT•Nic96R1 complex. White bars indicate gaps in 

the alignment between loops. Single residue similarity is shaded from white (less than 40 % 

similarity), to yellow (40 % similarity), to red (100 % identity) using the BLOSUM62 

matrix. (B) The dissociation constant of each monobody for CNT binding is shown. (C) The 

monobody scaffold is shown in cartoon representation highlighting the variable DE (blue), 

BC (yellow) and FG (magenta) loops. (D) A pairwise protein interaction matrix indicating 

competitive (blue) and non-competitive (green) binding to the CNT for the tested 

monobodies as determined by SEC-MALS analysis. (E) The monobodies are grouped 

according to their competitive CNT binding properties, indicating two distinct binding sites. 

(F) SEC-MALS profiles of CNT•SUMO-Nic96R1 (blue), CNT•SUMO-Nic96R1 bound to a 

single monobody (SUMO-MB6; red), and bound to 2 monobodies (SUMO-MB6 and 

SUMO-MB9; yellow) are shown. (G) SEC-MALS profiles of CNT•Nic96•SUMO-

MB6•SUMO-MB9 (blue), Nup192•Nup145N (red), and after their preincubation (green) are 

shown. Measured molecular masses are indicated for the peak fractions. Gray bars indicate 

fractions that were resolved on SDS-PAGE gels and visualized by Coomassie staining. 

MALS and SDS-PAGE confirm the presence of the two monobodies MB6 and MB10 in the 

peak fractions of the IRC, confirming the steric accessibility of the CNT for monobody 

binding in solution.  
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Fig. S28. Probing the CNT accessibility and assembly state in the IRC with synthetic 

antibodies. (A) SEC-MALS profiles of the CNT (blue), the CNT preincubated with 

sAB-158 (red) and the CNT preincubated with sAB-158 and sAB-160 (green) are shown. 

(B) SEC-MALS profiles of the CNT•sAB-158 (blue), the Nup192TAIL•SUMO-Nic96R1-R2 

(red) and after their preincubation (green) are shown. (C) SEC-MALS profile of 

Nup192•Nic96•Nup145N•CNT•sAB-158 (blue). Measured molecular masses are indicated 

for the peak fractions. Gray bars indicate fractions that were resolved on SDS-PAGE gels 

and visualized by Coomassie staining. MALS and SDS-PAGE confirm stoichiometric 

complexes and the presence of sAb-158 in the peak fractions of the minimal and intact IRC, 

indicating the accessibility of the CNT for synthetic antibody binding and confirming that 

the CNT adopts the same assembly state in the IRC as observed in the crystal structure.  

  



 

 

156 

  



 

 

157 
Fig. S29. Experimental phasing of the CNT•Nic96R1•sAB-158 structure. 

(A) Anomalous difference Fourier maps were calculated from X-ray diffraction data 

collected at the selenium, osmium and mercury peak wavelengths. A ribbon representation 

of the structure of the CNT•Nic96R1•sAB-158 complex with the indicated anomalous 

difference Fourier maps contoured at 3.5 s is shown. The 29 introduced methionine mutants 

in Nsp1, Nup49, Nup57, and Nic96R1 yielded additional 22 selenium sites, validating the 

sequence register. (B) Experimental electron density map after density modification of the 

CNT•Nic96R1•sAB-158 complex phased with the anomalous signal from crystals soaked 

with potassium hexachloroosmate (K2OsCl6), contoured at 1.0 s. The anomalous difference 

Fourier maps of the various heavy metal derivatives (panel A) are overlaid and contoured at 

3.5 s. (C) Close-up view of a representative section of the experimental electron density map 

from panel B overlaid with a stick representation of the final model.  
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Fig. S30. Crystal contacts of the CNT•Nic96R1•sAB-158 structure. (A, B) Two 

orthogonal views of the CNT•Nic96R1•sAB-158 crystal are shown in ribbon representation. 

Units cell diagrams are shown to the left to indicate orientation of each view. Each 

asymmetric unit is composed of two dimerizing CNT•Nic96 copies sandwiched between a 

pair of sABs (blue and orange). The CNTs of one asymemetric unit are colored in green and 

magenta and the remainder in gray. The insets mark the regions enlarged in surface 

representation to the right showing the three crystal contacts. The major crystal contact is 

formed by sAB-158-sAB158 interactions while two minor crystal contacts are formed by 

CNT-CNT interactions.  
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Fig. S31. Multispecies sequence alignment of the CNT coiled coil segments. 

Sequences of the three coiled coil segments of (A) Nup57, (B) Nsp1 and (C) Nup49 from 

C. thermophilum, S. cerevisiae, and H. sapiens were aligned based on the secondary 

structure elements observed in the CNT•Nic96R1 structure and colored by sequence similarity 

according to the BLOSUM62 (Blocks Substitution Matrix) matrix from white (less than 

40 % similarity), to yellow (40 % similarity), to red (100 % identity). The numbering is 

according to the C. thermophilum channel nups. The secondary structure is indicated above 

the sequence as rectangles (a-helices), arrows (b-strands), and lines (unstructured regions). 

Gray dots indicate residues with no observed electron density in the crystal structure, which 

are presumed disordered. Secondary structure elements are colored according to Fig. 4A with 

the exception of the Nup57a/b domain (magenta). A yellow dot in the secondary structure 

plot of Nup57 (A) indicates the position of Q473 and Y293, which are used as positional 

markers in the structural comparison of Nup57CCS3* and hsNup57CCS3* (Fig. S23E). 

Residues of the EVPIP mutant are indicated by red dots in the secondary structure plot of 

Nup49 (panel C). A black dot and a black bar indicate the position of the Y420F mutant and 

the residues removed in the DC417 mutant of hsNup49CCS2+3*, which increases the 

abundance (Fig. S26, A to C) and abolishes the formation (Fig. S26, D and E) of higher 

homo-oligomeric states, respectively.  
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Fig. S32. Multispecies sequence alignment of full-length Nup57. Sequences from six 

diverse fungal species were aligned and colored by sequence similarity according to the 

BLOSUM62 matrix from white (less than 40 % similarity), to yellow (40 % similarity), to 

red (100 % identity). The numbering is according to C. thermophilum proteins. The 

secondary structure is indicated above the sequence as rectangles (a-helices), arrows (b-

strands), and lines (unstructured regions). Gray dots indicate residues with no observed 

electron density in the crystal structure, which are presumed disordered. Secondary structure 

elements of Nup57 are colored according to Fig. 4. 
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Fig. S33. Multispecies sequence alignment of full-length Nsp1. Sequences from six 

species were aligned and colored by sequence similarity according to the BLOSUM62 matrix 

from white (less than 40 % similarity), to yellow (40 % similarity), to red (100 % identity). 

The numbering is according to C. thermophilum proteins. The secondary structure is 

indicated above the sequence as rectangles (a-helices), arrows (b-strands), and lines 

(unstructured regions). Gray dots indicate residues with no observed electron density in the 

crystal structure, which are presumed disordered. Secondary structure elements of Nsp1 are 

colored according to Fig. 4.  
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Fig. S34. Multispecies sequence alignment of full-length Nup49. Sequences from six 

diverse fungal species were aligned and colored by sequence similarity according to the 

BLOSUM62 matrix from white (less than 40 % similarity), to yellow (40 % similarity), to 

red (100 % identity). The numbering is according to C. thermophilum proteins. The 

secondary structure is indicated above the sequence as rectangles (a-helices), arrows 

(b-strands), and lines (unstructured regions). Gray dots indicate residues with no observed 

electron density in the crystal structure, which are presumed disordered. Secondary structure 

elements of Nup49 are colored according to Fig. 4.  
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Fig. S35. Removal of the Nup57 a/b insertion domain results in non-stoichiometric 

higher-order CNT oligomers. (A) Alignment of the putative three-stranded coiled-coil 

trigger sequences of Nsp1 (green), Nup49 (yellow) and Nup57 (blue) is shown. The 

consensus sequence is depicted in red (X, any residue) (68). (B) Domain structures of 

H. sapiens and C. thermophilum Nup57. Bars above the domain structures indicate the 

domain boundaries of intact Nup57 as observed in the CNT•Nic96R1•sAB-158 crystal 

structure and of rnNup57 and hsNup57 fragments that were reported previously to form 

various vastly different CNT oligomerization states in solution (67, 69-71). 

(C) CNT•Nic96R1•sAB-158 structure is shown in cartoon representation colored according 

to Fig. 4. The Nup57 a/b insertion domain and flanking coiled-coil regions that were 

excluded in previous mammalian CNT reconstitutions are colored in magenta. Hydrophobic 

residues in the coiled-coil center are represented in ball-and-stick representation. The 

location of the putative three-stranded coiled-coil trigger sequences is highlighted on the 

bottom. For clarity, sAB-158 was removed from the illustration. (D) Model of the CNT 

lacking an N-terminal Nup57 region that encodes the a/b insertion domain and flanking 

coiled-coil regions, corresponding to the mammalian Nup57 fragments used in previous 

studies. (E) SEC-MALS profiles of a C. thermophilum CNT variant using a Nup57 fragment 

that lacks the N-terminal coiled-coil region and the a/b insertion domain (residues 146-319) 

at three different concentrations. Measured molecular masses are indicated for the peak 

fractions. Gray bar indicates fractions that were resolved on SDS-PAGE gels and visualized 

by Coomassie staining. Asterisks indicate degradation products or contaminations. MALS 

and SDS-PAGE analysis establish that the removal of the Nup57 a/b�insertion domain 

results in a CNT that adopts various different oligomeric states in solution, as previously 

observed for the mammalian truncated CNT (67, 69-71).  
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Fig. S36. Identification of CNT mutations that disrupt binding to the IRC. 

(A-F) SEC-MALS and SDS-PAGE analysis corresponding to Fig. 5. SEC-MALS profiles 

of mutant CNT or Nup192TAIL•SUMO-Nic96R1-R2 complexes are shown individually (blue 

and red) and after their preincubation (green). Measured molecular masses are indicated for 

the peak fractions. Gray bars indicate fractions that were resolved on SDS-PAGE gels and 

visualized by Coomassie staining. 
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Fig. S37. Nup49 PP and EVPIP mutants decrease CNT thermostability. Wild type 

CNT and CNT carrying either the Nup49 PP or EVPIP mutant were incubated at the 

indicated temperatures for 30 minutes prior to centrifugation. Soluble (S) and pelleted (P) 

fractions were analyzed by SDS-PAGE and visualized by Coomassie staining. Red arrows 

indicate temperature increment at which in vitro aggregation ensued.  
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Fig. S38. The human NPC can accommodate the 60S pre-ribosomal particle. A top 

view of the cryo-electron tomography reconstruction of the human NPC is shown 

(EMD-2444; gray). The central transport channel is large enough to accommodate (A) the 

60S pre-ribosomal particle (EMD 2528; blue) and (B) eleven Cse1•Kap-a•RanGTP nuclear 

export complexes (1WA5). (72-74). 
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Table S1. SEC-MALS analysis 

Figure Nucleoporin or nucleoporin complex Experimental 
Mass (kDa) 

Theoretical 
Mass (kDa) 

Stoichiometry 

Fig. 1B 
Fig. S1A 

CNT•Nic96 180 187 equimolar 
Nup192•Nup145N 250 239 equimolar 
Nup192•Nup145N •CNT•Nic96 425 426 equimolar 

Fig. 1C 
Fig. S1B 

CNT•Nic96•Nup192•Nup53 320 424 below measurement limit 
Nup82•SUMO-Nup159T•Nup145N 110 123 equimolar 
Nup82•SUMO-Nup159T•Nup145N•CNT•Nic96•Nup192 
•Nup53 

440 547 below measurement limit 

Fig. 1D 
Fig. S1C 

CNT•Nup192•Nup145N•SUMO-Nic96R1-R2 291 345 below measurement limit 
Nic96SOL 75 81 n/a 
CNT•Nup192•Nup145N•SUMO-Nic96R1-R2 •Nic96SOL 301, 74 426 no interaction 

Fig. 1E 
Fig. S1D 

CNT 74 77 equimolar 
Nup192TAIL•SUMO-Nic96R1-R2 69 72 equimolar 
Nup192TAIL•SUMO-Nic96R1-R2•CNT 135 149 equimolar 

Fig. 1F 
Fig. S1E 

CNT 74 77 equimolar 
SUMO-Nic96R1 18 18 n/a 
CNT•SUMO-Nic96R1 87, 18 95 equimolar 

Fig. 1G 
Fig. S1F 

Nup192TAIL 39 41 n/a 
SUMO-Nic96R2 18 19 n/a 
Nup192TAIL•SUMO-Nic96R2 54, 19 60 equimolar 

Fig. 1H 
Fig. S1G 

CNT 68 77 equimolar 
Nup192•Nup145N•Nic96R2-SOL 358 336 equimolar 
Nup192•Nup145N•Nic96R2-SOL•CNT 360, 73 413 no interaction 

Fig. 1I 
Fig. S1H 

CNT 70 77 equimolar 
Nup192•Nup53•Nic96R2-SOL 355 333 equimolar 
Nup192•Nup53•Nic96R2-SOL•CNT 350, 70 410 no interaction 

Fig. S2A Nup82NTD•SUMO-Nup159T 79 80 equimolar 
Nup145N 42 42 n/a 
Nup82NTD•SUMO-Nup159T•Nup145N 110 122 equimolar 

Fig. S2B Nup82NTD•SUMO-Nup159T 79 80 equimolar 
Nup145NAPD 16 16 n/a 
Nup82NTD•SUMO-Nup159T•Nup145NAPD 97 96 equimolar 

Fig. S2D CNT 71 77 equimolar 
Nup145N 48 42 n/a 
CNT•Nup145N 105 119 equimolar 

Fig. S2F CNT•Nup145N 78 119 equimolar 
Nup192 182 197 n/a 
Nup192• CNT•Nup145N 210, 76 316 no interaction 

Fig. S4A CNT 74 77 equimolar 
SUMO-Nic96R2 18 19 n/a 
CNT•SUMO-Nic96R2 75, 18 96 No interaction 

Fig. S4B Nup192TAIL 39 41 n/a 
SUMO-Nic96R1 18 18 n/a 
Nup192TAIL•SUMO-Nic96R1 29 59 No interaction 

Fig. S4C CNT 74 77 equimolar 
Nup192TAIL 39 41 n/a 
CNT•Nup192TAIL 74, 40 118 No interaction 

Fig. 3B 
Fig. S15B 

CNT 71 77 equimolar 
SUMO-Nic96R1  18 18 n/a 
Preincubation - LLLL 18, 70 95 no interaction 
Preincubation - wt 17, 80 95 equimolar 

Fig. S15A CNT 71 77 equimolar 
SUMO-Nic96R1 wt and truncations 18 18, 17, 18, 17 n/a 
Preincubation - wt 17, 80 95 equimolar 
Preincubation - truncations 18, 18, 18,  

73, 70, 68 
94-95 sub-stoichiometric / no 

interaction 
Fig. S18C CNT 1 mg/ml 147, 71 77 for monomer equimolar 

CNT 10 mg/ml 131, 69 77 for monomer equimolar 
CNT 30 mg/ml 136, 73 77 for monomer equimolar 

Fig. S18D CNT 147, 71 77 for monomer equimolar 
SUMO-Nic96R1 --- 18 n/a 
CNT•SUMO-Nic96R1 183, 87 95 for monomer equimolar 

Fig. S15A CNT 71 77 equimolar 
SUMO-Nic96R1 wt and truncations 18 18, 17, 18, 17 n/a 
Preincubation - wt 17, 80 95 equimolar 
Preincubation - truncations 18, 18, 18,  

73, 70, 68 
94-95 sub-stoichiometric / no 

interaction 
Fig. S22B hsNup49 CCS2+3*  22, 23, 25, 29, 33, 

36, 37, 40 
10 for monomer n/a 

Fig. S22C hsNup57 CCS3* 18 5 for monomer n/a 
hsNup49 CCS2+3* 25, 40 10 for monomer n/a 
hsNup57 CCS3*• hsNup49 CCS2+3* 24, 57 various polydisperse 
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Figure Nucleoporin or nucleoporin complex Experimental 

Mass (kDa) 
Theoretical 
Mass (kDa) 

Stoichiometry 

Fig. S23B hsNup57 CCS3* 18 5 for monomer tetramer 
Fig. S23C Nup57 CCS3* 8 4 for monomer dimer 
Fig. S25B hsNup57 CCS3* --- 5 for monomer n/a 

hsNup49 CCS2+3* --- 10 for monomer n/a 
hsNup57 CCS3*• hsNup49 CCS2+3* 20, 24, 26, 49, 53, 

54 
various polydisperse 

Fig. S25C hsNup57 CCS3* --- 5 for monomer n/a 
hsNup49 CCS2+3* --- 10 for monomer n/a 
Preincubation 21, 23, 25, 26, 46, 

51, 57, 57 
various polydisperse 

Fig. S26B hsNup57 CCS3* --- 5 for monomer n/a 
hsNup49 CCS2+3* --- 10 for monomer n/a 
hsNup49 CCS2+3*, Y420F --- 10 for monomer n/a 
hsNup57 CCS3*•hsNup49 CCS2+3* 25, 57 various polydisperse 
hsNup57 CCS3*•hsNup49 CCS2+3*, Y420F 29, 63 various polydisperse 

Fig. S26C hsNup49 CCS2+3* 25, 40 10 for monomer polydisperse 
hsNup49 CCS2+3*, Y420F 33, 54 10 for monomer polydisperse 

Fig. S26D hsNup49 CCS2+3*, Y420F 28, 30, 32, 36, 37, 
40, 47, 54 

10 for monomer polydisperse 

Fig. S26E hsNup49 CCS2+3* ΔC417 17, 18, 18, 19 10 for monomer polydisperse 
Fig. S27F CNT•SUMO-Nic96R1 92 95 n/a 

CNT•SUMO-Nic96R1•MB6 116 119 equimolar 
CNT•SUMO-Nic96R1•MB6•MB9 133 143 equimolar 

Fig. S27G CNT•Nic96•SUMO-MB6•SUMO-MB9 180 236 equimolar 
Nup192•Nup145N 244 239 equimolar 
CNT•Nic96•SUMO-MB6•SUMO-MB9• Nup192•Nup145N 417 475 equimolar 

Fig. S28A CNT 63 77 equimolar 
CNT•sAB158 109 128 equimolar 
CNT•sAB158•sAB160 162 179 equimolar 

Fig. S28B CNT•sAB158 111 128 equimolar 
Nup192TAIL•SUMO-Nic96R1-R2 77 72 equimolar 
CNT•sAB158•Nup192TAIL•SUMO-Nic96R1-R2 158 200 equimolar 

Fig. 5C 
Fig. S36B 

CNT EPP 73 77 equimolar 
Nup192TAIL•SUMO-Nic96R1-R2 63 72 equimolar 
Preincubation - wt 135 149 equimolar 
Preincubation – EPP mutant 73, 64 149 no interaction 

Fig. S36C CNT PP 75 77 equimolar 
Nup192TAIL•SUMO-Nic96R1-R2 65 72 equimolar 
Preincubation 72, 61 149 below measurement limit 

Fig. S36D CNT T378E 69 77 equimolar 
Nup192TAIL•SUMO-Nic96R1-R2 65 72 equimolar 
Preincubation  120 149 equimolar 

Fig. S36E CNT I393P 70 77 equimolar 
Nup192TAIL•SUMO-Nic96R1-R2 65 72 equimolar 
Preincubation 120 149 equimolar 

Fig. S36F CNT S442P 68 77 equimolar 
Nup192TAIL•SUMO-Nic96R1-R2 65 72 equimolar 
Preincubation 119 149 equimolar 
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Table S2. Crystallographic analysis of Nup188TAIL, Nup192TAIL, and 

Nup82NTD•Nup159T•Nup145NAPD structures 
Data collection     
Protein(s) 
 
 

Nup192TAIL 
 
 

Nup188TAIL 
 
 

Nup82NTD 
Nup159T 
Nup145NAPD 

Nup82NTD 
Nup159T 
Nup145NAPD 

     
PDB code 5CWV 5CWU 5CWW  
Synchrotron SSRLa APSb APS SSRL 
Beamline BL12-2 23-ID-D 23ID-D BL12-2 
Space group P212121 P1 C2 C2 
Cell parameters     
a (Å) 
b (Å) 
c (Å) 

64.7 
114.4 
114.7 

65.2 
65.3 
155.5 

122.3 
108 
69.6 

122.1 
108.2 
69.6 

a (°) 
b (°) 
g (°) 

90.0 
90.0 
90.0 

90.0 
89.9 
90.0 

90.0 
108.6 
90.0 

90.0 
108.4 
90.0 

     
 Se peak Se peak Native Se peak 
Wavelength (Å) 0.97930 0.97944 1.0000 0.97940 
Resolution (Å) 20.0 – 3.15 20.0 – 3.35 30.0 – 2.2 40.0 – 2.5 
Rsym (%)c 8.1 (100.4)  7.0 (98.6)  8.4 (154.6)  6.9 (68.4)  
Rpim (%)c  2.5 (34.6)  2.6 (38.3)  3.2 (69.4)  2.9 (28.5)  
CC1/2 (%)c  99.9 (69.2)  100.0 (80.4)  99.9 (58.4)  99.9 (86.4)  
<I> / <sI>c 28.3 (2.2)  34.0 (2.1)  13.6 (1.2)  15.0 (2.5)  
Completeness (%)c 99.5 (99.2)  99.3 (98.6)  99.0 (97.1)  98.6 (98.1)  
No. observations 183,279  294,471  300,689  202,782  
No. unique reflections c, d 28,157 (2,819) 74,517 (7,493) 43,372 (6,846) 57,257 (9,135) 
Redundancy c 12.2 (9.2)  7.9 (7.7)  6.9 (6.7)  6.9 (7.0)  
Wilson B factor  113  130  53  68  
     
Refinement     
Resolution (Å) 20.0 – 3.15 20.0 – 3.35 30.0 – 2.2  
No. reflections total 28,095 72,752 43,203  
No. reflections test set 2,843 (10.1%) 3,632 (5.0%) 2,959 (6.8%)  
Rwork / Rfree 18.5 / 24.1  24.6 / 27.9  18.5 / 21.3   
No. atoms 4,167  18,312  5,785   
Protein 4,167 18,264 5,614  
Ligand 0 48 0  
Water 0 0 85  
B-factors     
Protein 121 104 75  
Ligand N/A 80 N/A  
Water N/A N/A 61  
R.m.s. deviations     
Bond lengths (Å) 0.003 0.004 0.003  
Bond angles (°) 0.6 0.7 0.8  
     
Ramachandran plote     
Favored (%) 94.2 89.4 97.1  
Additionally allowed (%) 5.8 10.6 2.0  
Outliers (%) 0.0 0.0 0.0  

a SSRL, Stanford Synchrotron Radiation Lightsource 
b APS, Advanced Photon Source 
c Highest-resolution shell is shown in parentheses 
d Unique reflections distinguish anomalous Friedel pairs 
e As determined by MolProbity (61) 
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Table S3. Crystallographic analysis of channel nup fragments 
Data collection        

Protein 1 hsNup57CCS3* hsNup57CCS3* hsNup49CCS2+3* hsNup49CCS2+3* hsNup49CCS2+3* Nup57CCS3* 
Nup57CCS3* 
I289M 

Protein 2    hsNup57CCS3* hsNup57CCS3*   

Stoichiometry Homotetramer Homotetramer Homotetramer 2:2 stoichiometry 
1:2 
stoichiometry Homodimer Homotetramer 

PDB code 4JNV 4JNU 4JQ5 4JO7 4JO9 5CWT  
Synchrotron SSRLa ALSb SSRL SSRL SSRL SSRL SSRL 
Beamline BL12-2 BL8.2.1 BL12-2 BL12-2 BL12-2 BL12-2 BL12-2 
Space group C2 P21 P1 P1 P4122 P212121 P212121 
Cell parameters        
    a (Å) 
    b (Å) 
    c (Å) 

70.5 
36.6 
63.2 

39.9 
45.1 
46.4 

63.8 
77.1 
77.2 

47.7 
47.7 
71.3 

55.5 
55.5 
191.2 

42.3 
42.4 
138.7 

42.2 
42.2 
139.6 

    a (°) 
    b (°) 
    g (°) 

90.0 
104.4 
90.0 

90.0 
113.8 
90.0 

120.0 
90.1 
89.9 

88.9 
83.4 
81.4 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

 Se peak Native Native Se peak Native Native Se peak 
Wavelength (Å) 0.97940 1.0000 1.0000 0.97940 1.0000 1.00010 0.97920 
Resolution (Å) 20.0 – 1.85 20.0 – 1.45 20.0 – 2.2 50.0 – 1.75 50.0 – 2.5 20.0 – 2.5 20.0 – 2.75 
Rsym (%)c 9.6 (54.4)  9.9 (59.0)  6.4 (52.8)  14.0 (80.2)  13.6 (74.3)  4.3 (24.2)  15.1 (84.4)  
Rpim (%)c 4.0 (24.7)  4.1 (30.2)  3.9 (32.1)  8.9 (52.7)  3.5 (22.6)  1.4 (7.0)  4.7 (28.4)  
CC1/2 (%)c  99.2 (88.6)  99.1 (88.7)  99.3 (90.8)  99.0 (46.4)  99.9 (93.8)  99.9 (99.3)  98.9 (91.6)  
<I> / <sI>c 16.0 (4.1)  15.5 (2.2)  17.8 (2.1)  10.0 (2.2)  19.8 (2.1)  58.3 (6.3)  14.8 (2.7)  
Completeness (%)c 97.3 (97.2)  97.2 (81.6)  97.3 (87.7)  97.5 (95.3)  98.8 (89.1)  98.0 (88.2)  99.7 (98.8)  
No. observations 82,655 174,150 242,553 205,417 169,333 136,374 79,570 
No. unique reflections c,d 25,273 (2,494) 26,320 (2,198) 63,140 (5,724) 117,121 (11,189) 11,003 (953) 8,970 (759) 12,635 (1,297) 
Redundancy c 6.3 (5.3)  6.6 (3.6)  3.8 (3.5)  3.4 (3.1)  15.4 (10.0)  15.2 (10.2)  11.4 (8.3)  
Wilson B factor  32  18  45  17  46  32  71  
        
Refinement        
Resolution (Å) 20.0 – 1.85 20.0 – 1.45 20.0 – 2.2 50.0 – 1.75 50.0 – 2.5 20.0 – 2.5  
No. reflections total 25,266 26,274 63,070 116,939 10,891 8,126  
No. reflections test set 2,508 (9.93%) 1,990 (7.57%) 1,990 (3.16%) 3,925 (3.36%) 1,092 (10.0%) 809 (9.9%)  
Rwork / Rfree 23.7 / 27.7 18.3 / 21.8 28.5 / 29.3 18.6 / 21.4 24.7 / 29.4 24.1 / 29.3  
No. atoms 1,108 3,121 8,526 4,592 1,355 1,323  
    Protein 1,086 2,989 8,526 4,138 1,338 1,305  
    Ligand 0 0 0 0 0 0  
    Water 22 132 0 454 17 18  
B-factors        
    Protein 30.4 24.5 51.3 18.6 88.7 58.2  
    Ligand N/A N/A N/A N/A N/A N/A  
    Water 29.7 36.5 N/A 32.2 60.6 54.2  
R.m.s. deviations        
    Bond lengths (Å)  0.009 0.007 0.002 0.008 0.002 0.002  
    Bond angles (°) 0.9 1.0 0.5 0.8 0.4 0.4  
        
Ramachandran plote        
    Favored (%) 99.2 100.0 96.1 99.2 97.4 99.3  
    Additionally  
    allowed (%) 0.8 0.0 3.9 0.8 2.6 0.7  
    Outliers (%) 0.0 0.0 0.0 0.0 0.0 0.0  

a SSRL, Stanford Synchrotron Radiation Lightsource 
b ALS, Advanced Light Source 
c Highest-resolution shell is shown in parentheses 
d Unique reflections distinguish anomalous Friedel pairs 
e As determined by MolProbity (61) 
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Table S4. Crystallographic analysis of the CNT•Nic96R1•sAB-158 structure 
 
        
Data collection K2OsCl6 g K2OsCl6 g K2OsO4 SeMet h PCMB EMTS Native 
Synchrotrona SSRL a SSRL SSRL SSRL SSRL SSRL APS b 
Beamline BL12-2 BL12-2 BL12-2 BL12-2 BL12-2 BL12-2 GM/CA 
Space group P212121 P212121 P212121 P212121 P212121 P212121 P212121 
Cell dimensions        
    a (Å) 
    b (Å) 
    c (Å) 

123.2 
162.8 
212.9 

123.2 
162.8 
212.9 

122.5 
162.8 
215.2 

122.9 
162.2 
214.0 

123.3 
163.8 
214.5 

121.5 
162.4 
215.5 

123.7 
162.9 
214.1 

    a (°) 
    b (°) 
    g (°) 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

        
 Os peak Os peak Os peak Se peak Hg peak Hg peak  
Wavelength (Å) 1.1400 1.1400 1.1400 0.9793 1.0078 1.0054 1.033 
Resolution (Å) 50.0 – 3.77 50.0 – 3.95 40.0 – 4.4 40.0 – 3.77 40.0 – 5.6 40.0 – 4.8 40.0 – 3.95 
Rmeas (%)c 20.4 (585.7) 17.2 (308.4) 16.3 (302.1) 18.1 (495.9) 11.9 (330.3) 15.5 (304.6) 11.3 (373.9) 
Rpim (%)c 3.2 (91.9) 2.7 (53.1) 3.1 (63.7) 3.5 (99.8) 3.3 (95.8) 4.2 (89.3) 2.2 (83.2) 
CC1/2 (%) c 100.0 (54.4) 100.0 (74.6) 100.0 (57.2) 100.0 (57.6) 99.9 (53.0) 99.0 (64.7) 100.0 (59.5) 
< I / sI >c 17.0 (1.00) 19.36 (1.84) 14.26 (1.42) 14.49 (1.01) 14.31 (1.02) 11.68 (1.16) 17.79 (1.17) 
Completeness (%)c 99.9 (99.9) 99.9 (100.0) 99.7 (100.0) 99.8 (99.8) 99.4 (99.8) 98.7 (97.9) 99.5 (98.9) 
No. of observations 1,765,669 1,538,483 740,306 1,167,642 181,671 283,261 1,024,643 
No. of unique reflectionsc,d 83,402 (13,626)  72,513 (11,756)  52,614 (8,566)  83,196 (13,534)  25,719 (4,067)  39,850 (6,414)  38,491 (6,087)  
Redundancyc 40.2 (40.2) 40.2 (40.4) 26.5 (27.7) 26.7 (27.1) 13.1 (13.8) 13.4 (13.1) 26.6 (26.0) 
Wilson B-factor 178  169  235  160  413  288  204  
        
Refinement        
Resolution (Å) 50 – 3.77       
No. of reflections 83,342       
No. of reflections test set 3,789 (4.56%)        
Rwork / Rfree 22.9 / 26.5        
No. atoms 16,564       
    Protein 16,562       
    Ions 2       
R.m.s deviations        
    Bond lengths (Å) 0.003       
    Bond angles (°) 0.7       
B-factorse        
    Protein 242       
    Ions 299       
Ramachandran plotf        
    Favored (%) 93.1       
    Additionally  
     allowed (%) 

6.9       

    Outliers (%) 0.0       
        
 
a SSRL, Stanford Synchrotron Radiation Lightsource  
b APS, Advanced Photon Source  
c Highest-resolution shell is shown in parentheses  
d Unique reflections distinguish anomalous Friedel pairs  
e B-factors include overall B-factor of the crystal  
f As determined by MolProbity (61)  
g As reference, data processing statistics using different high resolution cutoffs are indicated 
h Representative statistics for all 23 SeMet datasets (wild type and 22 methionine mutants) 
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Table S5. Bacterial expression constructs and expression conditions 
# 
 

Protein 
 

Residues 
 

Expression vector 
 

Restriction sites 
5’, 3’ 

N-terminal 
overhang 

C-terminal 
overhang 

Expression 
conditions 

1t hsNup49 
CCS2+3* 

341-428 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

2 hsNup49 341-428 (Y420F) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
3t hsNup57 

CCS3* 
453-491 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

4t hsNup57 453-491 (I478M) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
5t Nsp1 

Nup57 
467-674 
74-319 

pETDuet1 NcoI/NotI 
NdeI/XhoI 

None 
M 

none 
none 

18 °C / 18 hours 

6 Nsp1 
Nup57 Da/b 

467-674 
146-319 

pETDuet1 NcoI/NotI 
NdeI/XhoI 

None 
M 

none 
none 

18 °C / 18 hours 

7• Nsp1 
Nup57 

467-674 (L527M) 
74-319  

pETDuet1 NcoI/NotI None 
M 

none 18 °C / 18 hours 

8• Nsp1 
Nup57 

467-674 (L548M) 
74-319  

pETDuet1 NdeI/XhoI None 
M 

none 18 °C / 18 hours 

9• Nsp1 
Nup57 

467-674 (A628M)  
74-319  

pETDuet1 NcoI/NotI None 
M 

none 18 °C / 18 hours 

10• Nsp1 
Nup57 

467-674  
74-319 (I82M) 

pETDuet1 NdeI/XhoI None 
M 

none 18 °C / 18 hours 

11• Nsp1 
Nup57 

467-674  
74-319 (H109M) 

pETDuet1 NcoI/NotI None 
M 

none 18 °C / 18 hours 

12• Nsp1 
Nup57 

467-674  
74-319 (L113M) 

pETDuet1 NdeI/XhoI None 
M 

none 18 °C / 18 hours 

13• Nsp1 
Nup57 

467-674  
74-319 (E127M) 

pETDuet1 NcoI/NotI None 
M 

none 18 °C / 18 hours 

14• Nsp1 
Nup57 

467-674  
74-319 (I138M) 

pETDuet1 NcoI/NotI None 
M 

none 18 °C / 18 hours 

15• Nsp1 
Nup57 

467-674  
74-319 (L198M) 

pETDuet1 NcoI/NotI None 
M 

none 18 °C / 18 hours 

16• Nsp1 
Nup57 

467-674  
74-319 (I233M) 

pETDuet1 NcoI/NotI None 
M 

none 18 °C / 18 hours 

17• Nsp1 
Nup57 

467-674 
74-319 (L253M) 

pETDuet1 NcoI/NotI None 
M 

none 18 °C / 18 hours 

18• Nsp1 
Nup57 

467-674  
74-319 (V303M) 

pETDuet1 NcoI/NotI None 
M 

none 18 °C / 18 hours 

19 Nsp1 467-678 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
20 Nup57 74-326 pGEX-6P1 BamHI, NotI GPLGS none 18 °C / 18 hours 
21t Nup57 265-317 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
22t Nup57 265-317 (I289M) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
23t Nup49 246-470 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

24• Nup49 246-470 (I263M) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

25• Nup49 246-470 (H276M) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

26• Nup49 246-470 (L301M) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

27• Nup49 246-470 (A307M) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

28• Nup49 246-470 (L332M) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

29• Nup49 246-470 (E438M) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

30# Avi-Nup49 246-470 pET28a-PreS BamHI, NotI GPLMSGLNDIFEAQ
KIEWHEGSAGGSGH
M 

none 18 °C / 18 hours 

31 Nup49 E 246-470 (T378E) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
32 Nup49 P1 246-470 (I393P) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
33 Nup49 P2 246-470 (S442P) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
34 Nup49 PP 246-470 (I393P, 

S442P) 
pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

35 Nup49 EPP 246-470 (T378E, 
I393P, S442P) 

pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

36 Nup49 
EVPIP 

246-470 (T378E, 
T292V, I393P, L400I, 
S442P) 

pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

37 Nic96 110-1112 pET28a-Sumo BamHI, NotI S AAALEHHHHHH 18 °C / 18 hours 
38# Nic96 139-201 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
39t,# Nic96 R1 139-180 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

40• Nic96 139-180 (L178M) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

41• Nic96 139-180 (L140M) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

42• Nic96 139-180 (L161M) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

43• Nic96 139-180 (L164M) pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

44 Nic96 139-164 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
45 Nic96 139-171 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
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# 
 

Protein 
 

Residues 
 

Expression vector 
 

Restriction sites 
5’, 3’ 

N-terminal 
overhang 

C-terminal 
overhang 

Expression 
conditions 

46 Nic96 146-180 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
47 Nic96 156-180 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
48 Nic96 165-180 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
49 Nic96 139-180 (L168A, 

L171A, L175A, 
L178A) 

pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

50 Nic96 139-180 (L168A, 
L171A) 

pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

51 Nic96 139-180 (L175A, 
L178A) 

pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 

52 Nic96 R1-R2 139-301 pET-MCN-Sumo BamHI, NotI S none N/A 
53 Nic96 R2-

SOL 
245-1112 pGEX-6P1 BamHI, NotI GPHM none 23 °C / 18 hours 

54 Nic96 SOL 391-1112 pET28a-SUMO BamHI, NotI S none 18 °C / 18 hours 
55 Nic96 R2 245-301 pET-MCN-Sumo BamHI, NotI S none 37 °C / 2 hours 
56 Nic96 R2 245-301 (F275A) pET-MCN-Sumo BamHI, NotI S none 37 °C / 2 hours 
57 Nic96 R2 245-301 (D276A) pET-MCN-Sumo BamHI, NotI S none 37 °C / 2 hours 
58 Nic96 R2 245-301 (F278A) pET-MCN-Sumo BamHI, NotI S none 37 °C / 2 hours 
59 Nic96 R2 245-301 (N282A) pET-MCN-Sumo BamHI, NotI S none 37 °C / 2 hours 
60 Nic96 R2 245-301 (L285A) pET-MCN-Sumo BamHI, NotI S none 37 °C / 2 hours 
61 Nic96 R2 245-301 (W287A) pET-MCN-Sumo BamHI, NotI S none 37 °C / 2 hours 
62 Nic96 R2 245-301 (I294A) pET-MCN-Sumo BamHI, NotI S none 37 °C / 2 hours 
63 Nic96 R2 245-301 (F298A) pET-MCN-Sumo BamHI, NotI S none 37 °C / 2 hours 
64 MB1 1-91 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
65 MB2 1-93 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
66 MB3 1-91 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
67 MB4 1-93 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
68 MB5 1-93 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
69 MB6 1-92 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
70 MB7 1-91 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
71 MB8 1-93 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
72 MB9 1-91 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
73 MB10 1-93 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
74t sAB-158-LC 

sAB-158-HC 
1-204 
1-258 

pSV4 NcoI, SalI none VDKKVEPKSCDKT 
HTGGSHHHHHH 

37 °C / 2 hours 

75 sAB-160-LC 
sAB-160-HC 

1-204 
1-258 

pSV4 NcoI, SalI none VDKKVEPKSCDKT 
HTGGSHHHHHH 

37 °C / 2 hours 

76 Nup145N 606-993 pET28a-Sumo BamHI, NotI S none 23 °C / 18 hours 
77t Nup145N 

APD 
858-993 pET28a-PreS NdeI, XhoI GPHM none 23 °C / 18 hours 

78 Nup53 DC 1-361 pET28a-Sumo BamHI, XhoI S LEHHHHHH 23 °C / 18 hours 
79t Nup82 NTD 1-595 pET28a-PreS NdeI, NotI GPH none 18 °C / 18 hours 
80t Nup159 T 1440-1481 pET28a-Sumo BamHI, NotI S none 18 °C / 18 hours 
81 Nup192 1-1756 pET28a-PreS NdeI, NotI GPLMSGLNDIFEAQ

KIEWHEGSAGGSGH 
none 23 °C / 18 hours 

82 Nup192 CTD 944-1756 pET28a-PreS NdeI, NotI GPHM none 23 °C / 18 hours 
83t Nup192 

TAIL 
1397-1756 pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

84* Nup192 
TAIL 

1397-1756 (L1403E, 
I1427E) 

pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

85 Nup192 
TAIL 

1397-1756 (L1597A) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

86 Nup192 
TAIL 

1397-1756 (F1602A) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

87 Nup192 
TAIL 

1397-1756 (F1602W) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

88 Nup192 
TAIL 

1397-1756 (F1611A) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

89 Nup192 
TAIL 

1397-1756 (D1614A, 
P1615A, E1616A) 

pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

90 Nup192 
TAIL 

1397-1756 (D1614A, 
E1616A) 

pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

91 Nup192 
TAIL 

1397-1756 (F1664A) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

92 Nup192 
TAIL 

1397-1756 (F1664W) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

93 Nup192 
TAIL 

1397-1756 (V1673A) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

94 Nup192 
TAIL 

1397-1756 (L1676A) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

95 Nup192 
TAIL 

1397-1756 (K1677A) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 
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# 
 

Protein 
 

Residues 
 

Expression vector 
 

Restriction sites 
5’, 3’ 

N-terminal 
overhang 

C-terminal 
overhang 

Expression 
conditions 

96 Nup192 
TAIL 

1397-1756 (M1727A) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

97 Nup192 
TAIL 

1397-1756 (I1730A) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

98 Nup192 
TAIL 

1397-1756 (F1735A) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

99 Nup192 
TAIL 

1397-1756 (Y1738A) pET28a-PreS NdeI, NotI GPHM none 37 °C / 2 hours 

100t Nup188 
TAIL 

1447-1858 pET28a-SUMO BamHI, NotI SM none 18 °C / 18 hours 

* Nup192 TAIL used for SEC-MALS analyses harbored two mutations to prevent non-physiological dimerization. These mutants were designed based on 
observed crystal packing interactions in the Nup192TAIL structure 

t Constructs that were used for crystallization 
# Constructs that were used for sAB and MB selection 
• Constructs that were used for ascertaining sequence register by Se-Met labeling 
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Table S6. Protein purification protocols 

Protein(s) 
 

Expression 
constructs 

Purification step 
 

Buffer A 
 

Buffer B 
 

Nup192 TAILt 
 

Individual 
(#83) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. HiLoad Superdex 200 16/60 PG 

Ni-A1, 5 mM b-ME 
Ni-A3, 5 mM b-ME / PreS 
Ni-A3, 5 mM b-ME 
SEC-B, 1 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
Ni-B1, 5 mM b-ME 
N/A 

His6-Nup192 TAIL 
wild type  and mutants 
 

Individual 
(#83, #85-99) 

1. Ni-NTA 
2. Dialysis 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

Ni-A1, 5 mM b-ME 
IEX-A1, pH 9.0, 5 mM b-ME 
IEX-A1, pH 9.0, 1 mM DTT 
SEC-B, 1 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
IEX-B, pH 9.0, 1 mM 
DTT 
N/A 

His6-Nup192 TAIL•SUMO-
Nic96 R1-R2 
 

Co-expression 
(#84+#52) 

1. Ni-NTA 
2. Dialysis 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

Ni-A1, 5 mM b-ME 
IEX-A1, pH 9.0, 5 mM b-ME 
IEX-A1, pH 9.0, 1 mM DTT 
SEC-B, 1 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
IEX-B, pH 9.0, 1 mM 
DTT 
N/A 

Nup188 TAILt 
 

Individual 
(#100) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. MonoQ 10/100 GL 
5. HiLoad Superdex 200 16/60 PG 

Ni-A1, 5 mM b-ME 
Ni-A2, 5 mM b-ME / ULP1 
Ni-A2, 5 mM b-ME 
IEX-A2, pH 8.0, 1 mM DTT 
SEC-A, 1 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
Ni-B1, 5 mM b-ME 
IEX-B, pH 8.0, 1 mM 
DTT 
N/A 

SUMO-Nup188 TAIL 
 

Individual 
(#100) 

1. Ni-NTA 
2. Dialysis 
3. MonoQ 10/100 GL 
4. HiLoad Superdex 200 16/60 PG 

Ni-A1, 5 mM b-ME 
IEX-A2, pH 8.0, 5 mM b-ME 
IEX-A2, pH 8.0, 1 mM DTT 
SEC-B, 1 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
IEX-B, pH 8.0, 1 mM 
DTT 
N/A 

SUMO-Nup188 TAIL• 
•SUMO-Nic96 R1-R2 
 

Co-expression 
(#100+#52) 

1. Ni-NTA 
2. Dialysis 
3. MonoQ 10/100 GL 
4. HiLoad Superdex 200 16/60 PG 

Ni-A1, 5 mM b-ME 
IEX-A2, pH 8.0, 5 mM b-ME 
IEX-A2, pH 8.0, 1 mM DTT 
SEC-B, 1 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
IEX-B, pH 8.0, 1 mM 
DTT 
N/A 

SUMO-Nic96 R1 
wild type, mutants, and 
truncations 

Individual 
(#39-#51) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting 
3. HiLoad Superdex 75 16/60 PG 

Ni-A1, 5 mM b-ME 
SEC-A, 5 mM DTT 
SEC-A, 5 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
N/A 

SUMO-Nic96 R2 
wild type and mutants 

Individual 
(#55-63) 

1. Ni-NTA 
2. Dialysis 
3. HiTrap Q HP 
4. HiLoad Superdex 75 16/60 PG 

Ni-A1, 5 mM b-ME 
IEX-A2, pH 8.0, 5 mM b-ME 
IEX-A2, pH 8.0, 1 mM DTT 
SEC-B, 1 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
IEX-B, pH 8.0, 1 mM 
DTT 
N/A 

Nup145N Individual 
(#76) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. MonoS 5/50 GL 
4. HiLoad Superdex 75 16/60 PG 

Ni-A1, 5 mM b-ME 
IEX-A2, pH 7.0, 5 mM DTT / 
ULP1 
IEX-A2, pH 7.0, 5 mM DTT 
SEC-A, 5 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
IEX-B, pH 7.0, 5 mM 
DTT 
N/A 

Nup145N APDt Individual 
(#77) 

1. Ni-NTA 
2. Dialysis/cleavage 
3. Ni-NTA 
4. Superdex 75 16/60 PG 

Ni-A1, 5 mM b-ME 
IEX-A2, pH 8.0, 5 mM b-ME / 
PreS 
Ni-A2, 5 mM b-ME 
SEC-A, 5 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
Ni-B1, 5 mM b-ME 
N/A 

Nup53 Individual 
(#78) 

1. Ni-NTA 
2. HiPrep 26/20 
Desalting/Cleavage 
3. Ni-NTA 
4. HiPrep 26/20 Desalting 
5. MonoS 5/50 GL 
6. HiLoad Superdex 75 16/60 PG 

Ni-A1, 5 mM b-ME 
Ni-A1, 5 mM b-ME / ULP1 
Ni-A1, 5 mM b-ME 
IEX-A2, pH 7.0, 5 mM DTT 
IEX-A2, pH 7.0, 5 mM DTT 
SEC-A, 5 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
Ni-B1, 5 mM b-ME 
N/A 
IEX-B, pH 7.0, 5 mM 
DTT 
N/A 

hsNup49 CCS2+3*t 

wild type and mutant 
Individual 
(#1-2) 

1. Ni-NTA 
2. HiPrep 26/20 
Desalting/Cleavage 
3. Ni-NTA 
4. HiLoad Superdex 75 16/60 PG 

Ni-A1, 5 mM b-ME 
SEC-A, 4 mM b-ME / ULP1 
Ni-A2, pH 8.0, 4 mM b-ME 
SEC-A, 4 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
Ni-B1, 5 mM b-ME 
N/A 

hsNup57 CCS3*t 

wild type and mutant 
Individual 
(#3-4) 

1. Ni-NTA 
2. HiPrep 26/20 
Desalting/Cleavage 
3. Ni-NTA 
4. HiLoad Superdex 75 16/60 PG 

Ni-A1, 5 mM b-ME 
SEC-A, 4 mM b-ME / ULP1 
Ni-A2, pH 8.0, 4 mM b-ME 
SEC-A, 4 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
Ni-B1, 5 mM b-ME 
N/A 

ctNup57 CCS3*t 

wild type and mutant 
Individual 
(#21-22) 

1. Ni-NTA 
2. HiPrep 26/20 
Desalting/Cleavage 
3. Ni-NTA 
4. HiLoad Superdex 75 16/60 PG 

Ni-A1, 5 mM b-ME 
SEC-A, 4 mM b-ME / ULP1 
Ni-A2, pH 8.0, 4 mM b-ME 
SEC-A, 4 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
Ni-B1, 5 mM b-ME 
N/A 

Nic96 SOL Individual 
(#54) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 

Ni-A1, 5 mM b-ME 
IEX-A2, pH 8.0, 5 mM b-ME / 
ULP1 

Ni-B1, 5 mM b-ME 
N/A 
Ni-B1, 5 mM b-ME 
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Protein(s) 
 

Expression 
constructs 

Purification step 
 

Buffer A 
 

Buffer B 
 

4. MonoQ 10/100 GL 
5. HiLoad Superdex 200 16/60 PG 

Ni-A2, 5 mM b-ME 
IEX-A2, pH 8.0, 5 mM DTT 
SEC-A, 5 mM DTT 

IEX-B, pH 8.0, 5 mM 
DTT 
N/A 

avi-Nup192 Individual 
(#81) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. MonoQ 10/100 GL 
5. HiLoad Superdex 200 16/60 PG 

Ni-A1, 5 mM b-ME 
IEX-A2, pH 8.0, 5 mM b-ME / 
PreS 
Ni-A2, pH 8.0, 5 mM b-ME 
IEX-A2, pH 8.0, 5 mM DTT 
SEC-A, 5 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
Ni-B1, 5 mM b-ME 
IEX-B, pH 8.0, 5 mM 
DTT 
N/A 

CNTt 
wild type 
mutants 
avi-tagged variant 
Met mutants 

Co-expression 
(#5+#23) 
(#5+#31-36) 
(#5+#12) 
(#5+#24-29) 

1. Ni-NTA 
2. HiPrep 26/20 
Desalting/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 200 16/60 PG 

Ni-A1, 4 mM b-ME 
IEX-A2, pH 8.0, 4 mM b-ME / 
ULP1 
Ni-A2, pH 8.0, 4 mM b-ME  
IEX-A2, pH 8.0, 5 mM DTT 
SEC-A, 5 mM DTT 

Ni-B1, 4 mM b-ME 
N/A 
Ni-B1, 4 mM b-ME 
IEX-B, pH 8.0, 5 mM 
DTT 
N/A 

Nsp1 Individual 
(#19) 

1. Ni-NTA 
2. HiPrep 26/20 
Desalting/Cleavage 
3. Ni-NTA 
4. HiLoad Superdex 200 16/60 PG 

Ni-A1, 5 mM b-ME 
SEC-A, 5 mM b-ME / ULP1 
Ni-A2, 5 mM b-ME 
SEC-A, 5 mM DTT 

Ni-B1, 5 mM b-ME 
N/A 
Ni-B1, 5 mM b-ME 
N/A 

Nup49•Nup57 Co-expression 
(#23+#20) 

1. GST-Sepharose fastflow 
2. HiPrep 26/20 
Desalting/Cleavage 
3. Ni-NTA 
4. HiPrep 26/20 
Desalting/Cleavage 
5. Ni-NTA 
6. HiTrap Desalting 

GST-A, 5 mM b-ME 
IEX-A2: pH 8.0, 5 mM b-ME / 
PreS 
Ni-A2, 5 mM b-ME 
IEX-A2: pH 8.0, 5 mM b-ME / 
ULP1 
Ni-A2, 5 mM b-ME 
SEC-A, 5 mM b-ME 

GST-B, 5 mM b-ME 
N/A 
Ni-B2, 5 mM b-ME 
N/A 
Ni-B2, 5 mM b-ME 
N/A 

Nup82 NTD•Nup159 Tt 
Individual 
(#79-80) 
co-lysis 
ratio 1:1 

1. Ni-NTA 
2. HiPrep 26/20 
Desalting/Cleavage 
3. Ni-NTA 
4. HiLoad Superdex 200 16/60 PG 

Ni-A1, 5 mM b-ME 
Ni-A1, 5 mM b-ME/ PreS / ULP1 
Ni-A1, 5 mM b-ME 
SEC-A, 5 mM DTT 

Ni-B1, 4 mM b-ME 
N/A 
Ni-B1, 4 mM b-ME 
N/A 

SUMO-MBs Individual 
(#64-73) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting 

Ni-A1, 4 mM b-ME 
SEC-B, 4 mM b-ME 

Ni-B1, 4 mM b-ME 
N/A 

sABs (#74-75) Detailed description in SI methods   

CNT•Nic96 
CNT 
Nic96 

Individual 
(#5+#23) 
(#37) 
co-lysis 

Detailed description in SI methods   

Nic96 R2-SOL•avi-Nup192 
Nic96 R2-SOL 
avi-Nup192 

Individual 
(#53) 
(#81) 
co-lysis 

Detailed description in SI methods   

CNT•SUMO-Nic96 R1 Biochemical 
reconstitution Detailed description in SI methods   

CNT•Nic96 R1•sAB-158 Biochemical 
reconstitution Detailed description in SI methods   

Nup82 NTD•Nup159 
T•Nup145N APD 

Biochemical 
reconstitution Detailed description in SI methods   

t Constructs that were used for crystallization 
Ni-A1: 20 mM TRIS (pH 8.0), 500 mM NaCl, 20 mM imidazole 
Ni-A2: 20 mM TRIS (pH 8.0), 100 mM NaCl, 20 mM imidazole 
Ni-A3: 20 mM TRIS (pH 8.0), 200 mM NaCl, 20 mM imidazole 
Ni-B1: 20 mM TRIS (pH 8.0), 500 mM NaCl, 500 mM imidazole 
Ni-B2: 20 mM TRIS (pH 8.0), 100 mM NaCl, 500 mM imidazole 
GST-A: 20 mM TRIS (pH 8.0), 300 mM NaCl 
GST-B: 20 mM TRIS (pH 8.0), 300 mM NaCl, 20 mM glutathione 
IEX-A1: 20 mM TRIS, 50 mM NaCl 
IEX-A2: 20 mM TRIS, 100 mM NaCl 
IEX-A3: 20 mM TRIS, 80 mM NaCl 
IEX-B: 20 mM TRIS, 2.0 M NaCl 
SEC-A: 20 mM TRIS (pH 8.0), 100 mM NaCl 
SEC-B: 20 mM TRIS (pH 8.0), 200 mM NaCl 

  



 

 

187 
Table S7. Yeast expression constructs 

Plasmid Protein Residues 
(Mutations) 

Vector Restriction sites 
5’, 3’ 

Selection  
Marker 

Reference 

pRS415-PNop1-eGFP-scNUP192 scNup192 1-1683 pRS415 NotI, SacII LEU2 (53) 

pRS415-PNop1-eGFP-scnup192 DTAIL scNup192 1-1316 pRS415 NotI, SacII LEU2 (53) 
pRS415-PNop1-eGFP-scnup192 Y1679A scNup192 1-1683, Y1679A pRS415 NotI, SacII LEU2 this study 
pRS415-PNop1-mCherry-scNUP192 scNup192 1-1683 pRS415 NotI, SacII LEU2 this study 

pRS415-PNop1-mCherry-scnup192 DTAIL scNup192 1-1316 pRS415 NotI, SacII LEU2 this study 
pRS415-PNop1-mCherry-scnup192 Y1679A scNup192 1-1683, Y1679A pRS415 NotI, SacII LEU2 this study 

pRS416-PNop1-mCherry-scNUP192 scNup192 1-1683 pRS416 NotI, SacII URA3 (53) 
pRS415-PNop1-eGFP-scNIC96 scNic96 1-839 pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnic96 DSOL scNic96 1-203 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnic96 R2-SOL scNic96 107-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnic96 SOL scNic96 204-839 pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnic96 DR2 scNic96 1-108, 166-839 pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnic96 F159A scNic96 1-839, F159A pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnic96 DLINKER scNic96 1-60, 107-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnic96 LLLL scNic96 1-839, I46A, 

L49A, V53A, 
L56A 

pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-mCherry-scNIC96 scNic96 1-839 pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-mCherry-scnic96 R2-SOL scNic96 107-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-mCherry-scnic96 R2 scNic96 1-108, 166-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-mCherry-scnic96 F159A scNic96 1-839, F159A pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-mCherry-scnic96 DLINKER scNic96 1-60, 107-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-mCherry-scnic96 LLLL scNic96 1-839, I46A, 

L49A, V53A, 
L56A 

pRS415 BamHI, NotI LEU2 this study 

pRS416-PNop1-mCherry-scNIC96 scNic96 1-839 pRS416 BamHI, NotI URA3 this study 
pRS415-PNop1-eGFP-scNUP49 scNup49 1-472 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnup49 E scNup49 1-472, K376E pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnup49 P1 scNup49 1-472, I391P pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnup49 P2 scNup49 1-472, L449P pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup49 PP scNup49 1-472, I391P, 
L449P 

pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup49 EPP scNup49 1-472, K376E, 
I391P, L449P 

pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup49 EVPIP scNup49 1-472, K376E, 
I390V, I391P, 
V398I, L449P 

pRS415 BamHI, NotI LEU2 this study* 

pRS415-PNop1-mCherry-scNUP49 scNup49 1-472 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-mCherry-scnup49 E scNup49 1-472, K376E pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-mCherry-scnup49 P1 scNup49 1-472, I391P pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-mCherry-scnup49 P2 scNup49 1-472, L449P pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-mCherry-scnup49 PP scNup49 1-472, I391P, 

L449P 
pRS415 BamHI, NotI LEU2 this study 

RS415-PNop1-mCherry-scnup49 EPP scNup49 1-472, K376E, 
I391P, L449P 

pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-mCherry-scnup49 EVPIP scNup49 1-472, K376E, 
I390V, I391P, 
V398I, L449P 

pRS415 BamHI, NotI LEU2 this study* 

pRS411- PRPL25-scRPL25-mCherry scRpl25 1-142 pRS411 SacII, BamHI MET15 this study 
pRS413- PRPL25-scRPL25-mCherry scRpl25 1-142 pRS413 SacII, BamHI HIS3 this study 
pFA6a-natNT2 N/A N/A pFA6a N/A N/A (51) 
pRS413 N/A N/A pRS413 N/A HIS3 (52) 

*mutations based on nup49-313 (54) 
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Table S8. Yeast strains 

Strain Parental 
strain 

Genotype Plasmid Transformed 
with 

Analyses Reference 

scnup192D BY4741 

MATa, his3D1, 
leu2D0, met15D0, 
ura3D0, 
scnup192::HIS3 

pRS416-
PNop1-
mcherry-
scNUP192 

pRS415-PNop1-
eGFP-scNUP192 
variants 

growth analysis 
poly(A)+ RNA 
export 

this study 

scnup192D BY4741 

MATa, his3D1, 
leu2D0, met15D0, 
ura3D0, 
scnup192::HIS3 

pRS416-
PNop1-
mcherry-
scNUP192 

pRS415-PNop1-
eGFP-scNUP192 
variants 
pRS411-PNop1-
scRPL25-mcherry 

scRpl25 
localization this study 

scnup192D 
scNup57-
GFP 

BY4741 
scNup57-
GFPa 

MATa, his3D1, 
leu2D0, met15D0, 
ura3D0, 
scnup192::natNT2, 
scNUP57-
GFP(S65T)::HIS3MX6 

pRS416-
PNop1-
mcherry-
scNUP192 

pRS415-PNop1-
mcherry-
scNUP192 variants 

colocalization of 
scNup192 
variants and 
scNup57 

this study 

scnic96D BY4741 
MATa, his3D1, 
leu2D0, met15D0, 
ura3D0, scnic96::HIS3 

pRS416-
PNop1-
mcherry-
scNIC96 

pRS415-PNop1-
eGFP-scNIC96 
variants 

growth analysis this study 

scnic96D 
scNup57-
GFP 

BY4741 
scNup57-
GFPa 

MATa, his3D1, 
leu2D0, met15D0, 
ura3D0, 
scnic96::natNT2, 
scNUP57-
GFP(S65T)::HIS3MX6 

pRS416-
PNop1-
mcherry-
scNIC96 

pRS415-PNop1-
mcherry-scNIC96 
variants 

colocalization of 
scNic96 variants 
and scNup57 
poly(A)+ RNA 
export 

this study 

scnup49D BY4741 

MATa, his3D1, 
leu2D0, met15D0, 
ura3D0, 
scnup49::natNT2 

pRS416-
PNop1-
mcherry-
scNUP49 

pRS415-PNop1-
eGFP-scNUP49 
variants 

growth analysis 
poly(A)+ RNA 
assay 

this study 

scnup49D BY4741 

MATa, his3D1, 
leu2D0, met15D0, 
ura3D0, 
scnup49::natNT2 

pRS416-
PNop1-
mcherry-
scNUP49 

pRS415-PNop1-
eGFP-scNUP49 
variants 
pRS413-PNop1-
scRPL25-mcherry 

scRpl25 
localization this study 

scnup49D 
scNup57-
GFP 

BY4741 
scNup57-
GFPa 

MATa, his3D1, 
leu2D0, met15D0, 
ura3D0, 
scnup49::natNT2, 
scNUP57-
GFP(S65T)::HIS3MX6 

pRS416-
PNop1-
mcherry-
scNUP49 

pRS415-PNop1-
eGFP-scNUP49 
variants 

colocalization of 
scNup192 
variants and 
scNup57 

this study 

a purchased from Invitrogen 
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Table S9. Crystallization and cryo protection conditions 

Protein(s) Concentration Crystallization condition Cryo protection condition 

Nup192TAIL 10 mg/ml 50 mM HEPES, pH 7.1 
15 % (w/v) PEG 200 
340 mM sodium chloride 
(optimized by microseeding) 

paratone oil 

Nup188TAIL 10 mg/ml 100 mM HEPES, pH 6.9 
16 % (w/v) PEG 3,350 
200 mM ammonium citrate 

35 % (w/v) PEG 3,350 

hsNup49CCS2+3*•hsNup57CCS3* 

2:2 stoichiometry 
15 mg/ml 100 mM sodium citrate, pH 5.4 

0.5 M sodium chloride 
25 % (v/v) ethylene glycol 
(stepwise, 20 %, 25 %) 

hsNup49CCS2+3*•hsNup57CCS3* 

1:2 stoichiometry 
20 mg/ml 100 mM sodium acetate, pH 3.8 

70 mM calcium chloride 
20 % (v/v) glycerol 

hsNup49CCS2+3* 8 mg/ml 28 % (v/v) dioxane 
10 % (v/v) glycerol 

20 % (v/v) glycerol 

hsNup57CCS3* 16 mg/ml 1.0 M sodium acetate pH 5.3 
1.9 M sodium formate 

paraffin oil 

Nup57CCS3* 
homo-dimer 

16 mg/ml 5 % (w/v) PEG 1,000 
12 % (w/v) PEG 8,000 

paraffin oil 

Nup82NTD•Nup159T•Nup145NAPD 30 mg/ml 100 mM lithium citrate 
20 % (w/v) PEG 3,350 
3 % (v/v) MPD 

20 % (v/v) MPD 

CNT•Nic96R1•sAB-158 25 mg/ml 0.1M TRIS, pH 8.7 
5.7 % (w/v) PEG 20,000 
1 % (v/v) 1-propanol 

25 % (v/v) ethylene glycol 
(stepwise, 2 % steps) 
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Abstract 

Nuclear pore complexes (NPCs) mediate the nucleocytoplasmic transport of 

macromolecules. Although the arrangement of the structured scaffold nucleoporins in the 

NPC’s symmetric core had been determined, their cohesion by multivalent unstructured 

linker nucleoporins 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 MDa 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. 
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Introduction 

The 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 macromolecules, the role of the NPC extends to genome organization, 

transcription regulation, mRNA maturation, and ribosome assembly (1, 2). The NPC and its 

components are implicated 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 termed 

nucleoporins (nups). In the NPC, nups assemble into defined subcomplexes that are generally 

present in multiples of eight, adding up to a mass of ~110 MDa in the human NPC (1-4). The 

NPC architecture consists of a symmetric core with asymmetric decorations on its nuclear 

and cytoplasmic faces (Fig. 1A). The symmetric core displays eight- and two-fold rotational 

symmetry about the nucleocytoplasmic axis and axes coplanar with the nuclear envelope, 

respectively. It consists 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 diffusion barrier. Although ~40kDa has 

historically been considered the threshold for passive diffusion (7, 8), the size selectivity of 

the barrier shows a more gradual dependence on molecular mass (9). Active transport is 

generally mediated by karyopherins, whose affinity for FG repeats and ultrafast exchange 

kinetics allow 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 hetero-heptameric Y-shaped coat nup complex (CNC) 

(14-30). In parallel, progress has been driven by efforts to push the resolution of cryo-electron 

tomographic (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 demonstration 

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 
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reconstitution and piecemeal structural analysis of two hetero-nonameric ~425 kDa inner 

ring complexes (IRCs) provided the basis for docking 17 symmetric core nups into an ~23 Å 

cryo-ET map of the intact human NPC (28, 33), yielding a near-atomic composite structure 

of the entire ~56 MDa symmetric core of the human NPC (34, 35). A similar approach 

elucidated the near-atomic architectures of constricted and dilated states of the S. cerevisiae 

NPC using crystal structures to interpret ~25 Å cryo-ET maps (36, 37). Apart from an 

additional distal CNC ring and associated nups present in the outer rings of the human NPC, 

the human and S. cerevisiae NPC present equivalent nup arrangements (34-38). 

The inner ring of the human NPC is composed of six scaffold nups NUP155, 

NUP188, NUP205, NUP54, NUP58, and NUP62, two primarily unstructured linker nups 

NUP53 and NUP98, and NUP93, which is a hybrid of both (34, 35). The doughnut-shaped 

inner ring adopts a concentric cylinder architecture, in which membrane-anchored NUP155 

forms the outermost coat, followed by layers of NUP93, NUP205/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 

extensive 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, 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 substantial ~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 establishing 

an architectural framework to accommodate the structural changes associated with the 

reversible constriction and dilation of the inner ring. 

Whereas our previous work achieved the identification of the majority of the scaffold 

nup locations in the NPC, a comprehensive understanding and the molecular details of the 

linker-scaffold interaction network that mediates the cohesion of the symmetric core has 

remained elusive. Here, we report the characterization of the complete tractable set of linker-

scaffold interactions through residue-level biochemical mapping of scaffold-binding regions 
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in linker nups and the determination of crystal and single particle cryo-EM structures of 

linker-scaffold complexes. Our analysis revealed a common linker-scaffold binding mode, 

whereby linkers are anchored by central structured motifs whose binding is reinforced by 

disperse interactions of flanking regions. We quantitatively 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 reconstruction of the 

S. cerevisiae NPC (36). In the inner ring, our new linker-scaffold structures allowed for the 

unambiguous assignment of NUP188 and NUP205 to 16 peripheral and 16 equatorial 

positions, respectively. From the nuclear envelope to the central transport channel, linkers 

bridge the layers of the inner ring to coalesce scaffold nups into eight relatively rigid spokes 

that are flexibly inter-connected, 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 

development of a minimal linker S. cerevisiae strain, establishing its robustness and essential 

nature. 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, additional eight NUP205•NUP93 copies are exclusively 

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 tandem head-to-tail CNC arrangement in the outer rings, explaining its 

fundamental 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 future studies on the NPC assembly and function. 
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Results 

Biochemical and structural analysis of  C. thermophilum linker-scaffold interactions 

Nup192 and Nup188 are question mark 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, revealing an extended a-helical solenoid with a 

question mark-shaped architecture, composed of five HEAT and fifteen ARM repeats, and a 

prominent central Tower (35, 40, 41, 48). High-resolution structures of Nup188 

encompassing the ~130 kDa N-terminal domain (NTD), which contains a central SH3-like 

domain insertion, 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 

the Nup192 Tower. Although binding of Nup192 and Nup188 has been biochemically 

mapped to the Nic96, Nup53 and Nup145N linkers, the molecular details are unknown. To 

gather these details, crucial to the elucidation of the linker-scaffold architecture, we 

performed the following comprehensive biochemical and structural analyses. 

 

Nup192 interaction with Nic96. Utilizing a crystallizable Nup192DHead (residues 153-1756) 

fragment (35), we obtained co-crystals with our previously biochemically mapped Nic96187-

301 fragment that diffracted to 3.6 Å resolution (fig. S1). Nic96 residues 187-239 were not 

resolved and were found to be dispensable for Nup192 binding by isothermal titration 

calorimetry (ITC), as both Nic96187-301 and Nic96R2 (residues 240-301) retained a 

dissociation constant (KD) of ~75 nM (Fig. 2E, fig. S2, A and D). The Nic96R2 sequence 

register was unambiguously assigned by identifying seleno-L-methionine (SeMet)-labeled 

residues in anomalous difference Fourier maps (fig. S1). To obtain the structure of full-length 

Nup192•Nic96R2, we determined a single particle cryo-EM reconstruction at 3.8 Å global 

resolution from a refined set of 176,609 particles whose preferential orientation resulted in 

an anisotropic 3.5-4.0 Å directional Fourier shell correlation (FSC) resolution range 
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(Fig. 2B, fig. S3). Nic96R2 forms two amphipathic a-helices connected via 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 cradled by the concave Nup192 surface 

formed by ten ARM and HEAT repeats and the central Tower, while the shorter C-terminal 

a-helix packs against a hydrophobic patch formed from the C-terminal Nup192 a-helices 

a75-77 (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 

molecular details of the Nup192-Nic96R2 interface, we performed structure-guided 

mutagenesis and assessed binding by size-exclusion chromatography coupled to multi-angle 

light scattering (SEC-MALS) and ITC. Consistent with an ~3,700 Å2 hydrophobic interface, 

binding was not strongly affected by individual substitutions, but only abolished by Nic96 

FFF or Nup192 LAF combination mutations (Fig. 2, C to F, figs. S2, S5 to S7). 

 

Nup188 interaction with Nic96. Next, we tested whether the same Nic96 region was 

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 1-1134) at 4.4 Å 

and 2.8 Å resolution, respectively, the latter of which aided with phasing and model-building. 

The Nup188 and Nic96R2 sequence registers were unambiguously assigned by identifying 

SeMet-labeled residues in anomalous difference Fourier maps (Fig. 2G and fig. S9). Like 

Nup192, Nup188 adopts an overall question mark-shaped architecture, composed of an 

N-terminal Head subdomain, 9 HEAT, 13 ARM repeats, and a central, comparatively more 

compact Tower (Fig. 2G). Similarly, Nic96R2 binds a concave surface between the midpoint 

and the base of the Nup188 question mark-shaped a-helical solenoid, burying ~3,700 Å2 of 

combined surface area. Although Nup188-bound Nic96R2 also forms two amphipathic 

a-helices, the a-helices start and end at different residues, resulting in a secondary structure 

that radically differs from the Nup192-bound form (Fig. 2, B and G). Nup188-bound 

Nic96R2 has a shorter N-terminal helix that binds to the central Tower, and a longer 
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C-terminal helix cradled in the concave surface at the base of Nup188 (Fig. 2G). 

Remarkably, the Nic96R2 FFF mutation that abolishes Nup192 binding had the same effect 

on Nup188 binding, despite the structural polymorphism between Nup192- and 

Nup188-bound Nic96R2 (Fig. 2, H to K, figs.S8B, S10, and S12). Analogous to the Nup192 

LAF mutant, we identified a triple Nup188 FLV substitution that disrupted Nic96R2 binding 

(Fig. 2, I to K, figs.S8C, S11, and S12). 

 

Nup192 interaction with Nup145N and Nup53. To identify the Nup145N regions necessary 

and sufficient for Nup192 binding, we performed 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 between residues 626-655 that displayed diminished binding 

to Nup192 (Fig. 3A and fig. S13). N- and C-terminal Nup145N truncation resulted in a 

minimal Nup145NR1 peptide (residues 616-683) 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 binding is primarily 

sustained by Nup145N’s R1 region, with KDs of ~825 nM and ~1,600 nM for Nup145N and 

Nup145NR1 binding, respectively (Fig. 3G and fig. S15). 

With our previously mapped minimal Nup53R1 fragment (residues 31-67) (41), we 

reconstituted an ~220 kDa Nup192•Nic96R2•Nup145NR1•Nup53R1 complex and obtained a 

single particle cryo-EM reconstruction at 3.2 Å global resolution from a selected set of 

484,910 particles whose preferential orientation resulted in an anisotropic 3.1-3.6 Å 

directional FSC resolution 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 L441 and W499 of Nup192 and F48 

of Nup53, uniquely 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 

question mark-shaped Nup192, where a hydrophobic pocket anchors the Nup145NR1 MYKL 

motif (residues 633-636) that runs perpendicular to the long axis of the question mark, with 

its N-terminus oriented towards the N-terminus of Nic96R2 (Fig. 3E). Overall, comparison of 
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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 interface through structure-guided 

mutagenesis confirmed the importance of the central hydrophobic Nup145N MYKL 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-residue 

KKR-MYKL-RKR mutant (Fig. 3, F to H, and figs. S15, S18 to S20). Conversely, 

mutagenesis of the Nup145NR1 MYKL binding site in Nup192 identified a quadruple 

Nup192 LIFH mutant that specifically abolished Nup192 binding to Nup145NR1, but not 

Nic96R2 or Nup53 (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 employed a five-alanine scanning and fragment truncation 

approach analogous to the mapping of the Nup145N-Nup192 interaction. This identified a 

minimal Nup145NR2 peptide (residues 640-732) that recapitulated wildtype binding, and a 

region between residues 706-715 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 of Nup188•Nic96R2 at 2.4 Å global resolution, and an anisotropic 

2.3-2.5 Å directional FSC resolution range. Local 3D classification of particles based on 

emergent excess density at the top of the question mark-shaped Nup188 molecule identified 

a subset of 298,317 particles that yielded a reconstruction of Nup188•Nic96R2•Nup145NR2 

at 2.8 Å global resolution, and an anisotropic 2.7-2.9 Å directional FSC resolution range 

(Fig. 4C and fig. S25). Nup145NR2 buries residues I709, L710 and F715 in a hydrophobic 

cradle adjacent to the SH3-like domain. As with Nup145NR1 bound to Nup192, only a central 
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portion of the Nup145NR2 peptide was resolved (residues 706-718) (Fig. 4C). No 

significant conformational changes were observed between the different Nup188 structures, 

in response to linker binding (fig. S26). 

Substitution of two resolved Nup145N residues, L710A and F715A, moderately 

disrupted Nup188NTD binding (Fig. 4D and fig. S27). Further systematic mutagenesis led to 

a Nup145N EDSILF mutant, which respectively abolished and reduced Nup188 binding to 

Nup145NR2 and Nup145N (Fig. 4, E and F, and figs. S28 to S30). Structure-guided 

mutagenesis of Nup188 residues interfacing with Nup145NR2 identified a Nup188 HHMI 

mutant that abolished binding to Nup145NR2, 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 promiscuous 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 comparison of these two distantly homologous a-helical solenoids (~28% 

sequence similarity) (Movie 1). Although both structures share the same overall question 

mark-shaped architecture, the Nup188 a-helical solenoid displays a tighter super-helical 

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 towards 

the Head subdomain in both structures, extending further in Nup192 than the comparatively 

compressed Nup188 version. Nic96R2 binds both scaffolds at the base of the question mark, 

but remarkably adopts different secondary structures, switching between which requires 

breaking and re-forming of a-helices (fig. S31C). In contrast, Nup145N binds to different 

parts of Nup192 and Nup188, at the midpoint and the top of the question mark-shaped 

molecules, respectively. Interestingly, the Nup145NR2 binding site at the top of Nup188 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 affinity, utilizing the same well-defined ~60-residue 

motif in binding to both Nup192 and Nup188. On the contrary, Nup145N binds to Nup192 
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and Nup188 through protracted, overlapping binding regions and a distinctive common 

binding mode: both interactions depend on a structurally defined ~10-residue Nup145N 

anchor motif, yet tight binding requires extensive ~20-60-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 structural 

characterization suggests that their binding to scaffold surfaces is highly dynamic and 

promiscuous. Notably, the previously characterized ~14-residue Nup170-binding motif of 

Nup145N (residues 729-750) does not depend on binding-enhancing flanking regions, 

suggesting that the uncovered Nup145N/Nup53 mode of binding to the Nup192 and Nup188 

scaffolds is a desirable evolutionary outcome and architectural principle of the NPC inner 

ring. 

Together, these data complete the structural and biochemical characterization of the 

biochemically tractable linker-scaffold interactions. Nup145N binds at distinct sites on 

Nup192 and Nup188, forming mutually exclusive interactions with either Nup192 and 

Nup170 or Nup188, through extensive overlapping binding sites mapped to Nup192 (R1, 

616-683), Nup188 (R2, 640-732) and Nup170 (R3, 729-750). Binding via a central anchor 

motif enhanced by extensive flanking regions is reminiscent of Velcro, in which weak 

binding 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, maintaining 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 eight-fold rotational symmetry about a 

nucleocytoplasmic axis and two-fold symmetry in the plane of the nuclear envelope (34, 35). 

In the S. cerevisiae NPC, each of the 16 inner ring protomers were proposed to consist of a 

scNup192 and a scNup188 IRC (Fig. 1, C and D), with scNup192 and scNup188 located at 

the equatorial and peripheral positions, respectively (36, 37). High-confidence quantitative 

docking of our full-length experimental Nup192•Nic96R2•Nup145NR1•Nup53R1 and 
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Nup188•Nic96R2•Nup145NR2 structures in an ~25 Å in situ cryo-ET map of the 

S. cerevisiae NPC (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 determined structures of 

Nup170•Nup53R3, Nup170•Nup145NR3, Nic96•Nup53R2, and CNT•Nic96R1 (28, 35), the 

Nup192•Nic96R2•Nup145NR1•Nup53R1 and Nup188•Nic96R2•Nup145NR2 structures 

allowed 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 

constrained the topology of linker connections. We found a single topology connecting linker 

segments related by the shortest Euclidean distance. For a detailed description of these 

results, see Supplementary Text (figs. S32 to S37). 

Together, these data elucidated the architecture 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 the S. cerevisiae inner ring occur within the same 

spoke, thereby allowing inter-spoke gaps to form. The linker-scaffold architecture provides 

a molecular explanation for the inner ring’s ability to exist in constricted and dilated states 

(36, 37). 

 

S. cerevisiae linker-scaffold is robust and essential 

Due 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 scNup170 paralog scNup157 (Fig. 1B) (2). The scNup100 and scNup116 

paralogs 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 individual scaffold-binding regions in the linker 

scNup116, we established a S. cerevisiae minimal nup100Dnup116Dnup145D strain 

complemented with scNup116 and scNup145C, ectopically expressed from centromeric 

plasmids (Fig. 5, B and C, and fig. S39). Next, we systematically mutated all functional 
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elements in the scNup116 sequence, including the scNup192, scNup188, and 

scNup157/170 scaffold-binding regions R1, R2, and R3, respectively, 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 to disrupt binding of the  C. 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 

impacted growth and mRNA/60S pre-ribosome export if introduced in R2 and R3. The less 

aggressive combination of substitutions, R1m, caused significant 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 mutation (Fig. 5, D to E 

and fig. S40). Interestingly, all scNup116 mutations resulted in temperature-dependent loss 

of 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 residues or 

more aggressive truncations of binding site-harboring subdomains of scNup192, scNup188, 

and scNic96 (Fig. 5F). Remarkably, 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/60S pre-ribosome export defects 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 

significant phenotype in a nic96D strain (Fig. 5, F to H and fig. S46). The composite 

structure of the NPC linker-scaffold suggests that Nic96R2 binding to Nup192 and Nup188 

restricts the diffusive path of the N-terminal Nic96 linker, thereby correctly positioning the 
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Nic96R1 assembly sensor that recruits the CNT complex (Fig. 5J). We reasoned that CNT 

mispositioning would affect the spatial distribution and local concentration 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 recruitment by the 

Nic96R1 region, the R2/66×GS and R2/32×GS mutations respectively resulted in lethal and 

severely deleterious effects on growth and mRNA/60S pre-ribosome export (Fig. 5, G to I, 

and fig. S46). For a detailed description of these results, see 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 connections between the membrane-coating 

Nup170 layer and the central transport channel-interfacing CNT layer through respective 

interactions with Nup145N and the N-terminal Nic96 linker regions. The wildtype phenotype 

of the nup53Dnup59D strain (57) precludes analysis of the scNup53/scNup59 interactions in 

S. cerevisiae. However, this fact coupled with our knockout of all but one of the scNup145N 

paralogs highlight the robustness of the S. cerevisiae inner ring architecture, which can 

tolerate a considerable loss of linker-scaffold interactions. Robustness is also found in 

nup-nup interactions, whereby perturbing a linker-scaffold interaction requires 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 

NPC 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 
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sequence alignments (figs. S38, S45, and S47 to S49). For a detailed description of these 

results, see 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 evolutionarily 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 interaction 

between NUP93SOL and a NUP53 region N-terminal of the RRM-like domain (residues 

1-169; N) (fig. S51) that was nevertheless devoid of homology to the corresponding 

C. thermophilum Nup53R2 amphipathic a-helix motif that fits into a hydrophobic groove of 

the Nic96SOL scaffold (figs. S48 and S49) (35). Through fragment truncation and five-alanine 

scanning mutagenesis, we identified a NUP53R2 region (residues 84-150) that formed a stable 

complex with NUP93SOL, within which residues 86-100 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 and 

NUP93SOL, we determined crystal structures of apo NUP93SOL and NUP93SOL•NUP53R2 at 

2.0 Å and 3.4 Å resolution, respectively. As with other linker-scaffold interactions, only a 

core region (residues 88-95) 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 amphipathic a-helix, human NUP53R2 binds the conserved NUP93SOL hydrophobic 

groove encompassing a-helices a5 and a13-15 as a linear eight-residue motif, burying 

~1,100 Å2 of combined surface area (Fig. 6, E and I to K, fig. S56E, and Movie 3). Systematic 

alanine substitution of the resolved NUP53R2 motif, invariant across metazoan NUP53 

sequences (fig. S49), confirmed the key role of the P89-P90 di-proline and I94, consequently 

also illustrating the importance of the NUP93SOL residues that interface with them 

(Fig. 6, G, H, and L, and fig. S57). 
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Together, our data establish that despite distinct binding modes and low sequence 

conservation, linker-scaffold interactions are evolutionarily conserved, further highlighting 

their essential role and indicating 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 successfully used to 

interpret the density of an ~23 Å cryo-ET map of the intact human NPC, yielding 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 human NUP93SOL•NUP53R2 complex, allowed us 

to build on our previous analysis with an improved ~12 Å cryo-ET map of the intact human 

NPC (provided by Martin Beck’s group) (47). As for the S. cerevisiae NPC described above, 

our quantitative docking approach consisted 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 the 

CNC, 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 

subtracted from the maps to reduce the subsequent search space for NUP93SOL•NUP53R2, 

Nup170•Nup53R3•Nup145NR3, CNT•Nic96R1, and NUP53RRM (fig. S58). For a detailed 

description of these results, see Supplementary 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 and distal outer 

ring positions, led to the discovery of a proximal NUP205 in the cytoplasmic outer ring, 

identified NUP93SOL in the outer rings, placed NUP53RRM homodimers between inner ring 

spokes, and revealed a comprehensive map of scaffold-bound linker segments that implied a 
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single symmetric core linker topology connecting linker segments related by the shortest 

Euclidean distance (figs.S77, S78, and Movie 4). The composite structure includes ~400,000 

ordered residues that explain nearly all protein density of the symmetric 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 locations on both cytoplasmic and nuclear sides, 

eight copies of NUP205 are intercalated 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 adjacent spoke, 

thus crosslinking the outer ring spokes (Fig. 7, figs. S78 to S80, and Movie 4). Compared to 

the Nup192 ortholog, NUP205 presents an additional ~240 residues that elongate the 

C-terminal Tail region, suggesting that ~95 Å is an upper estimate for the distance between 

distal NUP93R2 and NUP93SOL from adjacent spokes. 

Unique to the cytoplasmic face, an additional 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 

linkage of the distal NUP205 with the proximal NUP93SOL and, conversely, the proximal 

NUP205 with the distal NUP93SOL (Fig. 7 and 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 and NUP93SOL, respectively (fig. S80, F, H and I). 

On both nuclear and cytoplasmic sides, the NUP98APD-binding NUP96 sites present 

in the 16 CNC copies recruit 16 copies of NUP98 that can simultaneously satisfy the outer 
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ring NUP205 binding sites due to the ~115-residue linker between the 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 cytoplasmic 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 available 

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 

evolutionary conservation of the inner ring linker-scaffold architecture between H. sapiens 

and S. cerevisiae NPCs (Fig. 8). A NUP155•NUP53 linker-scaffold coats the nuclear 

envelope, anchored by membrane curvature-sensing ALPS motifs and the C-terminal 

NUP53 amphipathic helix (35, 62-64), with a peripheral and equatorial copy on each side of 

a spoke midplane. The homodimerizing NUP53RRM domains 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, respectively (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 further 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 spoke midplane 

instead. The NUP98APD-binding NUP96 and cytoplasmic filament NUP88NTD (placed in the 

accompanying manuscript) (60) sites are within reach of the ~115-residue linker between the 
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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 remarkably interwoven by linker interactions 

(Movie 4). The peripheral NUP155-NUP188-NUP93-CNT and equatorial 

NUP155-NUP205-NUP93-CNT scaffold modules that together form a protomer for a 

D8-symmetric inner ring can themselves be superposed, if NUP188 and NUP205 are 

considered 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 

midplane. Instead, within each spoke, 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 spoke midplane, through NUP98- and NUP53-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 composite structure agrees with previous 

estimates of nup stoichiometry, the implied NUP98 and NUP53 copy number exceeds the 

empirical measurements (65). Whereas the discrepancy 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-ET map of the 

dilated human NPC revealed that the inner ring spokes move as relatively rigid bodies, 

accommodating 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 intra-spoke 

topology of linkages established by N-terminal NUP93 and NUP98 linkers. Remarkably, the 

dilation of the NPC does not induce a significant increase in the gap between the adjacent 

spokes of the outer rings, consistent with the crosslinking purported by the linker between 

distal NUP93 R2 and SOL regions of adjacent spokes (fig. S83B and Movie 5). 
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Conclusions 

The linker-scaffold is a fundamental architectural principle of the NPC structure. Despite the 

continuing improvement in resolution attained by cryo-ET reconstructions of intact NPCs 

over the last decade, the fine molecular detail of the linker-scaffold has remained out of reach. 

We employed comprehensive residue-level biochemical reconstitution and mapping, 

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 evolutionary 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. cerevisiae NPC, they reveal the topology and restrain distances between linker binding 

sites on scaffold surfaces, outlining how the multivalent 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 complexes 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 connections across spoke midplanes and flexible 

links between spokes. In the outer rings, linker-scaffold interactions connect spokes and 

project ties towards the inner ring. 

Our biochemical analysis of linker-scaffold interactions involving Nup145N and 

Nup53 revealed another architectural principle, invisible to structural methods: 

linker-scaffold interactions are driven by structurally defined anchor motifs that present 

canonical two-component binding dynamics, but are potentiated by disperse, structurally 

elusive interactions between flanking residues and promiscuous binding sites on scaffold 

surfaces. These Velcro-like binding modes, sometimes referred to as ‘fuzzy interactions,’ are 

found in systems involving intrinsically disordered proteins across biology, a prominent 

example being the ultrafast exchange of nucleocytoplasmic transport receptors on FG repeats 

(12). 
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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 interactions and confers flexibility that can accommodate large movements or 

shock-absorb nuclear envelope deformations. The disperse nature of linker-scaffold 

interactions is conducive to the reuse of linker interactions in different chemical and steric 

environments of the NPC. The ensemble of binding modes provides 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 previous 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 residues (70, 71), it is unsurprising that our in vivo 

perturbation of interactions required extensive mutations to exacerbate deleterious 

phenotypes. For this reason and because of the lack of constraints imposed by a protein fold, 

new linker sequences are readily evolvable. Remarkably, the linker-scaffold network 

topology and modular binding site distribution on linkers is conserved from fungi to humans, 

despite striking divergence in linker sequences, most extremely exemplified by the complete 

divergence of the Nup53/NUP53 motif that binds to a conserved site on Nic96/NUP93. 

The binding of linkers is amenable to exchange and regulation. The linearity of 

linkers imposes few obstacles to the deposition of post-translational modifications by the 

same machinery along the entire sequence to rapidly ablate the multiple binding valences. 

Indeed, patterns of Cdk1 and Nek-driven phosphorylation that lead to the choreographed 

depletion of both NUP98 and NUP53 from the NPC during mitotic nuclear envelope 

breakdown include the R1, R2 and R3 regions of both linkers (72, 73). Structural defects in 

the NPC resulting in aberrant nucleocytoplasmic transport may affect gene expression, 

mRNA maturation and export, leading to downstream tumorigenic processes. Therefore, the 

depletion of NUP98 from the NPC as a result of gene fusion mutations associated with 

various hematopoietic malignancies should be considered in the study of the carcinogenic 

mechanisms triggered by these mutations (74). 



 

 

218 
The unexpected discovery of the presence and unique role of NUP93 in 

crosslinking 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 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 structure into an ~37 Å in situ cryo-ET map of 

the dilated human NPC demonstrates the magnitude of the movements that must be 

withstood by the linkers that connect the inner ring spokes (45). Importantly, the dilated inner 

ring reveals lateral channels between its spokes that can accommodate the passage of small 

cytosolic domains of inner nuclear membrane integral membrane proteins (INM-IMPs), 

suggesting 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 reconstructions of the human and S. cerevisiae NPC capture 

the maximally achievable lateral channel dimensions. However, the previous observations 

that karyopherin-mediated active 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). Taking advantage of the 

composite NPC structures, future studies are expected to elucidate the nucleocytoplasmic 

translocation pathways and the impact of inner ring dilation for individual INM-IMPs. 

Similarly, the translocation 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). 
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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 constriction and dilation of the inner ring may affect the distribution and local 

concentration of FG repeats in the central transport channel, a determinant of 

karyopherin-mediated transport efficiency (88), but also sterically modulate the flux of 

INM-IMPs and large cargos such as pre-ribosome or messenger ribonucleoprotein particles 

(mRNPs). Future studies will have to establish the causal links between the transmission of 

tension from the nuclear envelope to the NPC, the dilation of its inner ring, and mechanisms 

by which dilation and constriction may modulate nucleocytoplasmic transport. 

Our results shed light on the elusive linker-scaffold molecular interactions that 

maintain the integrity of the NPC, providing a comprehensive characterization of a final 

major aspect of the NPC symmetric core. Building 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, mechanisms of NPC-associated diseases, and mechanisms of NPC dilation and 

constriction along with their implications in nucleocytoplasmic transport. 
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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 

expression constructs and conditions (Table S2), protein purification procedures (Table S3), 

analytical size-exclusion chromatography coupled to inline multi-angle light scattering 

(SEC-MALS) protein interaction analyses (Table S4), and isothermal titration calorimetry 

(ITC) binding affinity measurements (Table S5), are provided. Experimental details of X-ray 

crystallography and single particle cryo-EM structure determination procedures are 

described, including summaries of crystallization and cryo-protection conditions (Table S6), 

as well as data collection, processing, 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 

pre-ribosome export assay, and mRNA export fluorescence in situ hybridization (FISH) 

assay, which establish the physiological relevance of the biochemical and structural findings, 

are provided. Details of the incremental quantitative docking procedures for nup and nup 

complex crystal and single particle cryo-EM structures into ~12 Å and ~23 Å cryo-ET maps 

of the intact human NPC (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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Figures 

Fig. 1. Outline of the symmetric core inner ring architecture. (A) Cross-sectional 

schematic of the NPC architecture. (B) Domain structures of the Chaetomium thermophilum 

inner ring linker and scaffold nucleoporins (nups). Nic96 consists of linker (residues 1-390) 

and scaffold (residues 391-1112) regions. Nomenclature for nup homologs 

from  C. thermophilum, Saccharomyces cerevisiae, and Homo sapiens. Multiple paralogs 

exist for some S. cerevisiae nups. (C, 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. 
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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, D) Summary of structure-guided (C) SUMO-Nic96R2 and (D) Nup192 

mutations’ effect on Nup192•SUMO-Nic96R2 complex formation, assayed by size-exclusion 

chromatography (SEC); (+++) no effect, (++) weak effect, (+) moderate effect, (-) abolished 

binding. (E) Dissociation constants (KDs) determined by triplicate isothermal titration 

calorimetry (ITC) experiments, with the mean and associated standard error reported. 

(F) SEC coupled to multi-angle light scattering (SEC-MALS) interaction analyses of 

Nup192•SUMO-Nic96R2 and interaction-abolishing mutants. Measured molecular masses 

are indicated, with theoretical masses in parentheses. (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 (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, I) Summary of structure-guided (H) SUMO-Nic96R2 and (I) Nup188 mutations’ 

effect 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. 



 

 

226 

 
  



 

 

227 
Fig. 3. Structural and biochemical analyses of the Nup192-Nup145N interaction. 

(A) Domain structures of C. thermophilum Nup192, Nic96, Nup53 and Nup145N; effect of 

each 5-Ala substitution on Nup145N binding to Nup192, assessed by SEC, indicated by 

colored boxes above 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, and (-) abolished binding. (C) Cartoon 

representation of 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 interaction. 

(A) Domain structures of C. thermophilum Nup188, Nic96, and Nup145N; effect of each 

5-Ala substitution on Nup145N binding to Nup188NTD, assessed by SEC, indicated by 

colored boxes above 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, and (-) 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. 
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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 sub-tomogram averaged cryo-ET map 

(EMD-10198) (36) (top). Schematic representation of a S. cerevisiae NPC spoke (bottom). 

(B) Domain structure of scNup116 variants; Gle2-binding sequence (GLEBS); 

phenylalanine-glycine repeats (FG); scNup192-binding region (R1); scNup188-binding 

region (R2); scNup157/170-binding region (R3). (C) Viability analysis of a ten-fold dilution 

series of a nup100Dnup116Dnup145D/NUP145C strain expressing scNup116 variants and 

subjected to 5-FOA selection for loss of rescuing wildtype 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 pre-ribosomal export reporter 

scRpl25-mCherry and poly(A)+ RNA at 30°C 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 ten-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 wildtype 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 wildtype, scNic96R2 

deletion, and glycine-serine (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. Scalebars are 5 µm. 
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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 1-173) and 

scaffold (residues 174-819) 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, and (-) abolished binding. 

(D) Effect of each 5-Ala substitution on SUMO-NUP53N binding to NUP93SOL, assessed by 

SEC, 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, 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, H) Summary of the effect of structure-

guided mutations in (G) SUMO-NUP53N and (H) NUP93SOL on NUP93SOL•SUMO-

NUP53N complex formation, assayed by SEC. (I-K) Magnified views of regions indicated 

with insets in (E), comparing molecular details of NUP53R2/Nup53R2 binding sites. (L) SEC 

analyses of NUP93SOL•SUMO-NUP53N complex formation and disruption by mutants. 

SDS-PAGE gel strips of peak fractions visualized by Coomassie staining. 
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Fig. 7. Architecture of the human NPC symmetric core outer rings. 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 (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. 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 (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-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). 

(C) NUP53RRM domains homodimerize between spokes to link cytoplasmic peripheral with 

nuclear equatorial, and conversely cytoplasmic equatorial with nuclear peripheral copies of 

NUP155. (D) NUP53RRM domains link cytoplasmic peripheral with nuclear equatorial, and 

conversely cytoplasmic equatorial with nuclear peripheral copies of NUP93SOL. (E) NUP205 

and NUP188 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) Closeup 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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Materials and Methods 

Materials and reagents 

The sources of all materials and reagents are summarized in Table S1. 
 

Bacterial expression constructs 

The generation of cDNAs encoding Chaetomium thermophilum Nup192, Nup188, Nic96, 

Nup145N, and Nup53 was previously reported (28, 35). NUP98 cDNA was a gift of 

Beatriz Fontoura (UT Southwestern Medical Center, USA) (90). NUP155 cDNA was a gift 

of Susan Wente (Vanderbilt University, USA) (91). NUP53, NUP93, NUP62, NUP58, and 

NUP54 cDNAs were obtained commercially (Open Biosystems). 

DNA fragments were amplified by PCR using C. thermophilum and Homo sapiens 

cDNA and cloned into either a modified pET28a vector encoding an N-terminal His6-tag 

followed by a PreScission protease cleavage site (pET28a-PreS) (92), a modified pET28a 

vector (Novagen) encoding an N-terminal His6-tag followed by a small ubiquitin-like 

modifier (SUMO) with or without an uncleavable C-terminal His6-tag (pET28a-SUMO) 

(93), a modified pET28a vector (Novagen) encoding an N-terminal His6-tag followed by an 

Avi-tag and SUMO (pET28a-Avi-SUMO), a modified pET-Duet1 vector (Novagen) 

encoding N-terminal SUMO-tags in both expression sites (pET-Duet1-SUMO2), or a 

modified pET-MCN vector (94) encoding an N-terminal His6-tag followed by SUMO 

(pET-MCN-SUMO) (28). pET28a-PreS-Avi and pET28a-SUMO-Avi expression constructs 

were generated by subsequently cloning an Avi-tag-encoding DNA cassette into the NdeI 

and BamHI sites, respectively. If necessary, the SUMO protease ULP1 cleavage site between 

SUMO and the rest of the open reading frame was ablated by introducing a glycine to 

arginine or tyrosine substitution. Substitution mutants were generated by QuikChange 

mutagenesis using PfuUltra II Fusion HotStart DNA Polymerase (Agilent Technologies). 
Truncation mutants were generated by PCR amplification of desired fragments with primers 

encoding restriction sites followed by enzymatic restriction and ligation into linearized 

plasmid vectors. All mutagenesis was confirmed by Sanger sequencing. Details of bacterial 

expression constructs are summarized in Table S2. 

Protein expression and purification 
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Proteins were expressed in Escherichia coli BL21-CodonPlus(DE3)-RIL cells (Agilent 

Technologies) in Luria-Bertani media (Fisher bioreagent), induced at an OD600 (optical 

density at 600 nm) of 0.8 with 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG). A 

detailed summary of expression times and temperatures is found in Table S2. 

Seleno-L-methionine (SeMet)-labeled proteins were expressed with a methionine pathway 

inhibition protocol, as previously described (95). Cells were harvested by centrifugation and 

resuspended in a buffer containing 20 mM tris(hydroxymethyl)aminomethane (TRIS, 

pH 8.0), 500 mM sodium chloride (NaCl), and 5 mM 2-mercaptoethanol, supplemented with 

complete EDTA-free protease inhibitor cocktail (Roche), 2 µM bovine lung aprotinin 

(Sigma-Aldrich), and 1 mM phenylmethylsulfonyl fluoride (PMSF, Gold Biotechnology). 

Cell suspensions were supplemented with deoxyribonuclease I (Roche) and lysed with a cell 

disruptor (Avestin). Lysates were cleared by centrifugation at 30,000×g for 1 hour. The 

supernatants were filtered through a 0.45 µm filter (Millipore) and purified using standard 

chromatography methods, as outlined in Table S3. Proteins were concentrated to 

~5-30 mg/ml for biochemical interaction experiments, complex reconstitution, and 

crystallization. 

 

Analytical size exclusion chromatography (SEC) 

For binding interaction analyses, all purified proteins and complexes were mixed and 

preincubated on ice for 30 minutes before injecting 200 µl of the sample on a Superdex 200 

10/300 GL column (GE Healthcare) equilibrated in a buffer containing 20 mM TRIS 

(pH 8.0), 100 mM NaCl, and 5 mM dithiothreitol (DTT). Protein-containing fractions were 

analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and 

visualized with Coomassie Brilliant Blue staining. 

Mutational analysis of the Nup192-Nic96 and Nup188-Nic96 interactions. Purified 

Nup192 and Nup188 variants were mixed with purified SUMO-Nic96R2 variants at final 

concentrations of 15 µM and 30 µM, respectively, prior to injection on a Superdex 200 

10/300 GL column. 
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5-Ala and scanning and single-residue Nup145N mutant analysis of the Nup192-

Nup145N interaction. Purified Nup192 was mixed with a purified Nup145N variants at final 

concentrations of 10 µM and 45 µM, respectively, prior to injection on a Superdex 200 

10/300 GL column. 

Nup145N truncation mutant analysis of the Nup192-Nup145N interaction. Purified 

Nup192 was mixed with a purified SUMO-Nup145N truncation variants at final 

concentrations of 10 µM and 45 µM, respectively, prior to injection on a Superdex 200 

10/300 GL column. 

Single-residue Nup192 mutant analysis of the Nup192-Nup145N interaction. 

Purified Nup192•SUMO-Nic96R2 containing Nup192 variants was mixed with a 1.2-fold 

molar excess of purified Nup53 and injected on a Superdex 200 10/300 GL column. Protein 

containing fractions corresponding to the Nup192•SUMO-Nic96R2•Nup53 containing 

Nup192 variants were collected, concentrated, and mixed with purified SUMO-Nup145N 

truncation variants at final concentrations of 10 µM and 45 µM, respectively, prior to 

injection on a Superdex 200 10/300 GL column. 

5-Ala scanning and single-residue Nup145N mutant analysis of the 

Nup188-Nup145N interaction. Purified Nup188NTD was mixed with a purified Nup145N 

variants at final concentrations of 10 µM and 45 µM, respectively, prior to injection on a 

Superdex 200 10/300 GL column. 

Nup145N truncation mutant analysis of the Nup188-Nup145N interaction. Purified 

Nup188NTD was mixed with a purified SUMO-Nup145N truncation variants at final 

concentrations of 10 µM and 45 µM, respectively, prior to injection on a Superdex 200 

10/300 GL column. 

Single-residue Nup188 mutant analysis of the Nup188-Nup145N interaction. 

Purified Nup188NTD variants were mixed with a purified SUMO-Nup145NR2 at final 

concentrations of 10 µM and 45 µM, respectively, prior to injection on a Superdex 200 

10/300 GL column. 
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NUP53 truncation mutant analysis of the NUP155NTD-NUP53 interaction. 

Purified NUP155NTD was mixed with a purified NUP53 variants at final concentrations of 

45 µM and 135 µM, respectively, prior to injection on a Superdex 200 10/300 GL column. 

NUP93 truncation and mutant analysis of CNT-NUP93 interaction. Purified CNT 

was mixed with a purified SUMO-NUP93 variants at final concentrations of 20 µM and 

60 µM, respectively, prior to injection on a Superdex 200 10/300 GL column. 

NUP53 truncation analysis of the NUP93SOL-NUP53 interaction. Purified NUP93SOL 

was mixed with purified NUP53 and SUMO-NUP53 truncation variants at final 

concentrations of 15 µM and 45 µM, respectively, prior to injection on a Superdex 200 

10/300 GL column. 

5-Ala and single-residue mutant analysis of the NUP93SOL-NUP53 interaction. 

Purified NUP93SOL variants were mixed with purified SUMO-NUP53N variants at final 

concentrations of 15 µM and 45 µM, respectively, prior to injection on a Superdex 200 

10/300 GL column. 

 

Multi-angle light scattering coupled to analytical size-exclusion chromatography 

(SEC-MALS) 

The mass of purified proteins and complexes was measured by inline multiangle light 

scattering (MALS) after separation on a Superdex 200 Increase 10/300 GL column (GE 

Healthcare) equilibrated in a buffer containing 20 mM TRIS (pH 8.0), 100 mM NaCl, and 

5 mM DTT. The chromatographic system was connected in series with an 18-angle light-

scattering detector (DAWN HELEOS II, Wyatt Technology), a dynamic light-scattering 

detector (DynaPro Nanostar, Wyatt Technology), and a refractive index detector (Optilab 

T-rEX, Wyatt Technology). Data were sampled every 1 second at a flow rate of 

0.4 ml/minute, at 21 °C, and analyzed using ASTRA 6 (Wyatt Technology) to determine the 

molar mass and mass distribution (polydispersity) of the sample (96). For binding interaction 

analyses, proteins were mixed and preincubated on ice for 30 minutes prior to the injection 

of 200 µl of sample on the size exclusion column. Protein-containing fractions were analyzed 
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by SDS-PAGE and visualized with Coomassie stain. Experimental and theoretical 

masses of all proteins and complexes are listed in Table S4. 

SEC-MALS analysis of the Nup192-Nic96 and the Nup188-Nic96 interaction. 

Purified Nup192 and Nup188 variants were mixed with purified SUMO-Nic96R2 variants at 

final concentrations of 15 µM and 22.5 µM, respectively, prior to SEC-MALS analysis. 

SEC-MALS analysis of the Nup192-Nup53 interaction and lack of the 

Nup188-Nup53 interaction. Purified Nup192•SUMO-Nic96R2 and Nup188•SUMO-Nic96R2 

were mixed with purified Nup53 at final concentrations of 15 µM and 22.5 µM, respectively, 

prior to SEC-MALS analysis. 

SEC-MALS analysis of the Nup192-Nup145N interaction. Purified 

Nup192•SUMO-Nic96R2 containing Nup192 variants were mixed with a 1.2-fold molar 

excess of purified Nup53 and injected on a Superdex 200 Increase 10/300 GL. Protein 

containing fractions corresponding to the Nup192•SUMO-Nic96R2•Nup53 containing 

Nup192 variants were collected, concentrated, and mixed with purified Nup145 or 

SUMO-Nup145NR1 variants at final concentrations of 15 µM and 22.5 µM, respectively, 

prior to SEC-MALS analysis. 

SEC-MALS analysis of the Nup188-Nup145N interaction. Purified 

Nup188•SUMO-Nic96R2 containing Nup188 variants were mixed purified Nup145 or 

SUMO-Nup145NR2 variants at final concentrations of 15 µM and 22.5 µM, respectively, 

prior to SEC-MALS analysis. 

 

Isothermal titration calorimetry (ITC) 

Isothermal titration calorimetry (ITC) measurements were performed on an Affinity ITC 

instrument (TA Instruments). The buffer conditions were equalized between titrant and 

titrand by overnight dialysis against of the same buffer. Buffer conditions, cell temperatures, 

and initial concentrations of titrants and titrands for each ITC experiment are summarized in 

Table S5. Each titration was performed by injecting 2.5 µL with an injection frequency that 

allowed for baseline equilibration between injections. The ITC data was analyzed and plotted 

with the NanoAnalyze software (TA Instruments). We employed nonlinear least squares fit 
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of a single-site binding model to estimate the dissociation constant (KD), binding site 

multiplicity parameter n, and the enthalpy of binding (∆°H). All titrations were performed in 

triplicate, and mean and standard error of the mean values were estimated for KD, n, and ∆°H 

quantities. Free energy (∆°G) and entropy (∆°S) of binding were calculated according to the 

thermodynamic identities ∆°G = ∆°H - T∆°S and ∆°G = RT ln(KD), and the error was 

propagated accordingly. The mean estimates and associated errors for thermodynamic 

parameters are reported in Table S5. 

 

Structure determination by X-ray crystallography 

Crystallization of proteins were performed at 21 °C in hanging drops containing 1 µl of 

protein and 1 µl of reservoir solution. Details about the crystallization and cryoprotection 

conditions are provided in Table S6. Crystals were cryoprotected by supplementing the drop 

with well solution containing cryoprotectant and vitrified by rapid transfer into liquid 

nitrogen. X-ray diffraction data were collected at 100 K at beamline BL12-2 at the Stanford 

Synchrotron Radiation Source (SSRL) and processed using XDS (97), unless specified 

otherwise. Iterative rounds of model building and refinement were performed using Coot 

(98) and PHENIX (99). All models presented excellent stereochemistry and geometry, as 

determined by MolProbity (100). Details regarding diffraction data processing and model 

refinement are provided in Tables S7-S10. 

Structure determination of Nup188NTD. Native and SeMet-derivatized Nup188NTD 

crystals grew in 0.1 M potassium thiocyanate and 10% (w/v) PEG-3,350 and diffracted to a 

resolution of 2.8 Å and 3.5 Å, respectively. Crystals were cryoprotected by gradually 

supplementing the drop with ethylene glycol in 1% (v/v) steps, to 25% (v/v). Initial phases 

were calculated in SHARP (101) using multiple anomalous dispersion (MAD) X-ray 

diffraction data obtained from the SeMet-derivatized Nup188NTD crystal. The initial model 

was built in the experimental electron map and refined against the higher resolution native 

data. 

Structure determination of Nup188•Nic96R2. Crystals of Nup188•Nic96R2 were 

grown in 50 mM HEPES (pH7.5) and 6.5% (w/v) PEG-20,000. Initial crystals did not 
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diffract beyond ~7 Å resolution and presented diffraction pathologies that precluded us 

from assigning the unit cell parameters and space group. We developed a dehydration 

protocol that involved a gradual increase of the PEG-20,000 concentration in the well by 

1% (w/v) every 24 hours over the span of 7 days, by briefly unsealing the EasyXtal (Qiagen) 

tray well and pipetting the appropriate amount of 35% (w/v) PEG-20,000 stock solution. The 

dehydration allowed us to identify a SeMet-derivatized crystal that diffracted to 4.4 Å. 

Crystals were cryoprotected by gradually supplementing the drop with ethylene glycol in 1% 

steps, to 25% (v/v). X-ray diffraction data were integrated and scaled using DIALS (102). 

Further scaling and reduction were performed in CCP4 suite programs AIMLESS, 

POINTLESS, and ctruncate (103). Initial phases were calculated with PHASER using the 

PHENIX MR-SAD routine to combine single-wavelength anomalous dispersion (SAD) 

phases with molecular replacement (MR) phases obtained by placing the Nup188NTD and 

Nup188Tail (PDB ID 5CWU) (28, 99, 104). The sequence register of the region not modeled 

by the Nup188NTD and Nup188Tail fragments (residues 1135 to 1146), as well as the sequence 

register of the Nup188-bound Nic96R2 polypeptide chain, were confirmed by calculating 

anomalous difference Fourier maps to locate the SeMet positions. Model B-factor refinement 

was performed with residue-group restraints and Translation-Libration-Screw-rotation 

(TLS) groups that were identified with the TLSMD server (104). 

Structure determination of Nup192DHead•Nic96R2. To favor crystallization of the 

Nup192DHead•Nic96R2 complex, we employed a Nup192 mutant, encompassing residues 

167-184 replaced with a GSGS linker previously established to improve crystal quality (35). 

Crystals were grown in 50 mM HEPES (pH 7.5), 8% (w/v) PEG-3350, 0.1 M ammonium 

sulfate, and 1% (v/v) 2-propanol. Two rounds of micro-seeding with a cat whisker were 

necessary to grow crystals of appropriate size, subsequently cryoprotected by gradually 

supplementing the drop with ethylene glycol in 1% steps, to 25% (v/v). The structure was 

phased by molecular replacement with PHASER, using a Nup192DHead model (PDB ID 

5HB3) (35). Because the map lacked electron density that could be assigned to Nic96 

residues 187-239, we generated a shorter Nic96R2 construct, comprising residues 240-301. 

Using an equivalent crystallization approach, we obtained crystals of SeMet-derivatized 
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Nup192DHead•Nic96R2 and Nup192DHead•Nic96R2 A289M complexes. Phases for the 

Nup192DHead•Nic96R2 dataset were obtained with PHASER by using the MR-SAD routine in 

PHENIX with Nup192DHead (PDB ID 5HB4) as search model (35, 105). Sequence registers 

of the two a-helices comprised by the Nup192-bound Nic96R2 polypeptide were confirmed 

by calculating anomalous difference Fourier maps to locate the positions of the 

SeMet-labeled endogenous M263, as well as the A289M substitution. 

Structure determination of apo NUP93SOL and NUP93SOL•NUP53R2. NUP93SOL 

crystals were grown by equilibrating a mixture of 1 µl protein solution and 1 µl of 75 mM 

TRIS (pH 7.5) and 11% (w/v) PEG-20,000 against a well solution consisting of 75 mM TRIS 

(pH 7.5) and 19% (w/v) PEG-20,000. Crystals were cryoprotected with mother liquor 

supplemented with 20% (v/v) ethylene glycol. Phasing was conducted by molecular 

replacement in PHASER with a search model generated from the C. thermophilum Nic96SOL 

structure (PDB ID 5HB3) (35, 105). Successful model placement and packing was achieved 

by accounting for conformational differences through the iterative placement of five normal 

mode fragments of the search model identified with the WebNMA server (106). Phases were 

subsequently improved by rebuilding the model with Autobuild (107). To aid with modeling, 

we calculated an experimental SAD map with PHASER from the anomalous contributions 

in the X-ray diffraction data contributed from sulfur atoms whose coordinates had been 

determined by initial modeling (108). The maps were improved by density modification with 

RESOLVE (109). Analogously to the crystallization of NUP93SOL, co-crystals of 

NUP93SOL•NUP53R2 and NUP93SOL•NUP53R2 I94M were grown by equilibrating a mixture 

of 1 µl protein solution and 1 µl of 75 mM TRIS (pH 8.5), 11% (w/v) PEG-20,000, and 

80 mM Na/K tartrate against a well solution consisting of 75 mM TRIS (pH 8.5), 17% (w/v) 

PEG-20,000, and 80 mM Na/K tartrate. Crystals were cryoprotected with mother liquor 

supplemented with 20% (v/v) ethylene glycol and NUP53R2 peptide. We maintained a 

ten-fold molar excess of the NUP53R2 peptide to NUP93SOL throughout the crystallization 

and cryoprotection steps. The NUP93SOL•NUP53R2 structure was phased by molecular 

replacement with apo NUP93SOL as search model. The sequence register and directionality 

of the NUP53R2 polypeptide were confirmed by calculating anomalous difference Fourier 
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maps from diffraction data collected on crystals of NUP93SOL•NUP53R2 I94M 

reconstituted with SeMet-derivatized NUP53R2 I94M. 

 

Structure determination by single particle cryo-electron microscopy (cryo-EM) 

Cryo-EM sample preparation and data collection. For all cryo-EM grid preparation, 3 µl of 

sample at 0.5 mg/ml were applied to 300 mesh R2/2 Quanitfoil grids (Micro Tools, 

Germany) freshly glow-discharged for 1 minute at 15 mA using a Pelco easiGLOW (Ted 

Pella, USA) glow discharger. Both sides of the grid were blotted for 6-8 seconds using 

Whatman No. 1 filter paper with a blot force of -5 at 4 °C and 100% humidity before 

plunging the grid into ethane at liquid nitrogen temperature using a Mark IV Vitrobot 

(Thermo Fisher Scientific, USA) automatic plunger. The grids were imaged using 300 keV 

Titan Krios electron microscopes (Thermo Fisher Scientific, USA) equipped with an energy 

filter and Gatan K2 Summit or Gatan K3 (Thermo Fisher Scientific, USA) direct electron 

detectors. High magnification movies were automatically recorded with SerialEM or EPU 

(110, 111). Data collection, processing, and model refinement parameters and statistics are 

provided in Tables S11 and S12. 

Cryo-EM data processing. Micrographs were dose-weighted, binned and motion 

corrected in MotionCor2 (112). Contrast transfer function (CTF) parameters were estimated 

using cryoSPARC PatchCTF (113). We selected a subset of micrographs that presented 

intact thin ice, homogeneous particle distribution, and excellent CTF fits from which 

particles were manually picked to generate initial 2D class average templates for automated 

reference-based particle picking in cryoSPARC (113). Particle picking and 2D classification 

were iterated several times to improve template quality until class representation was 

saturated. Particle datasets were cleaned up with 2D and 3D classification in cryoSPARC 

(113) and RELION-3 (114, 115). Ab initio reconstructions were generated in cryoSPARC 

(113) and refinements carried out in cryoSPARC (113) and RELION-3 (114, 115). The 

specific processing details for each dataset are outlined in the following sections, in 

Tables S11 and S12, and in the respective workflow diagrams (figs. S3C, S16C, and S25C). 

Global and directional Fourier shell correlation (FSC) curves were calculated with 3DFSC 

(116). Angular distribution plots were generated with RELION-3 (114, 115) or converted 
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from cryoSPARC output files with PyEM (117), and rendered with UCSF Chimera (118). 

Local resolutions were calculated with cryoSPARC Local Resolution (113) and their ranges 

determined by inspecting the distribution of local resolution values at atom positions in 

UCSF Chimera (118). In the general workflow, particle and micrograph data were converted 

and manipulated with PyEM tools (117). 

Model building and refinement. All initial models were rigid body fit into cryo-EM 

maps with UCSF Chimera (118). Further model-building and adjustment was performed 

iteratively through manual modification in Coot (98) and real-space refinement in PHENIX 

(119), including global minimization and anisotropic displacement parameter (ADP) 

refinement with default parameters, and standard covalent bond, main chain geometry and 

stereochemistry restraints, as well as Cb-torsion, rotamer, ADP, secondary structure, and 

initial model reference torsion restraints. Additional refinement restraints are specified for 

individual coordinate model refinements in the following sections. Structure quality was 

assessed with MolProbity (100) and EMRinger (120) and reported in Tables S11 and S12. 

Structure determination of Nup192•Nic96R2. We vitrified a stoichiometric 

Nup192•Nic96R2 complex SEC-purified in a buffer solution consisting of 100 mM NaCl, 

20 mM TRIS (pH 8.0), and 5 mM DTT on cryo-EM grids. Movie collection was automated 

with EPU, with the sample stage shifted between holes, recording three acquisitions per hole 

(111). The processing workflow applied to these data is outlined in fig. S3C. After extracting 

719,840 particles from a selected set of 1,082 motion-corrected micrographs (384-pixel box 

size, at 0.834 Å per pixel) and two-fold down-sampling, a 2D classification in cryoSPARC 

(113) (150 classes for 40 iterations with batch size of 200 and default box-wide circular 

masking) led to a subset of 176,609 particles selected from 2D class averages that refined to 

high resolution (<8 Å) and showed clear secondary structure features. Next, we subjected the 

particle set to single-class ab initio reconstruction and subsequent homogenous refinement 

in cryoSPARC (113), with the ab intio reconstruction low-pass filtered to 30 Å as reference 

and with default parameters applied. The resulting map was used to generate a soft mask 

(6-pixel extension, 8-pixel padding), which in turn served for an ulterior round of masked 

homogenous refinement in cryoSPARC (113) that resulted in a final reconstruction at 3.8 Å 
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global resolution. Due to preferential orientation of particles that persisted despite 

extensive sample and grid optimization efforts, the reconstruction presented anisotropic 

directional Fourier shell correlation (FSC) resolutions in the 3.5-4.0 Å range (fig. S3D and 

Table S11). Because of the small size and low contrast of the Nup192•Nic96R2 complex 

particles, we were unable to populate the underrepresented views by imaging tilted grids. 

The 3.8 Å map was globally sharpened in cryoSPARC (113) by imposing a uniform B-factor 

of -92.7 Å2. A Nup192•Nic96R2 composite structure, obtained by superposing the 

Nup192DHead•Nic96R2 and Nup192NTD (PDB ID 4KNH) (41) crystal structures (fig. S4), was 

fit into the cryo-EM map as a rigid body. Because the sequence registers of the 

Nup192DHead•Nic96R2 and Nup192NTD crystal structures were experimentally established by 

SeMet-labeling of endogenous and mutant methionine residues, the sequence register of the 

cryo-EM Nup192•Nic96R2 starting model is unambiguous. A conformational difference 

between the crystal structure and the single particle cryo-EM reconstruction Nup192 

structures was accounted for by splitting the Nup192 chain in two parts at residue S1050 and 

rigid body refining the two parts to fit the cryo-EM density. The Nup192•Nic96R2 structure 

was further refined by iterative rounds of model building and manual refinement with Coot 

(98), and real-space refinement in PHENIX (119). To preserve the excellent stereochemistry 

and geometry of the initial coordinate model during the real-space refinement against the 3.8 

Å cryo-EM map, we imposed additional Ramachandran restraints during real-space 

refinement in PHENIX (119). 

Structure determination of Nup192•Nic96R2•Nup145NR1•Nup53R1. The sample was 

prepared by incubating a 50-fold molar excess of purified Nup145NR1 and Nup53R1 peptides 

with stoichiometric Nup192•Nic96R2 SEC-purified in a buffer solution consisting of 150 mM 

NaCl, 20 mM TRIS (pH 8.0), and 5 mM DTT, before vitrifying the mixture on cryo-EM 

grids. The movie collection strategy relied on beam tilting to collect four acquisitions per 

hole over nine holes before moving the sample stage. Beam tilt compensation was applied in 

SerialEM (110) to maintain coma-free alignment during collection. Micrographs were split 

according to exposure tilt groups for eventual beam tilt refinement. The processing workflow 

applied to the data is outlined in fig. S16C. After extraction from a selected subset of 4,319 

motion-corrected two-fold binned super-resolution micrographs (420-pixel box size, at 
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0.866 Å), 2,286,858 particles were further down-sampled (256-pixel box size, at 1.421 Å 

per pixel) and subjected to 2D classification in cryoSPARC (113) (150 classes, for 40 

iterations, with batch size of 200, and default box-wide circular masking). Only 2D classes 

that could be refined to high resolution (<8 Å) and demonstrated secondary structure features 

were selected for further processing, but two subsequent rounds of 2D classification were 

carried out on the rejected particles to minimize loss of unaligned good-quality particles. The 

resulting subset of 1,690,546 particles was used for ab initio reconstruction in cryoSPARC 

(113). The ab initio reconstruction was low-pass filtered to 30 Å and used as reference for 

homogenous refinement in cryoSPARC (113) with default parameters that yielded a ~3.7 Å 

reconstruction. The particle set was further cleaned up by heterogeneous 3D refinement in 

cryoSPARC (113) with default parameters, but with a reference template set consisting of 

the ~3.7 Å map low pass filtered to 20 Å. For some of the templates, the map’s phases were 

randomized beyond a given resolution with the RELION-3 relion_image_handler tool (119). 

This strategy allowed us to incrementally eliminate noisy particles or spurious picks, which 

ended up in classes defined by phase-randomized templates, and was repeated twice: once 

with two non-random templates and four templates whose phases were randomized beyond 

40 Å, yielding a subset of 585,451 particles, and then with one non-random template and 

three templates whose phases were randomized beyond 25 Å, further reducing the subset to 

484,910 particles (fig. S16C). A soft mask was generated from the ~3.7 Å map (6-pixel 

extension, 8-pixel padding) in cryoSPARC (113). The refined subset of particles, soft mask, 

and a reference generated by low-pass filtering the ~3.7 Å map to 30 Å were used to obtain 

a final reconstruction of the Nup192•Nic96R2•Nup145NR1•Nup53R1 complex by non-

uniform refinement with default settings in cryoSPARC (121) at 3.2 Å global resolution. Due 

to preferential orientation of particles that persisted despite extensive sample and grid 

optimization efforts, the reconstruction presented anisotropic directional Fourier shell 

correlation (FSC) resolutions in the 3.1-3.6 Å range (fig. S16D and Table S11). Because of 

the small size and low contrast of the Nup192•Nic96R2•Nup145NR1•Nup53R1 complex 

particles, we were unable to populate the underrepresented views by imaging tilted grids. 

The single particle cryo-EM Nup192•Nic96R2 structure was used as initial coordinate model 

and revealed additional cryo-EM density at the top and midpoint of the question mark-shaped 
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Nup192 molecule. After tracing the unexplained cryo-EM density with poly-alanine 

chains in Coot (98) to demarcate protein density, the preliminary structure was used as input 

for automatic sharpening and anisotropy correction with PHENIX AutoSharpen (122), which 

improved the 3.2 Å map interpretability. Subsequent model building and manual refinement 

was also performed in Coot (98), and real-space refinement performed in PHENIX (119). 

Despite the Nup145NR1 sequence consisting of 67 residues, the resolved cryo-EM density 

was consistent with an eight-residue chain. Despite being located in a lower local resolution 

part of the cryo-EM map, the density corresponding to the Nup145NR1 peptide was of 

sufficient quality to allow for unambiguous model building. The Nup145N R1 peptide was 

modeled by considering all possible eight residue sequence windows to identify one most 

congruent with the side chain features present in the cryo-EM density and the binding site 

chemical properties. The Nup145NR1 chain structure was then validated by systematic 

mutational analysis of the Nup145N sequence and its binding site on Nup192 (Fig. 3F and 

figs. S18 and S21). Cryo-EM density that could be modeled as a dipeptide containing a bulky 

residue was observed in a hydrophobic groove on the Nup192 surface previously mapped as 

the Nup53 binding site by systematic mutagenesis of the Nup192 surface (41). Of the 36 

residues in the Nup53R1 sequence, the F48-G49 motif was uniquely consistent with the size 

and shape of the density, the hydrophobic chemical environment, and previous mutational 

analysis that identified F48 as the only residue necessary for the Nup192-Nup53R1 interaction 

(41). 

Structure determination of Nup188•Nic96R2 and Nup188•Nic96R2•Nup145NR2. The 

sample was prepared by incubating a 20-fold molar excess of purified Nup145NR2 peptide 

with purified Nup188•Nic96R2 in a buffer solution consisting of 100 mM NaCl, 20 mM TRIS 

(pH 8.0), and 5 mM DTT, before vitrifying the mixture on cryo-EM grids. The movie 

collection strategy relied on beam tilting to collect four acquisitions per hole over nine holes 

before moving the sample stage. Beam tilt compensation was applied in SerialEM to 

maintain coma-free alignment during collection (110). Micrographs were split according to 

exposure tilt groups for eventual beam tilt refinement. The processing workflow applied to 

the data is outlined in fig. S25C. After extracting 7,988,427 particles from a selected 10,064 

motion-corrected four-fold binned super-resolution micrograph subset (256-pixel box size, 



 

 

252 
at 1.296 Å per pixel), we performed 2D classification in cryoSPARC (113) (200 classes, 

for 40 iterations, with batch size of 200, and default box-wide circular masking) and selected 

particles belonging to 2D classes that refined to high resolution (<8 Å) and showed secondary 

structure features. We performed a second round of 2D classification on the rejected particles 

to salvage inadvertently discarded good-quality particles, recovering in total a subset of 

3,769,450 particles, used subsequently for ab initio reconstruction in cryoSPARC (113). The 

particle set was further refined by 3D classification-refinement in RELION-3 (114, 115), 

which was carried out with the ab initio reconstruction low-pass filtered to 60 Å as reference 

for six classes (t=4, 230 Å mask diameter, and 5 Å E-step) for 50 iterations, by which point 

the refinement and occupancy of 3D classes demonstrated convergent behavior. Particles 

corresponding to two 3D classes displaying high-resolution protein features were selected 

for further processing, yielding a subset of 2,250,110 particles. A soft mask was generated 

from one of the 3D class average reconstructions (6-pixel extension, 8-pixel padding) in 

RELION-3 (114, 115). Using the ab initio reconstruction low pass-filtered to 60 Å as 

reference and the soft mask, we obtained a Nyquist-limited ~2.6 Å reconstruction in 

RELION-3 3D auto-refine (114, 115) (230 Å mask diameter). Hence, we re-extracted the 

particle subset (340-pixel box size, at 0.972 Å per pixel) and performed Bayesian polishing 

(trained on 5,000 particles, half of which were kept as a test set, svelocity=0.2 Å/dose, 

sdivergence=5,000 Å, sacceleration=2 Å/dose, and a 20 Å minimum resolution for B-factor fit) and 

CTF refinement (beam-tilt/trefoil/4th order aberrations, magnification anisotropy, and 

defocus astigmatism as individual steps, in that order) in RELION-3 (114, 115). We repeated 

the RELION-3 3D auto-refine and reconstruction procedure, now with polished particles at 

a pixel size of 0.972 Å, to obtain a ~2.4 Å reconstruction. We further 3D classified the refined 

particles into six classes for 50 iterations (t=40, 230 Å mask diameter, and 5 Å E-step) 

without refining the particles’ angular orientation or offset, to obtain a cleaned-up subset of 

709,123 particles that also led to a 2.4 Å global resolution reconstruction in RELION-3 auto-

refine (230 Å mask diameter), albeit with improved map features (114, 115). Due to 

preferential orientation of particles that persisted despite extensive sample and grid 

optimization efforts, the reconstruction presented anisotropic directional Fourier shell 

correlation (FSC) resolutions in the 2.3-2.5 Å range (fig. S25D and Table S12). Because of 
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the small size and low contrast of the Nup188•Nic96R2•Nup145NR2 complex particles, 

we were unable to populate the underrepresented views by imaging tilted grids. The map was 

globally sharpened by applying a B-factor of -10.0 Å2 and filtered with the RELION-3 Post 

processing tool (114, 115). The Nup188•Nic96R2 crystal structure was used as initial 

coordinate model and found to fit well in the 2.4 Å cryo-EM map, indicating no major 

conformational differences between the crystal and single particle cryo-EM structures 

(fig. S26). Because the sequence register of the Nup188•Nic96R2 crystal structure was 

experimentally established by SeMet-labeling of methionine residues, the sequence register 

of the cryo-EM Nup188•Nic96R2 starting model is unambiguous. The Nup188•Nic96R2 

coordinates were iteratively refined by manual modification in Coot (98) and real-space 

refinement with default parameters in PHENIX (119). Upon inspection of the initial map at 

low contour levels, a weak yet distinctly tubular cryo-EM density was observed in the 

saddle-like groove proximal to the SH3-like domain of Nup188, later confirmed to 

correspond to the Nup145NR2 density. To isolate a homogenous subset of particles that 

contained the Nup145NR2 cryo-EM density, we defined a wide mask (~60 Å in diameter, 

6-pixel extension, 8-pixel padding) around the volume surrounding the extra cryo-EM 

density and subtracted the area outside the mask from down-sampled particles (256-pixel 

box size, at 1.296 Å per pixel). In RELION-3 (114), we performed 3D classification of 

masked subtracted particles into two classes, without refining their orientations and offsets. 

We optimized the t regularization parameter over a range from 10 to 100, identifying t=40 

as optimal for maximizing the difference between the two classes. After the 3D classification 

of subtracted particles converged (t=40, 230 Å mask diameter, 75 iterations, and 6 Å E-step), 

we reverted a selected subset of 309,652 subtracted particles that belonged to the 3D class 

displaying extra cryo-EM density to non-subtracted particles. We further 3D classified the 

non-subtracted particles in RELION-3 (114, 115) into four classes (t=40, 230 Å mask 

diameter, 50 iterations, and 5 Å E-step) to ensure particle homogeneity. Finally, we 

performed non-uniform refinement on the subset of 298,317 particles in cryoSPARC (121) 

with default parameters, using the 3D class average reconstruction low pass filtered to 30 Å 

as initial reference and a mask generated from the 3D class average reconstruction (4-pixel 

extension, 6-pixel padding), yielding a final reconstruction of the 
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Nup188•Nic96R2•Nup145NR2 complex at 2.8 Å global resolution. Due to preferential 

orientation of particles, the reconstruction presented anisotropic directional Fourier shell 

correlation (FSC) resolutions in the 2.7-2.9 Å range (fig. S25G and Table S12). The 

Nup188•Nic96R2 single particle cryo-EM structure was used as initial coordinate model. 

Despite 88 residues being present in the Nup145NR2 sequence, the resolved cryo-EM density 

was consistent with a 13-residue chain. Due to the lower local resolution of the cryo-EM map 

region corresponding to the Nup145NR2 peptide, the chain was modeled by considering all 

possible 13-residue sequence windows and identifying the sequence most congruent with 

side chain features present in the cryo-EM density and binding site chemical properties. The 

Nup145NR2 chain structure was validated by mutational analysis of the Nup145NR2 sequence 

and its binding site on Nup188 (Fig. 4D and figs. S27 and S29). Having assigned the 

Nup145NR2 peptide sequence, the Nup188•Nic96R2•Nup145NR2 coordinates were iteratively 

manually refined in Coot (98) and real-space refined in PHENIX (119). After the first round 

of refinement, the cryo-EM map was improved by applying refined atomic B-factor-based 

local filtering and sharpening in LocScale (123) before further iterations of manual and real-

space refinement. 

 

Pulldown assay for NUP188 and NUP205 binding to linkers NUP93, NUP98, and NUP53 

NUP205 and NUP188 expression in S. cerevisiae. H. sapiens NUP205 cDNA was obtained 

commercially (Kazusa Genome Technology). H. sapiens NUP188 cDNA lacking the coding 

region for residues 1738-1749 was obtained commercially (DNAsu Plasmid Repository) and 

modified by primer extension PCR to include the missing codons. The human NUP205 and 

NUP188 open reading frames were amplified by PCR and cloned into the multiple cloning 

site of a pRS426 2µ yeast plasmids by enzymatic restriction with BamHI and NotI and 

ligation, downstream of a PGAL1-10 promoter inserted between SalI and EcoRI restriction sites. 

A DNA cassette encoding 3×FLAG-His6 was subsequently cloned into the BamHI site. 

Plasmids were transformed into the BY4741 S. cerevisiae strain by the lithium acetate 

method and selected on synthetic dextrose complete without uracil (SDC-URA) solid media. 

Large scale 1 L cultures in synthetic raffinose complete without uracil (SRC-URA) liquid 

media were inoculated 1:100, grown at 30 ºC to an OD600 of 1.0, and supplemented with 
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galactose to a final concentration of 2% (w/v) to induce expression. After induction, yeast 

cultures were incubated at 30 ºC for an additional 6 hours before harvesting by 

centrifugation. Cells were resuspended at an OD600 of 400 in lysis buffer containing 20 mM 

TRIS (pH 7.5), 150 mM NaCl, 5 mM DTT, 5% (v/v) glycerol, 5 mM 

ethylenediaminetetraacetic acid (EDTA, pH 8.0), and supplemented with 2 µM bovine lung 

aprotinin (Sigma-Al), 1 mM PMSF and complete EDTA-free protease inhibitor cocktail 

(Roche). The suspension was flash frozen in liquid nitrogen before cryo-milling (Retsch). 

The pulverized frozen lysate was stored at -80 ºC. To generate clarified lysate for the 

pulldown assay, thawed aliquots of the pulverized lysate were centrifuged twice for 

10 minutes at 30,130×g and 4 ºC, transferring the supernatant into a clean Eppendorf tube 

between centrifugations. 

In vitro biotinylation of Avi-tagged bait proteins. Purified His6-Avi-SUMO-tagged 

NUP93R2, NUP98 and NUP53 variants were biotinylated at a protein concentration of 40 µM 

in a buffer solution composed of 50 mM bicine (pH 8.3), 100 mM biotin, 10 mM adenosine 

triphosphate (ATP), 10 mM magnesium acetate, and 20 µg/ml biotin ligase (BirA) at 30 °C 

for 4 hours. Subsequently, biotinylated protein was purified from the excess biotin with a 

5 ml HiTrap Desalting (GE Healthcare) column equilibrated with a buffer containing 20 mM 

TRIS (pH 8.0), 100 mM NaCl, and 5 mM DTT. The efficiency of biotinylation was 

evaluated by incubating the biotinylated protein with Streptavidin MagneSphere 

Paramagnetic Particles (Promega) and assessing the ratio of bound to unbound protein by 

SDS-PAGE and Coomassie brilliant blue staining of the two fractions. 

In vitro pulldown and immunoblotting. Streptavidin MagneSphere Paramagnetic 

Particles (Promega) resin was equilibrated with a buffer containing 20 mM TRIS (pH 8.0), 

100 mM NaCl and 5 mM DTT. The resin was then incubated with 200 ng of biotinylated 

bait protein per 1 µl of resin for 30 minutes at room temperature, followed by removal of the 

supernatant and three resin-volume washes with a washing buffer composed of 20 mM TRIS 

(pH 7.5), 150 mM NaCl, 1 mM DTT, and 0.05% (v/v) Tween-20. For each pulldown, 50 µl 

of resin were aliquoted and resuspended in 25 µl of washing buffer before incubation with 

300 µl of clarified S. cerevisiae lysate for 30 minutes on ice. After the removal of the 
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supernatant, the resin was washed with 50 µl of washing buffer, transferred to a clean 

Eppendorf tube, and resuspended in 25 µl of washing buffer. Finally, 8.33 µl of 

4×SDS-PAGE loading buffer were added to the resin and the mixture was incubated for 

2 minutes at 98 ºC. Load, bait and pulldown samples were resolved with SDS-PAGE. The 

bait-only samples were visualized with Coomassie staining, whereas the pulldown and load 

samples were transferred to a PVDF membrane, which was blocked for 1 hour at room 

temperature in 5% (w/v) fat-free milk powder resuspended in phosphate buffered saline 

supplemented with Tween 20 (PBS-T) buffer. All antibody blotting was performed in 

SuperBlock-PBS blocking buffer (Thermo Fisher Scientific) and subsequent washes were 

performed at room temperature in PBS-T buffer. To detect 3×FLAG-tagged NUP205 and 

NUP188, the PVDF membrane was incubated for 1 hour at room temperature with an mouse 

monoclonal anti-FLAG primary antibody (Sigma-Aldrich; 1:6,000 dilution), washed three 

times, and subsequently incubated for 1 hour at room temperature with a secondary goat 

anti-mouse antibody fused to an IR800 fluorescent protein (LI-COR; 1:6,000 dilution), 

which was detected with a Li-Cor Odyssey imager using the 800 nm channel at 169 µm 

resolution and a scan intensity of 2.5. 

 

Multispecies sequence alignment 

To infer evolutionary conservation between C. thermophilum, S. cerevisiae, and H. sapiens, 

we sampled primary sequences from species broadly representative of the phylogenetic 

diversity between fungi and metazoans. Primary sequences of Nup188, Nup192 and Nic96 

scaffold nup homologs were aligned with the PROMALS3D server (124). The highest 

resolution available structures from different organisms were used as inputs to facilitate the 

alignment. Linker nup alignments were generated with MAFFT (125). Whereas it was 

possible to align Nup145N sequences from fungi to metazoans, some binding region motifs 

in Nup53 could not be aligned, in some cases even between the fungal species S. cerevisiae 

and C. thermophilum. To study sequence conservation of Nup53 homologs on a narrower 

evolutionary scale, we generated individual multispecies alignments of Nup53 homolog 

sequences from species related to C. thermophilum, S. cerevisiae, and H. sapiens. Sequence 
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alignments were colored with ALSCRIPT by sequence similarity according to the 

BLOSUM62 matrix (126). 

 

S. cerevisiae reverse genetics and functional assays 

S. cerevisiae culture and expression plasmids. Preparation of all media (yeast peptone 

dextrose, YPD; synthetic dextrose complete, SDC; synthetic galactose complete, SGC) and 

lithium acetate yeast transformation were carried out according to standard protocols. For 

plasmid marker selection, selective media was formulated by omitting the appropriate amino 

acids or nucleobase (leucine, -LEU; histidine, -HIS; methionine, -MET; uracil -URA). To 

construct S. cerevisiae nup expression plasmids, fragments were amplified by PCR from 

S. cerevisiae genomic DNA and inserted by enzymatic restriction and ligation into the 

multiple cloning site of plasmids from the pRS series containing a PNop1 promoter (127). 

Mutants were generated by QuikChange mutagenesis using PfuUltra II Fusion HotStart 

DNA Polymerase (Agilent Technologies), or by PCR amplification of desired fragments 

with primers encoding restriction sites, followed by enzymatic restriction and ligation into 

linearized plasmid vectors. According to need, nup genes and gene variants were subcloned 

into vectors containing different N-terminal tags (eGFP, mCherry, 3×FLAG, and 3×HA) or 

C-terminal tags (mCherry and 3×HA) with different selection markers (MET15, pRS411; 

HIS3, pRS413; LEU2, pRS415; URA3, pRS416) by restriction enzyme digestion and 

ligation. The pRS415-PNop1-3×FLAG and pRS415-PNop1-3×HA plasmids were generated by 

inserting 3×FLAG or 3×HA DNA cassettes into HindIII and BamHI or HindIII and NotI 

sites by enzymatic restriction and ligation, respectively. All mutagenesis and subcloning was 

confirmed by Sanger sequencing. Details of S. cerevisiae constructs employed in this study 

are summarized in Table 13. 

S. cerevisiae genetic manipulation. Starting from a parent BY4741 strain, haploid 

knockout strains were generated by homologous recombination of genomic loci with 

PCR-amplified KanMX6 or the natNT2 cassettes introduced into cells by lithium acetate 

transformation, as previously described (128, 129). Subsequently, KanMX6 and natNT2 

genomic integration was selected for on YPD solid media containing G418 (Gold 

Biotechnology) or nourseothricin (Gold Biotechnology), respectively, and confirmed by 
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PCR amplification of genomic DNA and Sanger sequencing. Prior to knocking out a 

lethal gene, parental strains were complemented with a pRS416 plasmid carrying the 

respective wildtype S. cerevisiae gene controlled by a PNop1 promoter. The generation of 

nup192D, nic96D, and nic96Dnup57-eGFP strains was described previously (28). Details 

about haploid yeast strains employed in this study are summarized in Table 14. 

Generation of the nup100Dnup116Dnup145D strain. We generated a 

loxP-natNT2-loxP cassette by flanking the natNT2 cassette with upstream and downstream 

loxP sequences (5’-ATAACTTCGTATAATGTATACTATACGAAGTTAT-3’) via 

QuikChange mutagenesis of the previously described pFA6a-natNT2 plasmid (128). We 

used the loxP-natNT2-loxP cassette to knock out the NUP116 gene in the nup100D strain 

transformed with the pRS416-PNop1-scnup116-nup145C chimera plasmid. The 

scnup116-nup145C chimera gene was generated by fusing DNA fragments coding for the 

Nup116 residues 1-967 and Nup145C residues 1-712 by overlap PCR extension. The 

loxP-natNT2-loxP was excised from the nup100Dnup116D genome by expressing the Cre 

recombinase from the pRS413-PGAL1-10-Cre plasmid on SGC-HIS solid media. The Cre 

cDNA was obtained as a gift from David Baltimore (California Institute of Technology, 

USA) (130), amplified by PCR, and cloned into a pRS413 plasmid by enzymatic restriction 

with XbaI and NotI and ligation, following the insertion of a PGAL1-10 promoter cassette by 

enzymatic restriction with SalI and EcoRI and ligation. The pRS413-PGAL1-10-Cre plasmid 

was then removed from the strain by outgrowth on solid YPD media followed by two rounds 

of selection against growth on SDC-HIS solid media. Next, we knocked the NUP145 gene 

out with a natNT2 cassette. Although the pRS416-PNop1-scnup116-nup145C chimera plasmid 

rescued the lethal triple gene knockout in the nup100Dnup116Dnup145D strain, the strain 

displayed a slow growth phenotype. We established that complementation of the 

nup100Dnup116Dnup145D strain with pRS415-PNop1-scNUP116 and pRS413-PNop1-

nup145C plasmids resulted in wildtype growth rates. Hence, before further shuffling with 

NUP116 variants, we substituted the pRS416-PNop1-scnup116-nup145C chimera rescue 

plasmid with the pRS416-PNop1-scNUP116 plasmid and either a pRS413-PNop1-nup145C, 

pRS413-PNop1-nup145C-mCherry, or pRS413-PNop1-nup145C-3×HA plasmid. 
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Mutant viability and growth assays. To test the effect of nup variants, pRS415, 

pRS415-3×HA, pRS415-3×FLAG, pRS415-eGFP or pRS415-mCherry constructs 

containing nup gene variants controlled by a PNop1 promoter were transformed into a 

knockout strain and selected twice on SDC-LEU solid media. To ‘shuffle’ the 

complementing pRS416 plasmids, transformants were grown until mid-log phase at 30°C, 

diluted to an OD600 of 0.2 and 7.5 µl, and 15 µl of a ten-fold dilution series were spotted onto 

SDC-LEU and SDC with 5-fluoroorotic acid (SDC+5-FOA) solid media, respectively, and 

incubated at favorable growth temperatures (23°C for all strains except for nup188Dpom34D 

and nup188Dpom152D, which were incubated at 30 °C). The viable transformants were 

subjected to an ulterior round of selection on SDC+5-FOA. Growth of viable transformants 

was analyzed by diluting mid-log phase cells to an OD600 of 0.2, spotting 5 µl of a ten-fold 

dilution series on YPD solid media, and incubating the spotted cultures at different 

temperatures. 

Western blot analysis of protein expression. To ascertain the expression of plasmid 

constructs, we repeated all growth and viability assays with transformants carrying plasmids 

with 3×FLAG and 3×HA-tagged variants. Protein extraction from mid-log phase yeast cells 

was performed via NaOH and SDS treatment, as previously described (131). The total 

protein extracts were resolved by SDS-PAGE and transferred to a PVDF membrane, which 

was blocked for 1 hour at room temperature in 5% (w/v) fat-free milk powder resuspended 

in PBS-T buffer. All antibody blotting was performed in SuperBlock-PBS blocking buffer 

and subsequent washes were performed at room temperature in PBS-T buffer. Western 

blotting of Nup145C-3×HA and 3×HA-Nup192 variants was performed with a 1-hour 

incubation at room temperature with a mouse monoclonal anti-HA antibody (Biolegend; 

1:5,000 dilution). Western blotting of 3×FLAG-Nic96, 3×FLAG-Nup116 and 3×FLAG-

Nup188 variants was performed with a 1-hour incubation at room temperature with a mouse 

monoclonal anti-FLAG antibody (Sigma-Aldrich; 1:6,000 dilution). Equal loading was 

established with an overnight incubation at 4 °C with rabbit anti-hexokinase antibody (US 

Biological; 1:6,000 dilution). Primary antibody binding was detected by 1 hour incubation at 

room temperature with a goat anti-mouse antibody fused to an IR800 fluorescent protein 
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(LI-COR, 1:6,000 dilution) or a goat anti-rabbit antibody fused to an IR800 fluorescent 

probe (LI-COR, 1:6,000 dilution), respectively, and imaged with an Li-Cor Odyssey imager 

using the 800 nm channels in a single scan at 169  µm resolution and a scan intensity of 5. 

Live cell fluorescence for subcellular localization studies. Liquid cultures of shuffled 

and non-shuffled strains were grown at 30°C in YPD and SDC-LEU media, respectively. To 

assess the effect of shifting temperature, liquid cultures were grown at 37 °C for 6 hours 

(nic96D and nup192D strains), 37 °C for 4 hours (nup100Dnup116Dnup145D strain), or 

16 °C for 4 hours (nup188D and nup188Dpom34D strains). For fluorescence and differential 

interference contrast (DIC) microscopy imaging, cells were pelleted by centrifugation for 

2 minutes at 1000 × g, resuspended in 100 mM potassium phosphate (pH 6.4), and rapidly 

imaged at room temperature using a Carl Zeiss Observer Z.1 equipped with a Hamamatsu 

camera C10600 Orca-R2. 

60S pre-ribosome export assay. Knockout strains were co-transformed with pRS415-

PNop1 plasmids carrying variants of the knocked-out gene, and with a pRS411-PNop1-scRpl25 

plasmid expressing an mCherry-tagged L25 ribosomal protein. Following shuffling of the 

rescue plasmids on SDC-MET+5-FOA solid media, liquid cultures of yeast transformants 

were grown at 30°C in SDC-MET media to an OD600 of 0.4 and subsequently shifted to 37°C 

for 6 hours (nic96D strain), 16°C for 4 hours (nup188Dpom34D strain) or not shifted but 

allowed to reach OD600 of 1.0 (nup100Dnup116Dnup145D strain). For fluorescence and 

differential interference contrast (DIC) microscopy, cells were pelleted by centrifugation for 

2 minutes at 1000 × g, resuspended in 100 mM potassium phosphate (pH 6.4), and rapidly 

imaged at room temperature using a Carl Zeiss Observer Z.1 equipped with a Hamamatsu 

camera C10600 Orca-R2. 

Fluorescent in situ hybridization (FISH) mRNA export assay. The preparation of 

S. cerevisiae cells for FISH was adapted from previously established protocols (23, 132). 

Liquid cultures of shuffled yeast transformants were grown at 30 °C in YPD media to an 

OD600 of 0.4 and subsequently shifted to 37°C for 6 hours (nic96D strain), 30 °C and 37 °C 

for 4 hours (nup100Dnup116Dnup145D strain), or 16 °C for 4 hours (nup188Dpom34D 

strain). Cell washes were carried out by centrifuging cells for 2 minutes at 1000 × g followed 
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by gentle resuspension. For each experimental group, cells were resuspended at OD600 of 

1.0 in 1 ml of 4% (v/v) formaldehyde, 100 mM potassium phosphate (pH 6.4), and fixed for 

1.5 hours at 23 °C. Following two washes in 100 mM potassium phosphate (pH 6.4) and two 

washes in 100 mM potassium phosphate (pH 6.4), 1.2 M sorbitol, cell walls were digested 

in 100 mM potassium phosphate (pH 6.4), 1.2 M sorbitol, 2.5 mg/ml T20 zymolyase (US 

Biological) for 40 minutes at 30 °C. Following two gentle washes with 100 mM potassium 

phosphate (pH 6.4), 1.2 M sorbitol, cells were resuspended in 200 µl of the same buffer and 

cell walls further sheared by pipetting the cells 20 times. The resulting spheroplasts were 

placed on freshly poly-lysinated coverslips for 10 minutes and the unadhered spheroplasts 

pipetted off before the coverslips were submerged in -80 °C methanol for 6 minutes followed 

by a 5 second submersion in -80 °C acetone and rapid drying under an air stream for 

30 minutes. The following washes and incubations were carried out by pipetting 500 µl of 

solution on and off the spheroplasts fixed onto coverslips. The coverslips were incubated 

with 100 mM triethanolamine (pH 8.0) for 2 minutes at 23 °C before they were incubated 

with 100 mM triethanolamine (pH 8.0), 0.25% (v/v) acetic anhydride for 10 minutes at 

23 °C. After two washes with 2× saline sodium citrate buffer (SSC), coverslips were inverted 

and incubated for 30 minutes at 37 °C onto 40 µl of hybridization buffer, consisting of 

50% (v/v) formamide (Thermo Fisher), 10% (w/v) dextran sulfate (Sigma-Aldrich), 4×SSC, 

1×Denhardt’s solution (Sigma-Aldrich), 125 µg/ml E. coli tRNA (Roche), 500 µg/ml salmon 

sperm DNA (Invitrogen). Next, coverslips were incubated on hybridization buffer including 

1.67 µg/ml Alexa Fluor 647-labeled 50-mer oligo(dT) probe (Integrated DNA Technologies) 

for 16 hours at 37 °C in a humid chamber equilibrated with 2×SSC. Following hybridization, 

coverslips were sequentially incubated in the dark for 1 hour in 2×SSC at 23 °C, for 

30 minutes in 1×SSC at 23 °C, for 30 minutes in 0.5×SSC at 37 °C, and for 30 minutes in 

0.5×SSC at 23 °C before mounting in DAPI-containing mounting solution (ProLong Gold 

Antifade, Invitrogen), and imaging with a Carl Zeiss Observer Z.1 microscope equipped with 

a Hamamatsu camera C10600 Orca-R2. 

Quantitation of 60S pre-ribosome and mRNA export assays. In the 60S pre-ribosome 

export assay, the nuclear rim was identified by the localization of GFP-tagged nup variants 
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to the nuclear envelope and the nuclear retention of S60 pre-ribosomal particles was 

assessed based on the relative intensity between the nucleus and the cytoplasm of the signal 

from the mCherry-tagged L25 ribosomal protein. In the mRNA export assay, the DAPI 

staining of chromatin was used to identify nuclei and nuclear retention of poly(A)+ RNA as 

assessed based on the relative intensity between the nucleus and the cytoplasm of the signal 

from the Alexa647-labeled 50-mer oligo(dT) probe used to FISH-label poly(A)+ RNA. For 

both ribosomal and mRNA export assays, five individuals independently assessed >500 cells 

for each imaged variant without knowing the identity of the images. The ratios of cells with 

nuclear retention phenotype to the total number of assessed cells reported by the five 

individuals were averaged to produce a mean value. Three independent biological replicas 

(independent transformants of a variant plasmid) were assayed and quantitated for each 

experiment. The mean of the three replicas’ ratio of cells with nuclear retention of mRNA or 

60S pre-ribosomes along with the associated standard error of the mean were reported. 

 

Docking of crystal and cryo-EM structures into cryo-electron tomographic (cryo-ET) maps 

Quantitative docking by global searching and statistical scoring. For each 

quantitative docking experiment, we used the UCSF Chimera fitmap tool (118) to generate 

1 million random placements of densities simulated from crystal and single particle cryo-EM 

structures conservatively low-pass filtered close to the resolution of the cryo-ET map (for 

details about docking in specific cryo-ET maps, see sections below). Placements were limited 

to an asymmetric unit of the C8 symmetry-averaged cryo-ET map from which nuclear 

envelope membrane regions had been eliminated by segmentation with the UCSF Chimera 

segger tool (118), and a volume overlap cutoff of 20% was employed to limit the random 

placements to map protein density, keeping default values for all other UCSF fitmap tool 

parameters. To prevent missing any unique placements, we determined that 1 million random 

initial placements is at least 100-fold saturating at every placement location. To evaluate the 

docking within a statistical framework, we performed an analysis similar to previous 

correlation-based approaches to docking in cryo-ET maps (32). After local rigid body 

optimization of the randomly placed simulated volumes’ fit to the cryo-ET map, calculated 

correlations about the mean (Pearson correlations) were Fisher z-transformed and 
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normalized. The resulting distribution of Fisher z-transformed Pearson correlations was 

modeled by a normal distribution. Because correct placements are rare events relative to the 

bulk of random placements, we used the Fisher z-score distribution as a null distribution from 

which to calculate one-tailed p-values for the top-scoring placements. 

Docking of crystal and cryo-EM structures into an ~25 Å in situ S. cerevisiae NPC 

cryo-ET map. We performed independent global searches in the full ~25 Å sub-tomogram 

averaged cryo-ET map of the in situ imaged S. cerevisiae NPC (EMD-10198) with simulated 

volumes for each single particle cryo-EM Nup188•Nic96R2•Nup145NR2 and 

Nup192•Nic96R2•Nup145NR1•Nup53R1 structure as well as the composite 

Nup192•Nic96R2•Nup145NR1•Nup53R1 crystal structure that included the crystal structure 

conformation of Nup192, all low-pass filtered to 25 Å (36). Two top-scoring solutions 

separated from the bulk of placements located two Nup192•Nic96R2•Nup145NR1•Nup53R1 

copies per spoke in the equatorial question mark-shaped densities on nuclear and cytoplasmic 

sides of the inner ring, with marginally higher confidence scores for the placement of the 

crystal structure conformation of Nup192 (fig. S32, A and B). Likewise, two top-scoring 

solutions separated from the bulk of placements located two Nup188•Nic96R2•Nup145NR2 

copies per spoke in the peripheral question mark shaped densities on nuclear and cytoplasmic 

sides of the inner ring (fig. S32C). The assignment was confirmed by visual inspection of the 

correspondence between Nup188 and Nup192 structural features to the cryo-ET map density, 

including the Nup188 SH3-like domain, the comparatively longer Nup192 Tower 

subdomain, and the difference in the super-helical pitch of the Nup188 and Nup192 a-helical 

solenoids (fig. S33). Next, we placed four copies per spoke of 

Nup170•Nup145NR3•Nup53R3, Nic96SOL•Nup53R2, and CNT•Nic96R1 into the inner ring, 

respectively, by superposition with the previously determined composite structure of the 

S. cerevisiae NPC and local rigid body fitting into the cryo-ET map density (36). The 

C-terminal a-helical solenoid domain of Nup170 was shown to be conformationally flexible 

(35). To improve the fit into the cryo-ET density, the peripheral 

Nup170•Nup145NR3•Nup53R3 composite structure was split according to its constituent 

Nup170 N-terminal and C-terminal portions, which were independently rigid body refined 

against the cryo-ET map. Finally, the scCNC and scNup82•scNup159•scNsp1 complex 
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(including scDyn2) models were retained from the previously available composite 

structure of the S. cerevisiae NPC (36). 

Incremental quantitative docking into an ~12 Å cryo-ET map of the intact human 

NPC. The incremental docking approach was similar to and expanded on the previous 

docking of symmetric core crystal structures into an ~23 Å sub-tomogram averaged cryo-ET 

map of the intact human NPC (35), and is graphically outlined in fig. S58. Structures of CNC 

(fig. S59), Nup192•Nic96R2•Nup145NR1•Nup53R1 (figs. S60 and S61), 

Nup188•Nic96R2•Nup145NR2 (fig. S62), and NUP358NTD (reported in the accompanying 

manuscript) were quantitively docked into the full ~12 Å cryo-ET map of the intact human 

NPC (EMD-14322) (47, 60). Subsequently, the cryo-ET density explained by the docked 

structures was subtracted from the cryo-ET density of the full NPC map, as well as maps 

segmented to comprise only the inner ring. Iteratively, quantitative docking was performed 

with the NUP93SOL•NUP53R2 (fig. S68), Nup170•Nup145NR3•Nup53R3 (multiple 

conformations of Nup170; figs. S70 and S71), CNT•Nic96R1 (fig. S72), and the NUP53RRM 

homodimer (fig. S74) structures, with the assigned cryo-ET density subtracted from the maps 

before each subsequent round of global searching. For comparison with previous analyses, 

reference quantitative docking of the new Nup192•Nic96R2•Nup145NR1•Nup53R1 (figs. S65 

and S66), Nup188•Nic96R2•Nup145NR2 (fig. S67), and NUP93SOL•NUP53R2 (fig. S69) 

structures was performed in the previously available ~23 Å cryo-ET map of the intact human 

NPC (EMD-3103) (38). To search for complementary shapes in the cryo-ET maps, volumes 

simulated from crystal and single particle cryo-EM structures were low pass filtered to 15 Å 

and 25 Å for docking into the ~12 Å and ~23 Å cryo-ET maps, respectively. The architecture 

determined for the cytoplasmic outer ring was further validated by placing a cytoplasmic 

outer ring protomer into an ~8 Å X. laevis cytoplasmic face protomer composite cryo-EM 

map (EMD-0909) (133) (for details about the placement, see dedicated section below). To 

generate a composite structure of the human NPC, we evaluated solutions resulting from 

independent global searches in the ~12 Å map of the intact human NPC. The number of 

meaningful solutions for a given global search was determined by rejecting solutions based 

on direct overlap with other higher-scored solutions and visually observable mismatch 

between the docked structure and the contour of the cryo-ET map. In the following sections, 
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we outline the docking procedure for all components of the symmetric core, specifically 

detailing the docking and selection of solutions for the novel placements of 

Nup192•Nic96R2•Nup145NR1•Nup53R1, Nup188•Nic96R2•Nup145NR2, 

NUP93SOL•NUP53R2, and the NUP53RRM homodimer in the symmetric core of the human 

NPC. The docking of the other symmetric nup crystal structures was carried out as previously 

reported (34, 35), yielding the same placements. 

Docking of CNC into an ~12 Å human NPC cryo-ET map. Previously reported 

composite structures of the Y-shaped CNC hetero-nonamer, composed of the S. cerevisiae 

CNC-hexamer (PDB ID 4XMM) (29), the NUP84•NUP133 hetero-dimer (PDB ID 3I4R) 

(24), NUP43 (PDB ID 4I79) (30), NUP37 (PDB ID 4FHM) (25), and NUP133NTD (PDB ID 

1XKS) (15) crystal structures, were quantitatively docked into an ~12 Å cryo-ET map of the 

intact human NPC, yielding four high scoring solutions separated from the bulk of 

placements (solutions 1, 2, 3, and 4). Visual inspection confirmed excellent agreement of all 

four solutions with the ~12 Å cryo-ET map density (fig. S59A). Top solutions identified two 

concentric rings of eight CNCs sat atop each side of the nuclear envelope, for a total of 32 

CNC copies per NPC (35). NUP133NTD domains of the composite CNC structure were 

further locally rigid body fit at each of the four unique locations (fig. S59, B and C). 

Docking of Nup192•Nic96R2•Nup145NR1•Nup53R1 into an ~12 Å human NPC 

cryo-ET map. To identify the locations of the NUP205 hub, we performed global searches 

with the single particle cryo-EM Nup192•Nic96R2•Nup145NR1•Nup53R1 structure (fig. S60) 

and a composite Nup192•Nic96R2•Nup145NR1•Nup53R1 structure that included the crystal 

structure conformation of Nup192 (fig. S61) in the full and inner ring ~12 Å cryo-ET maps 

of the intact human NPC. Docking of the composite crystal structure in the full and inner 

ring ~12 Å cryo-ET maps of the intact human NPC yielded five top-scoring solutions 

separated from the bulk of placements (solutions 1, 2, 3, 4, and 5) and two top-scoring 

solutions separated from the bulk of placements (solutions 1 and 2, corresponding to 

solutions 4 and 5 in the full map), respectively. Docking of the single particle cryo-EM 

structure in the full ~12 Å cryo-ET map yielded the same five top-scoring solutions, albeit 

with lower scores due to the better fit of the crystal structure Nup192 conformation to the 

cryo-ET density. Visual inspection confirmed excellent agreement of all five top-scoring 
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solutions with the ~12 Å cryo-ET map density (figs. S63 and S64) and of the two 

cytoplasmic outer ring solutions (solutions 2 and 3 in the composite crystal structure docking) 

with the ~8 Å X. laevis outer ring protomer composite cryo-EM map density (fig. S75, D to 

F). Reference docking of single particle cryo-EM (fig. S65) and composite crystal (fig. S66) 

structures in the full and inner ring ~23 Å cryo-ET maps of the intact human NPC identified 

four top-scoring solutions separated from the bulk of placements (solutions 1, 2, 3, and 4 in 

the full map and solutions 1 and 2 in the inner ring map). The 5th docking solution identified 

in the ~12 Å cryo-ET map, at the proximal cytoplasmic outer ring position, was also 

identified as the 8th (single particle cryo-EM structure search) and 9th (composite crystal 

structure search) highest-scoring solution. Thus, we accepted five docking solutions as 

NUP205 hub locations in the human NPC for a total of 40 copies per NPC: inner ring 

cytoplasmic/nuclear equatorial, outer ring cytoplasmic/nuclear distal, and outer ring 

cytoplasmic proximal. 

Docking of Nup188•Nic96R2•Nup145NR2 into an ~12 Å human NPC cryo-ET map. 

To identify the locations of the NUP188 hub, we performed global searches with the single 

particle cryo-EM Nup188•Nic96R2•Nup145NR2 structure in the full and inner ring ~12 Å 

cryo-ET maps of the intact human NPC, yielding five top-scoring solutions separated from 

the bulk of placements (solutions 1, 2, 3, 4, and 5) and two top-scoring solutions separated 

from the bulk of placements (solutions 1 and 2, corresponding to solutions 4 and 5 in the full 

map), respectively (fig. S62). Three out of five solutions were eliminated based on overlap 

with higher-scoring solutions (lower p-value): solutions 1, 2, and 3 overlapped with the 

accepted NUP205 hub docking solutions 3, 2, and 1, respectively. The rejection of these 

solutions was confirmed by visual inspection revealing the absence of the NUP188 SH3-like 

domain and the presence of the distinct NUP205 super-helical pitch in both the ~12 Å human 

cryo-ET (fig. S64) and ~8 Å X. laevis (fig. S75D) cytoplasmic outer ring protomer cryo-EM 

maps. Solutions 4 and 5 from the full map search were accepted. Visual inspection confirmed 

excellent agreement of solutions 4 and 5 from the full map search and the ~12 Å cryo-ET 

map density (fig. S63). Reference docking in the full and inner ring ~23 Å cryo-ET maps of 

the intact human NPC identified four top-scoring solutions separated from the bulk of 

placements (solutions 1, 2, 3, and 4 in the full map and solutions 1 and 2 in the inner ring 
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map) corresponding to solutions identified in the full ~12 Å cryo-ET map of the intact 

human NPC (solutions 2, 3, 4, and 5). Thus, we accepted two docking solutions as NUP188 

hub locations in the human NPC for a total of 16 copies per NPC: inner ring 

cytoplasmic/nuclear peripheral. 

Docking of NUP358NTD into an ~12 Å human NPC cryo-ET map. As detailed in the 

accompanying manuscript (60), five copies of the NUP358NTD open conformation were 

identified as top scoring solutions per human NPC spoke of the ~12 Å cryo-ET map of the 

intact human NPC, for a total of 40 copies per NPC. 

Docking of NUP93SOL•NUP53R2 into an ~12 Å human NPC cryo-ET map. We 

performed global searches with the NUP93SOL•NUP53R2 crystal structure in an ~12 Å 

cryo-ET map of the intact human NPC from which densities assigned to the CNC, the 

NUP205 hub, the NUP188 hub, and NUP358NTD had been subtracted (fig. S68A), as well as 

an ~12 Å cryo-ET map of the inner ring of the intact human NPC from which densities 

assigned to the NUP205 and NUP188 hubs had been subtracted (fig. S68B). Docking in the 

full subtracted ~12 Å cryo-ET map yielded four high-scoring solutions separated from the 

bulk of placements (solutions 1, 2, 3, and 4). Docking of the crystal structure in the inner ring 

subtracted ~12 Å cryo-ET map yielded three high-scoring solutions separated from the bulk 

of placements (solutions 1, 2, and 3). Solutions 1 and 2 of the ~12 Å inner ring subtracted 

cryo-ET map search corresponded to solutions 2 and 3 of the ~12 Å full subtracted human 

NPC cryo-ET map search (inner ring cytoplasmic peripheral and nuclear peripheral, 

respectively). Solution 3 of the ~12 Å inner ring subtracted cryo-ET map search located to 

the inner ring cytoplasmic equatorial position (fig. S68B). Solutions at all five identified 

positions were accepted: outer ring cytoplasmic/nuclear distal, inner ring 

cytoplasmic/nuclear peripheral and inner ring cytoplasmic equatorial. Having accepted three 

copies of NUP93SOL•NUP53R2 in the inner ring, the 2-fold symmetry of the inner ring 

indicated a missing 4th copy at the inner ring nuclear equatorial position. Visual inspection 

of the additional inner ring map search solutions identified solution 36 as fitting the cryo-ET 

density and fulfilling the 2-fold symmetry of the inner ring. Solutions 4-35 from the inner 

ring search were eliminated because they were: less optimal fits of NUP93SOL•NUP53R2 

overlapping with top-scoring solutions (solution 6 overlapped with solution 2; solutions 4, 9, 
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15, 28, and 31 overlapped with solution 1), overlapping with other nup placements 

(solutions 5, 7, 8, 11-14, 17-20, 22-24, 26, 29, 30, and 32 overlapped with NUP155), or 

mismatches with the cryo-ET density contour (solutions 10, 16, 21, 25, 27, and 33-35 located 

to the discontinuous cryo-ET density later assigned to two NUP53RRM homodimers). The 

docking solutions were confirmed by visual inspection of shape complementarity in the 

~12 Å human cryo-ET map (fig. S68) and, for solution 4 from the full subtracted map search, 

the presence of a-helical secondary structure elements in ~8 Å X. laevis cytoplasmic outer 

ring protomer composite cryo-EM map (fig. S75C). Reference docking of the crystal 

structure in the full and inner ring ~23 Å cryo-ET maps of the intact human NPC with density 

assigned to the CNC, the NUP205 hub, the NUP188 hub, and NUP358NTD subtracted yielded 

two top-scoring solutions separated from the bulk of placements (solutions 1 and 2, 

corresponding to solutions 1 and 4 from the ~12 Å cryo-ET subtracted full map search; 

fig. S69A) and four top-scoring solutions separated from the bulk of placements (solutions 

1, 2, 3 and 4, corresponding to solutions 1, 2, 3, and 36 from the ~12 Å cryo-ET subtracted 

inner ring map search; fig. S69B), respectively. Thus, we accepted six docking solutions for 

NUP93SOL•NUP53R2, distributed on nuclear and cytoplasmic sides according to 2-fold 

symmetry of the symmetric core: two at the distal outer ring positions, and four at respective 

peripheral and equatorial inner ring positions. The previously established nucleoporin 

stoichiometry (65) indicated the possibility of seven NUP93 copies per spoke being present 

in the human NPC. After all other nucleoporin crystal and single particle cryo-EM structures 

were docked in the ~12 Å cryo-ET map of the intact human NPC, as described in this and 

the accompanying manuscript (60), the NUP93SOL•NUP53R2 crystal structure could be 

readily manually fit and further locally rigid-body refined into a rod-shaped region of weak 

cryo-ET density adjacent to the proximal NUP205 hub location in the cytoplasmic outer ring. 

With the manual placement of the seventh NUP93SOL•NUP53R2 copy per spoke of the human 

NPC symmetric core at the proximal outer ring position, we assigned a total of 56 

NUP93SOL•NUP53R2 copies per human NPC. 

Docking of Nup170•Nup53R3•Nup145NR3 into an ~12 Å human NPC cryo-ET map. 

Subsequently to subtracting assigned NUP93SOL•NUP53R2 densities from the hereto 

subtracted ~12 Å cryo-ET map, to identify locations of the NUP155 hub, we performed 
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global searches with three composite crystal Nup170•Nup53R3•Nup145NR3 structures 

that differed in the conformation of the Nup170 a-helical solenoid (fig. S70A), as determined 

previously (35). The two top-scoring solutions identified from global searches with 

conformation II of the Nup170•Nup53R3•Nup145NR3 composite crystal structure 

corresponded to the cytoplasmic and nuclear bridge NUP155 hub placements, respectively 

(fig. S70B). Furthermore, the two top-scoring solutions identified from global searches with 

conformation I of the Nup170•Nup53R3•Nup145NR3 composite crystal structure in the inner 

ring of the subtracted ~12 Å cryo-ET map identified the nuclear and cytoplasmic equatorial 

inner ring placements of the NUP155 hub (fig. S71A). Finally, as in the previous docking of 

the ~23 Å cryo-ET map, it was not possible to identify inner ring peripheral placements of 

the NUP155 hub with global searches due to the imperfect match of the Nup170 

conformation as well as the poor local quality of the cryo-ET density (35). We placed 

conformation III of the Nup170•Nup53R3•Nup145NR3 composite crystal structure at 

cytoplasmic and nuclear peripheral positions and rigid body fit them locally into the cryo-ET 

density (fig. S71B). Thus, we assigned 6 copies of the NUP155 hub per spoke of the human 

NPC for a total of 48 copies per NPC. The placement of the Nup170•Nup53R3•Nup145NR3 

structures is consistent with previously reported docking results (34, 35). 

Docking of CNT•Nic96R1 into an ~12 Å human NPC cryo-ET map. Subsequently to 

subtracting assigned NUP155 hub densities from the ~12 Å cryo-ET map, to identify the 

locations of CNT•NUP93R1, we performed global searches in the inner ring with the 

CNT•Nic96R1 crystal structure (PDB ID 5CWS) (28). The four inner ring placements were 

identified by solutions 2, 3, 6 and 9 . Solutions 1, 4, 5, 7, and 8 were rejected because they 

were: mismatches with the cryo-ET density contour (solutions 1 and 4), overlapping with 

other nup placements (solution 5 overlapped with NUP155), or overlapping with 

higher-scoring CNT•Nic96R1 search solutions (solutions 7 and 8 overlapped with solution 

6). Thus, we assigned 4 copies of CNT•NUP93R1 per human NPC spoke for a total of 32 

copies of per NPC (fig. S72A). Importantly, the placement of accepted solutions was 

confirmed by the presence of additional cryo-ET density adjacent to the Nup57 a/b domain. 

NUP54, the metazoan ortholog of Nup57, possesses an additional ferrodoxin-like domain 

insert associated with the a/b domain, which predicted the locations of the additional 
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cryo-ET density explained by the by the X. laevis NUP54 ferrodoxin-like domain crystal 

structure (PDB ID 5C2U) (42), (figs. S72B and S73). The placement of the CNT•Nic96R1 

crystal structure is consistent with previously reported docking results (34, 35). 

Docking of the NUP53RRM homodimer and NUP98APD into an ~12 Å human NPC 

cryo-ET map. Subsequently to subtracting densities assigned to the CNT•NUP93R1 complex 

from the hereto subtracted ~12 Å cryo-ET map, we performed global searches with the 

NUP53RRM homodimer (PDB ID 4LIR) and NUP98APD crystal structures (PDB ID 1KO6) 

(14). Global searches of the NUP53RRM homodimer crystal structure yielded a single 

high-scoring solution (solution 1). Whereas solutions 2-10 overlapped with solution 1 

(rotations that are less optimal fits), solution 11 corresponded to the 2-fold symmetry mate 

of solution 1. Visual inspection of the fit for solutions 1 and 11 corroborated the fit of 

solutions 1 and 11 to account for the two discontinuous globular cryo-ET densities between 

the inner ring spokes (fig. S74A). Global searches of the NUP98APD crystal structure yielded 

a single high-scoring solution (solution 1). Whereas solutions 2-7 overlapped with solution 

1 (rotations that are less optimal fits), solution 8 corresponded to the 2-fold symmetry mate 

of solution 1 (fig. S74B). Solutions 1 and 8 from the NUP98APD global search overlapped 

with solutions 1 and 11 from the NUP53RRM homodimer global search, respectively. Because 

the two globular densities identified by the searches are discontinuous with other cryo-ET 

density, to withstand signal cancellation by sub-tomogram averaging they must be held in 

place by unresolved tethers, such as two or more flexible linkers. Unlike the NUP53RRM 

homodimer, NUP98APD is connected by a single linker. Thus, both NUP98APD solutions were 

rejected due to overlap with the physically plausible NUP53RRM solutions. We accepted 

solutions 1 and 11 from the NUP53RRM global search as two NUP53RRM homodimer 

locations in the human NPC for a total of four NUP53RRM copies per spoke or 32 copies per 

NPC. 

Docking into an ~37 Å dilated in situ cryo-ET map of the human NPC. A composite 

structure of a symmetric core spoke obtained by quantitative docking into the constricted 

~12 Å cryo-ET sub-tomogram averaged human NPC map (EMD-14322) (47) was manually 

placed in the dilated in situ ~37 Å cryo-ET sub-tomogram averaged human NPC map (EMD-

11967) (45). The structure fit into the dilated human NPC ~37 Å cryo-ET map was further 
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locally refined with rigid body groups defined on the inner ring subunits, individual 

bridge NUP155 hubs, distal outer ring subunits and proximal outer ring subunits. A C8 

symmetry operation was applied to place the docked spoke to the rest of the dilated human 

NPC ~37 Å cryo-ET map (fig. S83). 

Docking of the entire cytoplasmic outer ring protomer in an ~8 Å X. laevis 

cytoplasmic face protomer map. The anisotropic ~8 Å composite single particle cryo-EM 

map of the X. laevis cytoplasmic outer ring protomer (EMD-0909) (133) was superposed to 

the ~12 Å cryo-ET map of the intact human NPC (EMD-14322) (47). The map-to-map 

superposition placed the coordinates of a cytoplasmic outer ring protomer composite 

structure of the intact human NPC into the ~8 Å composite single particle cryo-EM map of 

the X. laevis cytoplasmic outer ring protomer, with good agreement between the cryo-EM 

density and the structure coordinates (fig. S75, A and B). The placement of individual 

structures within the cytoplasmic outer ring protomer was further refined by local rigid-body 

fitting, confirming the placement of two NUP205 hub and the distal NUP93SOL•NUP53R2 

copies into an ~5.5 Å region of the composite cryo-EM map of the X. laevis cytoplasmic 

outer ring protomer (fig. S75, C to F). The map did not include regions corresponding to the 

proximal copy of NUP93SOL•NUP53R2, presumably due to omission by the masking applied 

during map processing. 

 

Linker-scaffold topology analysis 

Human and S. cerevisiae linkers are predicted to be devoid of significant secondary and 

tertiary structure elements, with the exception of the established folded domains (RRM in 

scNup53/59 and NUP53; CTD/APD in scNup100/116/145N and NUP98), a predicted 

~15-residue a-helical region adjacent to Nic96R1/NUP93R1, and scaffold-bound linker 

regions resolved in linker-scaffold co-crystal and single particle cryo-EM structures. To 

assess which resolved linker regions are within reach of establishing a connection, we 

measured Euclidean distances between all positions at which two consecutive resolved 

scaffold-bound linker regions are found within a spoke, as well as between the nearest cross-

spoke neighbors (figs. S35 and S78). Visual inspection ensured that the shortest Euclidean 

distances did not result from paths spanning through folded protein cores. Euclidean 
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distances were compared with the maximal length of a fully extended polypeptide and 

the typical end-to-end root mean squared (r.m.s.) length of a natively unfolded polypeptide 

according to the Gaussian chain model developed by Flory, with a characteristic ratio 

parameter of ~3, typical for unstructured polypeptide linkers (134, 135), for the number of 

unresolved linker residues between each pair of scaffold-bound resolved linker regions 

(figs. S35 and S78). This analysis established which pairs of scaffold-bound linker positions 

are too distant to be linked by fully extended polypeptides, singling out unique connections 

between pairs, as well as connections that are enforced by other connections of the same type 

being unique. This analysis also revealed pairs of scaffold-bound linker positions that are 

related by significantly shorter Euclidean distances than other connections of the same type. 

Because linker connection paths wind around scaffold domains, and because the distance 

that a connecting linker spans is reduced by the formation of any secondary structure or 

additional contacts between linker segments flanking the resolved scaffold-bound linker 

regions and scaffold surfaces, the comparison of Euclidean distances with fully extended 

polypeptide lengths overestimates the number of possible connections. Considering that 

stretching of a natively unfolded polypeptide beyond its r.m.s. length incurs entropic 

penalties, a single topological solution, conserved between S. cerevisiae and human linker-

scaffolds, connects the resolved linker segments related by the shortest Euclidean distance 

(maximum distance parsimony) and with the smallest number of linkers possible (maximum 

linker copy parsimony) (figs. S35, S36, S78, S80, and S82). Notably, the specific 

connections from NUP98APD to the NUP98 R1-R2-R3 scaffold-binding regions, and the 

connection from bridge NUP155-bound NUP53R3 to outer ring NUP205/NUP93SOL-bound 

NUP53R1/NUP53R2 linkers in the human NPC could not be assigned due to the ambiguity 

that arises from the connections being mediated by relatively long linkers and several pairs 

of scaffold-bound linker positions being similarly distant (figs. S35 and S78). 

 

Figures and movies 

Gel filtration profiles and MALS graphs were generated in IGOR (WaveMetrics) and 

assembled in Adobe Illustrator. Structure figures were created using PyMol 

(www.pymol.org) and UCSF Chimera (118). Animations were generated using PyMol 
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(www.pymol.org) and edited in Adobe Premiere Pro. Quantitative map fitting histograms 

were generated with the Python seaborn library (136).  
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Supplementary text 

Architecture of the S. cerevisiae linker-scaffold 

The inner ring of the NPC adopts an overall doughnut-shaped architecture with eight-fold 

rotational symmetry about a nucleocytoplasmic axis and two-fold symmetry in the plane of 

the nuclear envelope (34, 35). Each of the 16 inner ring protomers were proposed to consist 

of a scNup192 inner ring complex (IRC) and a scNup188 IRC, with scNup192 and scNup188 

located at the equatorial and peripheral positions, respectively (36, 37). Whereas quantitative 

docking of the folded scaffold nups Nup170, Nic96, Nup192, Nup188 and channel nup 

heterotrimer (CNT; Nsp1•Nup49•Nup57) 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 determined structures of Nup170•Nup53R3, 

Nup170•Nup145NR3, Nic96•Nup53R2, and Nic96R1•CNT (28, 35), the 

Nup192•Nic96R2•Nup145NR1•Nup53R1 and Nup188•Nic96R2•Nup145NR2 structures now 

allow us to identify the locations of the entire linker-scaffold network showing all binding 

sites in the NPC’s inner ring (Fig. 1, C and D). 

With full-length experimental structures available, we statistically scored the fit of a 

million randomly placed and locally refined resolution-matched densities simulated from 

Nup192•Nic96R2•Nup145NR1•Nup53R1 and Nup188•Nic96R2•Nup145NR2 structures against 

a ~25 Å in situ cryo-ET map of the S. cerevisiae NPC that captures a dilated inner ring state 

(fig. S32) (36). Nup192 and Nup188 were quantitatively docked with high confidence into 

inner ring equatorial and peripheral question mark-shaped cryo-ET densities, respectively, 

confirming previous proposals (36, 37). Structural differences, including the reduced width 

due to tighter superhelical pitch of the Nup188 a-helical solenoid and of the presence of an 

SH3-like domain in Nup188, closely matched discriminating features of the cryo-ET density 

(fig. S33). Linker-scaffold Nup170•Nup145NR3•Nup53R3, Nic96SOL•Nup53R2, and 

CNT•Nic96R1 structures were placed by superposition with the previously determined 

composite model of the S. cerevisiae NPC inner ring (figs. S34 and S35) (28, 35, 36). 

The docking shows that scNup192 and scNup188 are linker-scaffold hubs crucially 

positioned between the membrane-coating scNup157/170 and the central transport 
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channel-interfacing scCNT layers of the inner ring (Movie 2). The placement of 

Nup170•Nup145NR3•Nup53R3 in the scNup157/170 layer depicts it as a pegboard onto which 

linkers are anchored. Because the integrity of stochiometric Nup192 and Nup188 IRCs in 

solution depends on linker-scaffold interactions, we wondered if the same interactions could 

be identified in the composite structure of the S. cerevisiae NPC’s inner ring. We considered 

whether the length of linker polypeptides connecting pairs of scaffold-bound linker segments 

constrained the topology of linker connections. We found a single topology connecting linker 

segments related by the shortest Euclidean distance (figs. S35 to S37). Indeed, scNic96R2 

bound to scNup192 and scNup188 connects respective equatorial and peripheral copies of 

scNic96SOL and scCNT•scNic96R1 (figs. S36, D, E, H, and I, and S37, E and F). 

scNic96SOL-bound scNup53/59R2 is connected to scNup157/170-bound scNup53/59R3, 

scNup192-bound scNup53/59R1 is connected to a cross-spoke scNic96SOL-bound 

scNup53/59R2, and scNup192-bound scNup100/116R1 is connected to scNup157/170-bound 

scNup100/116R3 (figs. S36, B, C, F, and G, and S37, D, and E). Because linkers between the 

different scNup100/116 scaffold-binding regions in the same molecule are not sufficiently 

long to span the physical distances between binding sites in the composite structure, 

scNup188-bound scNup100/116R2 and peripheral scNup157/170-bound 

scNup100/116/145NR3 could not be connected to other inner ring scNup100/116/145N 

linker-scaffold binding sites (fig. S35), consistent with the mutually exclusive binding events 

observed in solution (35). Importantly, the biochemical incompatibility corresponding to 

physically impossible connections suggests that the assembly of inner ring complexes is a 

priori encoded by their biochemical properties to prevent the formation of spurious linker-

scaffold complexes. 

Nearly all connections occur within each of the eight spokes of the NPC: peripheral 

and equatorial scNic96 copies’ N-terminal linkers connect the respective scCNT and 

scNup188 or scNup192 (figs. S36, D, E, H, and I, and S37, E and F) and scNup100/116 

mediates the connection between scNup192 and the equatorial scNup157/170 (figs. S36F 

and S37E). As explained above, scNup188 and the peripheral scNup157/170 are each 

required to bind their own scNup100/116/145N copy. Consistent with previous biochemical 

and structural data, the peripheral scNup157/170-bound scNup145NR3 connects the 
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scNup145NAPD bound to the CNC component Nup145C, while the scNup188-bound 

scNup100/116R2 and equatorial scNup157/170-bound scNup100/116R3 connect to the 

scNup100/116CTD sites in the two copies of the asymmetrically cytoplasmic 

scNup82•scNup159•scNsp1 complex (figs. S35, S36, A, J, and K, S37, C and F) (35, 36, 53, 

137). Although a stretched scNup53/59 linker can reach at least three different scNup157/170 

positions from each peripheral and equatorial scNic96SOL, the nearest neighbor is only ~50 Å 

away in both cases, in contrast to all the other copies that are at least twice as distant 

(fig. S35). Therefore, scNup53/59 is expected to connect the peripheral scNup157/170 with 

the equatorial scNic96SOL, and vice versa, the equatorial scNup157/170 with the peripheral 

scNic96SOL, both across the inner ring midplane (figs. S36, B and C, and S37D). The 

scNup53/59-mediated connection between scNup192 and scNic96SOL is a linker-scaffold 

interaction that necessarily occurs between adjacent spokes (figs. S36G and S37E), as we 

previously proposed (35). This linker-scaffold arrangement suggested the scNup53/59RRM 

dimer is placed between spokes, which would also result in a cross-spoke connection, despite 

the lack of corresponding cryo-ET density. 

Together, these data elucidate the architecture of the S. cerevisiae inner ring 

linker-scaffold (fig. S37 and Movie 2). Apart from scNup53/59-mediated spoke bridging, all 

linker-scaffold connections in the S. cerevisiae inner ring occur within the same spoke, 

thereby allowing inter-spoke gaps to form. Thus, the linker-scaffold architecture provides a 

molecular explanation for the inner ring’s ability to exist in constricted and dilated states 

(36). Future work needs to address the forces that govern the inner ring’s reversible dilation 

and constriction, with membrane tension being the most likely candidate. 

 

S. cerevisiae linker-scaffold is robust and essential 

Due 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 scNup170 paralog scNup157 (Fig. 1B) (2). Evolutionary retention of distinct 

inner ring paralogs suggests they are either speciated to occupy unique positions and roles 

within the assembled NPC, or are broadly redundant and capable of accommodating several 

binding functions at once. A multispecies sequence alignment uncovered that the 
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S. cerevisiae scNup100 and scNup116 paralogs contained 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 that recruits the mRNA 

export factor scGle2 (fig. S38) (50). In addition, all three paralogs contain C-terminal 

domains (CTDs) that were previously shown to form interactions with either scNup145C or 

scNup82, which are components of the scCNC and cytoplasmic filaments, respectively (35, 

53, 138). 

To interrogate the function of individual scaffold binding regions in the linker 

scNup116 identified by multispecies sequence alignment (fig. S38), we first established a 

S. cerevisiae minimal linker strain in which mutations would not be complemented by the 

scNup145N and scNup100 paralogs (Fig. 5, B and C and fig. S39). Because scNup145N 

results from the cleavage of a scNup145 precursor protein whose other product scNup145C 

incorporates into the scCNC and is required for survival (139), all experiments involving 

NUP145 deletion were carried out in the presence of NUP145C ectopically expressed from 

a centromeric plasmid. Building on previous studies of synthetic lethality (140), we 

systematically established that all double knockout combinations of NUP100, NUP116 and 

NUP145 can be rescued by a chimeric NUP116-NUP145C (fig. S39). Consequently, we 

found that NUP116 is able to complement the nup100Dnup116Dnup145D strain (in the 

presence of ectopic NUP145C), albeit with background nuclear mRNA retention above 

wildtype levels (Fig. 5E, figs. S39, C and D, and S40). Unlike previously described for 

Nup100 (50), scNup145N chimeras containing either a GLEBS motif or the entire 

GLEBS-containing FG-repeat domain of scNup116 could not rescue the 

nup100Dnup116Dnup145D/NUP145C strain, suggesting an essential function for the R1/R2 

regions that are uniquely absent in Nup145N but not the other paralogs (fig. S39, E and F). 

Based on this result, we systematically mutated all functional elements in the 

scNup116 sequence, and found that the GLEBS, FG and CTD are essential (Fig. 5, B and C, 

and fig. S40, A to C). We targeted the scNup192, scNup188 and scNup157/170 scaffold 

binding regions (R1, R2 and R3, respectively) with three types of mutations: deleting entire 

binding regions (DR1, DR2, and DR3), replacing entire binding regions with a glycine-serine 
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(GS)-linker of equivalent length (R1/40×GS, R2/40×GS, and R3/12×GS), or substituting 

sequence-conserved residues shown to disrupt binding of the C. thermophilum Nup145N to 

the respective scaffolds (R1m, R2m, and R3m) (Fig. 5B and fig. S38). All scNup116 variants 

were expressed at comparable levels (fig. S40, C and E). After establishing viability, 

non-lethal mutants were further assayed for growth rates at different temperatures, 

localization of eGFP-scNup116, and nuclear retention of mRNA and 60S pre-ribosomes. 

Mutations in each of the scNup192, scNup188 and scNup157/170 binding regions resulted 

in altered phenotypes, albeit to different extents (Fig. 5, B to E, and fig. S40). Deletions and 

GS-linker replacements, being aggressive types of mutations, were lethal if targeting R1, and 

impacted growth and mRNA/60S pre-ribosome export if introduced in R2 and R3. The less 

aggressive combination of substitutions, R1m, allowed us to perturb R1 with significant 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 

mutation (Fig. 5, B to E, and fig. S40). Interestingly, all scNup116 mutations resulted in 

temperature-dependent loss of eGFP-scNup116 from the nuclear envelope rim and 

concomitant emergence of eGFP-scNup116 foci, as previously reported (Fig. 5D and 

fig. S40F) (51-53). These results demonstrate the essential linker function of scNup116 in 

the S. cerevisiae NPC and illustrate the physiological relevance of the biochemically and 

structurally characterized Nup192, Nup188, and Nup170 scaffold-binding regions. 

Perturbing the linker-scaffold interactions on the scaffold side, absence of scNup192 

results in lethality, matching the severe consequences of deleting the scNup192 binding 

region in scNup116 (Fig. 5G). Additionally, we had previously found that truncation of just 

the scNup192 Tail region has a deleterious effect, attributable to the perturbation of the 

scNic96R2 binding site (41). Our new Nup192-Nic96R2 structures provide a molecular 

explanation for this result, showing Nic96R2 binding at the Nup192 Tail and the base of the 

Tower (fig. S31, A and B). Based on sequence conservation and the insight from our 

structural and biochemical characterization, we transposed the C. thermophilum Nup192 

LAF and LIFH substitutions that ablated binding to Nic96R2 and Nup145NR1, respectively, 

in vitro into scNup192, along with designing aggressive DTail-Tower and Tail-Tower 

truncations deleting the respective linker binding subdomains (Fig. 5F and fig. S41). 
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Individually, the LAF and LIFH mutations had no effect on growth, although wildtype 

scNup192 could outcompete both for localization to the nuclear envelope rim. However, the 

combination of LAF and LIFH substitutions (LAF+LIFH) and both scNup192 truncations 

failed to rescue the lethal nup192D phenotype (Fig. 5, F and G, and fig. S42). 

Because NUP188 is not an essential gene, we analyzed the effect of transposed 

Nup188 FLV and HHMI substitutions and transposed truncations of its Nic96R2- and 

Nup145NR2-binding domains on the viability and growth rate of previously identified 

synthetic lethal nup188Dpom34D and nup188Dpom152D strains (Fig. 5G and 

figs. S43 and S44) (55, 56). Though all truncations were lethal, the DTail and DHead mutants 

still showed nuclear envelope rim staining, suggesting that either Nic96R2 and Nup145NR2 

homolog binding site is sufficient for NPC localization (Fig. 5G and fig. S44). The FLV 

mutation was lethal to the nup188Dpom152D strain and led to slow growth with mRNA/60S 

pre-ribosome export defects in the nup188Dpom34D strain. The HHMI mutation alone 

resulted in only a moderate 60S pre-ribosome export defect, but the combined HHMI+FLV 

mutations further amplified the FLV mutant phenotype (Fig. 5H, and fig. S44, E to G). 

Interestingly, mutant phenotypes were intensified at lower temperatures, consistent with 

previous reports of cold-sensitive NUP188 mutations (54). 

Finally, we transposed the FFF substitutions of evolutionarily conserved 

hydrophobic residues that abolished Nic96R2 binding to Nup192 and Nup188 in vitro into 

scNic96 and also constructed a DR2 mutant lacking scNic96R2 (Fig. 5F and fig. S45). 

Surprisingly, neither mutation resulted in a significant phenotype when introduced into a 

nic96D strain (Fig. 5, F to H and fig. S46). The composite structure of the NPC linker-

scaffold suggests that scNic96R2 binding to scNup192 and scNup188 restricts the diffusive 

path of the N-terminal scNic96 linker, thereby correctly positioning the scNic96R1 assembly 

sensor that recruits the scCNT complex (Fig. 5J). Because the inner ring midplane is lined 

with a narrow band of 32 scCNT copies that project FG repeats into the central transport 

channel, we reasoned that their mispositioning would affect the spatial distribution and local 

concentration of FG repeats, with consequences on nucleocytoplasmic transport. Therefore, 

we replaced the scNic96R2 region with GS-linkers matching the number of residues 
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(R2/66×GS) or approximating its a-helical length (R2/32×GS) (Fig. 5F). Despite not 

affecting expression levels, nuclear envelope rim localization, and scCNT recruitment by the 

scNic96R1 region, the R2/66×GS and R2/32×GS mutations respectively resulted in lethal and 

severely deleterious effects on growth and mRNA/60S pre-ribosome export (Fig. 5, G to J, 

and fig. S46). Taken together, these data demonstrate the physiological relevance of 

scNic96R2 binding to scNup192 and scNup188 and its role in restricting the diffusive path of 

the scNic96 N-terminal linker region. 

Overall, our data disambiguate the positioning of scNup192 and scNup188 in the 

inner ring and elucidate the architecture of the linker-scaffold in the S. cerevisiae NPC. 

Through comprehensive experiments that dissect the various linker regions and scaffold 

binding sites in S. cerevisiae, we established the physiological relevance of our biochemical 

and structural data. sNup192 and scNup188 are keystone scaffold hubs of the inner ring that 

integrate connections between the scNup157/170 membrane-coating layer and the central 

transport channel-interfacing scCNT layer through respective interactions with scNup145N 

paralogs and the N-terminal scNic96 linker region. 

The fact that NUP188 is not an essential gene while NUP192 is, raises the question 

about what differences in the linker-scaffold interactions prevent scNup188 from taking 

scNup192’s role in the inner ring. Indeed, the loss of scNup188 can be compensated by 

recruitment of additional scNup192 to the NPC, but not vice versa (141). Our analysis 

concludes that unlike scNup188, scNup192 can bind to both scNup53/59 and the 

scNup100/116 concomitantly bound with scNup157/170. The viability of the 

nup53Dnup59D strain (57) implies that connection between scNup192 and the equatorial 

scNup157/170, attaching the scNup192 complex to the scNup157/170 coat of the inner ring, 

is an essential architectural feature that distinguishes scNup192 from scNup188. The 

wildtype phenotype of the nup53Dnup59D strain precludes analysis of the scNup53/59 

interactions in S. cerevisiae. However, this fact coupled with our knockout of all but one of 

the scNup145N paralogs highlight the robustness of the S. cerevisiae inner ring architecture, 

which can tolerate a considerable loss of linker-scaffold interactions. Robustness is also 

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

Moreover, FG-repeat sequences of the scNup145N paralogs contribute to the overall binding 

to scaffold proteins (49, 52, 58, 68, 69). Given that S. cerevisiae contains three 

scNup100/116/145N paralogs and two scNup53/59 paralogs, future work needs to elucidate 

whether their localization in the NPC is deterministic and possibly fine-tuning the function 

of the NPC. A prominent example may be the asymmetric localization of scNup116, which 

binds most tightly to the cytoplasmic filament component scNup82 and was previously 

shown to be specifically anchored at the cytoplasmic face of the NPC (36, 53, 140, 142). 

 

Evolutionary conservation of the human linker-scaffold 

Despite low sequence conservation, composite structures of the human and S. cerevisiae 

NPC 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 the ones established with the 

C. thermophilum nups (28, 33, 35, 40, 41). To test this prediction, we carried out a systematic 

nup-nup interaction analysis utilizing a full complement of the human inner ring nup 

orthologs: NUP53 (Nup53), NUP98 (Nup145N), NUP93 (Nic96), NUP155 (Nup170), 

NUP188 (Nup188), NUP205 (Nup192), NUP62 (Nsp1), NUP58 (Nup49) and NUP54 

(Nup57) (Figs. 1B and 6A). We developed bacterial expression and purification protocols 

for all recombinant human nups, apart from NUP205 and NUP188, which were expressed in 

S. cerevisiae. For linker nups, we generated truncation and sequence variants, aided by 

multispecies sequence alignments that either identified conserved linker motifs in all 

eukaryotes or only in fungal or metazoan species (figs. S38, S45, and S47 to S49). 

In C. thermophilum, Nup53R3 and Nup145NR3 bind to the Nup170 N-terminal 

b-propeller and C-terminal a-helical solenoid domains, respectively and Nup53R2 binds the 

Nic96SOL scaffold (35, 40). We have previously elucidated the molecular details of the human 

NUP155CTD-NUP98R3 interaction (35). SEC interaction assays showed that, like its fungal 

ortholog, NUP53 binds to NUP155NTD via a C-terminal region located between the 

RRM-like domain and the predicted C-terminal amphipathic a-helix (fig. S50). Although 
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NUP53 does not contain a motif resembling the C. thermophilum Nup53R2 amphipathic 

a-helix that interacts with Nic96SOL, we found that it binds to NUP93SOL via a region 

N-terminal to the RRM-like domain (fig. S51). Next, we were also able to reconstitute an 

intact, stoichiometric, heterotrimeric human CNT (hsCNT), consisting of the C-terminal 

coiled-coil domains of NUP62 (residues 317-552), NUP58 (residues 233-454), and NUP54 

(residues 118-507). hsCNT formed an interaction with a sequence conserved NUP93R1 

region (residues 2-51), enhanced by a C-terminal flanking region (residues 52-95), and 

abolished by a LIL substitution (L33A, I36A, and L43A) of residues homologous to the 

previously reported C. thermophilum Nic96R1 LLLL mutation that abolishes CNT binding 

(fig. S52) (28). 

We probed the interactions between the NUP205 and NUP188 keystone scaffolds 

and the NUP93R2, NUP53, and NUP98 linkers by pulling down overexpressed NUP205 and 

NUP188 from lysate with linker baits (fig. S53). The NUP93R2 fragment, homologous to 

Nic96R2, bound to both NUP205 and NUP188. Both interactions were abolished by a 

NUP93R2 IYWIL mutation, combining substitutions Y128E and L148E (homologous to 

F278 and F298 of the Nic96R2 FFF mutant) with other conserved residues I114E, W137E, 

and I144E on the predicted hydrophobic face of the NUP93R2 amphipathic a-helix 

(figs. S45 and S53). As in C. thermophilum, NUP53 did not bind to NUP188, and its 

interaction with NUP205 required an N-terminal R1 region (residues 1-70) 

(figs. S24 and S53). Lastly, the NUP98 interaction with both NUP205 and NUP188 was 

mapped to a region topologically homologous to the Nup192/Nup188-binding R1/R2 

regions of Nup145N (figs. S38 and S53). 

Together, these data establish that the linker-scaffold is evolutionarily 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). 

 

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

We have previously demonstrated that nup ortholog crystal structures can be successfully 

used to interpret the density of a ~23 Å cryo-ET map of the intact human NPC, yielding a 
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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 (34, 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 human NUP93SOL•NUP53R2 complex, allowed us 

to build on our previous analysis with an improved ~12 Å cryo-ET map of the intact human 

NPC (provided by Martin Beck) (47). As for the S. cerevisiae NPC described above, our 

quantitative docking approach consisted 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 the CNC, 

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. Accounted density was then iteratively subtracted 

from the maps to reduce the subsequent search space for NUP93SOL•NUP53R2, 

Nup170•Nup53R3•Nup145NR3, CNT•Nic96R1, and NUP53RRM (fig. S58). 

As previously established, we identified 32 copies of the CNC, arranged in two 

concentric rings both on the nuclear and the cytoplasmic faces of the NPC (fig. S59A) (29, 

32). The hetero-nonameric Y-shaped CNCs are generally rigid structures with an 

unstructured linker between the N-terminal b-propeller domain and the C-terminal a-helical 

solenoid of Nup133, which accommodates the difference in the circumference of narrower 

proximal and larger distal CNC rings, as we showed previously (fig. S59, B and C) (29). 

Due to their overall shape similarity and the lack of full-length structures, our 

previous analysis had left ambiguity in the assignments of NUP205 and NUP188, which we 

are now able to resolve (figs. S60 to S62). In the inner ring, 16 NUP188 and 16 NUP205 

copies explain the question mark-shaped densities at peripheral and equatorial positions, 

respectively, in agreement with our data and previous assignments of Nup192 and Nup188 

homologs in the S. cerevisiae NPC (36, 37). In the cytoplasmic outer ring, 16 copies of 

NUP205 are placed into eight distal and eight proximal question mark-shaped densities, but 

only 8 copies of NUP205 were identified in the nuclear outer ring, at the distal position. In 
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all cases, the crystal conformation of Nup192, presenting a constricted gap between the 

Head subdomain and the Tower, resulted in a better fit than the cryo-EM conformation 

(figs. S4, S60, and S61). Outer ring positions assigned to NUP205 also appeared as 

high-scoring solutions in searches for NUP188, albeit with lower confidence than NUP205. 

The quantitative assignment of cryo-ET density to either NUP205 or NUP188 was supported 

by structural differences such as the Nup188 SH3-like domain, or the a-helical solenoid 

super-helical twist that determines the width of the question mark-shaped cryo-ET density 

(figs. S63 and S64). For reference, we also quantitatively docked the novel structures into 

the previously used ~23 Å cryo-ET map (38), obtaining similar albeit less confident 

solutions, particularly in the novel assignment of the proximal outer ring NUP205 

(figs. S65 to S67). As with docking into the S. cerevisiae cryo-ET map, the novel full-length 

Nup188 structure was essential for differentiating NUP188 from NUP205 in the inner ring 

of the human cryo-ET maps. 

Searches for NUP93SOL•NUP53R2 in ~12 Å and ~23 Å cryo-ET human NPC maps 

from which hereto assigned density had been subtracted, identified a total of 56 copies of 

NUP93: 32 copies previously assigned in the inner ring at equatorial and peripheral positions, 

16 novel copies discovered at equivalent distal positions in the nuclear and cytoplasmic outer 

rings, and 8 novel copies manually placed into weak but matching rod-like densities at 

proximal positions in the cytoplasmic outer ring (figs. S68 and S69). This stoichiometry of 

placed NUP93SOL molecules also matches the stoichiometry of NUP93R2 binding sites 

identified through placement of NUP205 and NUP188. 

NUP155 locations have previously been determined by searching for 

Nup170•Nup53R3•Nup145NR3 crystal composite structures of different Nup170 

conformations in an ~23 Å cryo-ET map of the intact human NPC (35, 38). Quantitative 

docking into the improved ~12 Å cryo-ET map with hereto assigned density subtracted 

allowed for assignment of the bridge and equatorial NUP155 positions (figs. S70 and S71A), 

but did not yield high confidence solutions for the peripheral NUP155 copies due to an 

imperfect match of the Nup170 conformation and poor local quality of the cryo-ET density, 

necessitating their assignment by visual inspection (fig. S71B). 
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For the numeral “4”-shaped CNT•Nic96R1, inspection of the top scoring hits from 

searches in an ~12 Å cryo-ET density-subtracted map of the inner ring identified their 

equatorial and peripheral positions (fig. S72). As previously observed (34, 35), globular 

density proximal to the a/b insertion domain of NUP54 (28, 42), at the base of the first 

coiled-coil segment, indicated the location and flexible orientation of ferrodoxin-like NUP54 

domains (fig. S73). 

Finally, we searched for density corresponding to the NUP53RRM homodimer and 

NUP98APD (14) in an ~12 Å cryo-ET map of the intact human NPC with hereto assigned 

density subtracted. Two globular discontinuous densities found between spokes of the inner 

ring and related by a C2-symmetry operator about the midplane were identified as the top 

two non-redundant solutions, though the orientation or identity of the docked NUP53RRM 

homodimer and NUP98APD domains could not be confidently assigned due to lack of distinct 

shape features and small size. The placement of 32 homodimerizing NUP53RRM copies that, 

unlike the 16 copies of monomeric NUP98APD, would be spatially restrained by opposing 

tethers from adjacent spokes, is consistent with density that is discontinuous from the rest of 

the cryo-ET map withstanding sub-tomogram averaging (fig. S74). 

We further confirmed the architecture of the cytoplasmic outer ring of the metazoan 

NPC by placing our composite structure into an ~5.5 Å region of an anisotropic composite 

single particle cryo-EM map of the cytoplasmic face of the X. laevis NPC (133). Though the 

masking of the X. laevis single particle cryo-EM map excluded the region in which the 

proximal NUP93SOL would be expected, we noted a close correspondence between the 

NUP93SOL crystal structure and a secondary structure discernable in the map that had 

erroneously been referred to as the ‘bridge domain of the NUP358 complex.’ Indeed, our 

docking analysis unambiguously confirmed the assignment of the rod-like a-helical solenoid 

bisecting the stalks of Y-shaped proximal and distal CNCs to the cytoplasmic outer ring distal 

copy of NUP93SOL. We also uncovered long tubular density perpendicular to the C-terminal 

ARM and HEAT repeats of both proximal and distal outer ring NUP205 copies, likely 

corresponding to NUP205-bound NUP93R2 (fig. S75). 
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After this docking procedure, the only regions of unexplained density left in the 

inner ring of the ~12 Å cryo-ET human NPC map are two small globular densities 

symmetrically distributed on both nuclear and cytoplasmic sides of the inner ring, one atop 

NUP188 and proximal NUP93SOL, and the other adjacent to the nuclear envelope and the 

bridge and proximal NUP155. Asymmetric clusters of unexplained density that remained on 

the cytoplasmic and nuclear faces of the NPC are addressed in the accompanying manuscript 

(fig. S76) (60). 

In conclusion, the novel structures and improved cryo-ET map of the intact human 

NPC have disambiguated the placement of NUP188 and NUP205 complexes in the inner 

ring, led to the discovery of a proximal NUP205 complex in the cytoplasmic outer ring, 

identified NUP93SOL in the outer rings, placed NUP53RRM homodimers in between inner ring 

spokes, and revealed a comprehensive map of linker-scaffold binding sites on scaffold nup 

surfaces of the symmetric core (fig. S77). The composite structure includes ~400,000 

ordered residues that explain nearly all protein density of the symmetric core and assign the 

protein identity and location of ~64 MDa out of ~110 MDa of the human NPC mass. 
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Supplementary figures and tables 

Fig. S1. Crystallographic analysis of Nup192DHEAD-bound Nic96 fragments. (A) Domain 

structures of Nup192 and Nic96. Black lines indicate the co-crystallized fragments. 

(B) Isomesh representation contoured at 5 s of anomalous difference Fourier maps 

calculated from X-ray diffraction data collected at selenium anomalous peak wavelengths 

for Nup192DHead•Nic96R2 (orange) and Nup192 DHead•Nic96R2 A289M (magenta) 

SeMet-derivatized co-crystals and superposed with the cartoon representation of the 

Nup192DHead•Nic96187-301 structure, validating the sequence register of the Nic96R2 peptide. 

(C) Comparison of electron density maps derived from Nup192DHead•Nic96187-301 and 

Nup192DHead•Nic96R2 co-crystals demonstrating that Nic96 residues 187-239 are not 

resolved in the electron density. 
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Fig. S2. ITC analysis of the Nup192-Nic96R2 interaction. Representative 

baseline-corrected ITC experiments of (A) wildtype SUMO-Nic96R2 titrated against 

wildtype Nup192, (B) SUMO-Nic96R2 FFF mutant titrated against wildtype Nup192, 

(C) wildtype SUMO-Nic96R2 titrated against Nup192 LAF mutant, and (D) wildtype 

SUMO-Nic96187-301 titrated against wildtype Nup192. The least-squares fit thermodynamic 

parameters for a single binding site model are shown in the inset boxes. Overall ITC 

experimental conditions and results of experiments conducted in triplicate are reported in 

Table S5. 
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Fig. S3. Single particle cryo-EM analysis of the Nup192•Nic96R2 complex. 

(A) Representative motion corrected cryo-electron micrograph. (B) 2D class averages 

representative of different particle orientations. (C) Summary of single particle data 

processing workflow with indicated number of micrographs or particles involved at each 

step. (D) Global mean and directional gold-standard masked Fourier Shell Correlation (FSC) 

curves along the x, y and z axes estimated with 3DFSC (116), as well as the unmasked 

model-to-map FSC curve, with the 0.143 cutoff indicated. The 1 standard deviation of 

directional FSC resolutions is indicated for the global mean FSC (dashed lines), resulting in 

an anisotropic 3.5-4.0 Å directional resolution range at the 0.143 cutoff. A histogram of 

resolutions evenly sampled from directional FSCs at the 0.143 cutoff illustrates the 

anisotropic spread of the data. (E) Three-dimensional angular distribution plot of particles. 

(F) Isosurface representation of the Nup192•Nic96R2 cryo-EM density (EMD-24056) 

colored according to protein chain identity (left) or local resolution estimation (right). 

(G) Isomesh representation of representative sharpened cryo-electron microscopy 

(cryo-EM) density contoured at a 10 s cutoff level and ball-and-stick representation of 

corresponding atomic coordinates. 
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Fig. S4. Comparison of crystal composite and single particle cryo-EM structures of 

Nup192•Nic96R2. (A) Cartoon representation of the crystal structures of 

Nup192 DHead•Nic96187-301 (blue and pale green) and the previously solved Nup192NTD 

structure (yellow, PDB ID 4KNH) (41), and their superposition are shown. The 

Nup192•Nic96R2 composite crystal structure was generated by aligning and merging residues 

in common between the two structures. (B) Cartoon representation of the Nup192•Nic96R2 

composite crystal structure (blue and pale green) and the 3.8 Å Nup192•Nic96R2 single 

particle cryo-EM structure (light cyan and pink), shown from three points of view to illustrate 

the conformational difference between the two structures. Curved arrows indicate the 

displacement of the Tower domain induced by the conformational change. 
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Fig. S5. Perturbation of the Nup192-Nic96R2 interaction by Nic96 point mutants. 

SEC and SDS-PAGE analysis corresponding to Fig. 2C. SEC profiles of wildtype Nup192 

alone (cyan) and Nup192 preincubated with wildtype SUMO-Nic96R2 (dark blue) are shown. 

SEC profiles of SUMO-Nic96R2 mutants preincubated with Nup192 are colored according 

to the measured effect: no effect (green, +++), weak effect (yellow, ++), moderate effect 

(orange, +), and abolished binding (red, -). The inset box shows a closeup view of elution 

profile shifts at the peak fractions. The gray bar indicates fractions that were resolved on 

SDS-PAGE gels and visualized by Coomassie staining. All SEC profiles were obtained using 

a Superdex 200 10/300 GL column. The results are summarized in the table (top right). 
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Fig. S6. Perturbation of the Nup192-Nic96R2 interaction by Nup192 point mutants. 

SEC and SDS-PAGE analysis corresponding to Fig. 2D. SEC profiles of wildtype Nup192 

alone (cyan) and Nup192 preincubated with wildtype SUMO-Nic96R2 (dark blue) are shown. 

SEC profiles of Nup192 mutants preincubated with SUMO-Nic96R2 are colored according 

to the measured effect: no effect (green, +++) and abolished binding (red, -). The inset box 

shows a closeup view of elution profile shifts at the peak fractions. The gray bar indicates 

fractions that were resolved on SDS-PAGE gels and visualized by Coomassie staining. All 

SEC profiles were obtained using a Superdex 200 10/300 GL column. The results are 

summarized in the table (top left). 



 

 

298 

 
  



 

 

299 
Fig. S7. SEC-MALS analysis of the Nup192-Nic96R2 interaction. SEC-MALS and 

SDS-PAGE analysis corresponding to Fig. 2F. SEC-MALS profiles of nups are shown 

individually (red and blue) and after their preincubation (green) for: (A) wildtype 

SUMO-Nic96R2 binding to wildtype Nup192, (B) the SUMO-Nic96R2 FFF mutant binding 

to wildtype Nup192, (C) wildtype SUMO-Nic96R2 binding to the Nup192 LAF mutant. 

Measured molecular masses are indicated for the peak fractions and corresponding 

theoretical molecular masses are reported in parenthesis. Gray bars indicate fractions that 

were resolved on SDS-PAGE gels and visualized by Coomassie staining. All SEC profiles 

were obtained using a Superdex 200 Increase 10/300 GL column. All SEC-MALS results 

are summarized in Table S4. 
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Fig. S8. ITC analysis of the Nup188-Nic96R2 interaction. Representative baseline-

corrected ITC experiments for (A) wildtype SUMO-Nic96R2 titrated against wildtype 

Nup188, (B) SUMO-Nic96R2 FFF mutant titrated against wildtype Nup188, (C) wildtype 

SUMO-Nic96R2 titrated against Nup188 FLV mutant, and (D) wildtype SUMO-Nic96187-301 

titrated against wildtype Nup188. The least-squares fit thermodynamic parameters for a 

single binding site model are shown in the inset boxes. Overall ITC experimental conditions 

and results of experiments conducted in triplicate are reported in Table S5. 
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Fig. S9. Crystallographic analysis of the Nup188•Nic96R2 complex. (A) Domain 

structures of Nup188 and Nic96. Black lines indicate the fragments used for crystallization. 

(B) Cartoon representation of the 2.8 Å crystal structure of Nup188NTD. (C) Cartoon 

representations of the 2.8 Å Nup188NTD (light cyan) and previously solved 3.4 Å Nup188Tail 

(teal; PDB ID 5CWU) (28) crystal structures (left) used as starting models for the 4.4 Å 

Nup188•Nic96R2 crystal structure (light purple and pale green), and their superposition 

(right). (D) Isomesh representation contoured at 5 s of anomalous difference Fourier map 

(orange) calculated from X-ray diffraction data collected at the selenium anomalous peak 

wavelengths for a Nup188•Nic96R2 SeMet-derivatized co-crystal and superposed with the 

cartoon representation of the Nup188•Nic96R2 structure, validating the sequence register of 

Nic96R2 and the previously unmodeled Nup188 region. 
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Fig. S10. Perturbation of the Nup188-Nic96R2 interaction by Nic96 point mutants. 

SEC and SDS-PAGE analysis corresponding to Fig. 2H. SEC profiles of wildtype Nup188 

alone (cyan) and Nup188 preincubated with wildtype SUMO-Nic96R2 (dark blue) are shown. 

SEC profiles of SUMO-Nic96R2 mutants preincubated with Nup188 are colored according 

to the measured effect: no effect (green, +++), moderate effect (orange, +), and abolished 

binding (red, -). The inset box shows a closeup view of elution profile shifts at the peak 

fractions. The gray bar indicates fractions that were resolved on SDS-PAGE gels and 

visualized by Coomassie staining. All SEC profiles were obtained using a Superdex 200 

10/300 GL column. The results are summarized in the table (top right). 
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Fig. S11. Perturbation of the Nup188-Nic96R2 interaction by Nup188 point mutants. 

SEC and SDS-PAGE analysis corresponding to Fig. 2I. SEC profiles of wildtype Nup188 

alone (cyan) and Nup188 preincubated with wildtype SUMO-Nic96R2 (dark blue) are shown. 

SEC profiles of Nup188 mutants preincubated with SUMO-Nic96R2 are colored according 

to the measured effect: no effect (green, +++), weak effect (yellow, ++), moderate effect 

(orange, +), and abolished binding (red, -). The inset box shows a closeup view of elution 

profile shifts at the peak fractions. The gray bar indicates fractions that were resolved on 

SDS-PAGE gels and visualized by Coomassie staining. All SEC profiles were obtained using 

a Superdex 200 10/300 GL column. The results are summarized in the table (top left). 
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Fig. S12. SEC-MALS analysis of the Nup188-Nic96R2 interaction. SEC-MALS and 

SDS-PAGE analysis corresponding to Fig. 2K. SEC-MALS profiles of nups are shown 

individually (red and blue) and after their preincubation (green) for: (A) wildtype 

SUMO-Nic96R2 binding to wildtype Nup188, (B) the SUMO-Nic96R2 FFF mutant binding 

to wildtype Nup188, (C) wildtype SUMO-Nic96R2 binding to the Nup188 FLV mutant. 

Measured molecular masses are indicated for the peak fractions and corresponding 

theoretical molecular masses are reported in parenthesis. Gray bars indicate fractions that 

were resolved on SDS-PAGE gels and visualized by Coomassie staining. All SEC profiles 

were obtained using a Superdex 200 Increase 10/300 GL column. All SEC-MALS results 

are summarized in Table S4. 
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Fig. S13. 5-Ala scanning mutagenesis of Nup145N sequence for residues necessary 

for Nup192 binding. SEC and SDS-PAGE analysis corresponding to Fig. 3A. (A) Domain 

structure of Nup145N. Mutations were introduced into the Nup145N construct indicated by 

the black line above the domain structure. The positions of the 5-Ala mutated residues are 

indicated above the primary Nup145N sequence with boxes colored according to the 

measured effect on Nup192 binding: no effect (green), moderate effect (yellow), and severe 

effect (red). Asterisks above boxes indicate SEC experiments for which representative 

SDS-PAGE gels are shown in (B). (B) SEC profiles of wildtype Nup192 alone (cyan) and 

Nup192 preincubated with wildtype Nup145N (dark blue) are shown. SEC profiles of 

Nup145N 5-Ala mutants preincubated with Nup192 are colored according to the measured 

effect, as in (A). The inset box shows a closeup view of elution profile shifts at the peak 

fractions. The gray bar indicates fractions that were resolved on SDS-PAGE gels and 

visualized by Coomassie staining. All SEC experiments were analyzed by SDS-PAGE, but 

only experiments representative of the three observed effect levels are shown for brevity. All 

SEC profiles were obtained using a Superdex 200 10/300 GL column. 
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Fig. S14. Mapping of the minimal Nup145N region sufficient for Nup192 binding. 

SEC and SDS-PAGE analysis corresponding to Fig. 3B. (A) Domain structure of Nup145N 

with gray bars indicating truncation construct boundaries analyzed. The Nup145NR1 peptide 

is indicated by a red bar. The binding of SUMO-Nup145N peptides to Nup192, as assessed 

by SEC and SDS-PAGE, is summarized and colored according to the measured effect: no 

effect (green, +++), weak effect (yellow, ++), moderate effect (orange, +), and abolished 

binding (red, -). (B) SEC profile of wildtype Nup192 (dark blue) is shown as reference. SEC 

profiles of Nup192 preincubated with SUMO-Nup145N peptides are colored according to 

the measured effect, as in (A). Dashed lines indicate the peak elution volumes across the 

offset dimension. The gray bar indicates fractions that were resolved on SDS-PAGE gels and 

visualized by Coomassie staining. All SEC profiles were obtained using a Superdex 200 

10/300 GL column. Asterisks indicate degradation products. 
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Fig. S15. Isothermal titration calorimetry analysis of Nup192-Nup145N binding. 

Representative baseline-corrected ITC experiments for Nup145N, Nup145N 

KKRMYKLRKR, SUMO-Nup145NR1, and SUMO-Nup145NR1 KKRMYKLRKR titrated 

against a preformed complex of Nic96R2, Nup53, and either wildtype Nup192 or mutant 

Nup192 LIFH. The least-squares fit thermodynamic parameters for a single binding site 

model are shown in box beneath ITC plot. Overall ITC experimental conditions and results 

of experiments conducted in triplicate are reported in Table S5. 
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Fig. S16. Single particle cryo-EM analysis of the Nup192•Nic96R2•Nup145NR1• 

•Nup53R1 complex. (A) Representative motion corrected cryo-electron micrograph. (B) 2D 

class averages representative of different particle orientations. (C) Summary of single 

particle data processing workflow with indicated number of micrographs or particles 

involved at each step. Dashed boxes indicate classes that were selected for subsequent steps 

in the workflow. (D) Global mean and directional gold-standard masked Fourier Shell 

Correlation (FSC) curves along the x, y, and z axes estimated with 3DFSC (116), as well as 

the unmasked model-to-map FSC curve, with the 0.143 cutoff indicated. The 1 standard 

deviation of directional FSC resolutions is indicated for the global mean FSC (dashed lines), 

resulting in an anisotropic 3.1-3.6 Å directional resolution range at the 0.143 cutoff. A 

histogram of resolutions evenly sampled from directional FSCs at the 0.143 cutoff illustrates 

the anisotropic spread of the data. (E) Three-dimensional angular distribution plot of 

particles. (F) Isosurface representation of the Nup192•Nic96R2•Nup145NR1•Nup53R1 cryo-

EM density (EMD-24057) colored according to protein chain identity (left) or local 

resolution estimation (right). (G-I) Isomesh representation of representative sharpened cryo-

EM density contoured (G) at a 10s cutoff level and stick representation of the corresponding 

Nup192 polypeptide chain of the Nup192•Nic96R2•Nup145NR1•Nup53R1 structure, 

(H) contoured at 6s cutoff level around the Nup145NR1 peptide shown in stick representation 

(cyan), and (I) contoured at 7s cutoff level around the Nup53R1 peptide shown in stick 

representation (magenta). 
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Fig. S17. Nup145NR1 and Nup53R1 binding to Nup192•Nic96R2 does not induce 

conformational changes. Cartoon representation of the 3.8 Å Nup192•Nic96R2 (pale cyan 

and pink) and the 3.2 Å Nup192•Nic96R2•Nup145NR1•Nup53R1 (blue, pale green, cyan, and 

magenta) single particle cryo-EM structures, and their superposition, viewed from three 

sides. 
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Fig. S18. Perturbation of the Nup192-Nup145N interaction by Nup145N point 

mutants. SEC and SDS-PAGE analysis corresponding to Fig. 3F. (A) Domain structure of 

Nup145N. Mutations were introduced into the Nup145N construct indicated by the black 

line above the domain structure. Primary sequence containing the mutated residues is shown 

beneath the domain structure. (B-C) SEC profiles of wildtype Nup192 alone (blue) and 

Nup192 preincubated with wildtype Nup145N (dark blue) are shown. SEC profiles of 

Nup192 preincubated with Nup145N mutants are colored according to the measured effect 

and the results summarized in the adjacent table: no effect (green, +++), weak effect 

(yellow, ++), moderate effect (orange, +), and abolished binding (red, -). The inset boxes 

show a closeup view of elution profile shifts at the peak fractions. Asterisks indicate SEC 

experiments for which representative SDS-PAGE gels are shown in (D). Gray bars indicate 

fractions that were resolved on SDS-PAGE gels and visualized by Coomassie staining. All 

SEC profiles were obtained using a Superdex 200 10/300 GL column. (D) A selection of 

SDS-PAGE gels representative of the effect levels observed in (B-C) is shown for brevity. 
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Fig. S19. Reconstitution of the Nup192•SUMO-Nic96R2•Nup53 complex. 

SEC-MALS profiles of nups are shown individually (red and blue) and after their 

preincubation (green) for (A) the complexation of Nup192 and SUMO-Nic96R2, and 

(B) subsequent complexation of Nup53 with Nup192•SUMO-Nic96R2. Measured molecular 

masses are indicated for the peak fractions and corresponding theoretical molecular masses 

are reported in parenthesis. Gray bars indicate fractions that were resolved on SDS-PAGE 

gels and visualized by Coomassie staining. All SEC profiles were obtained using a Superdex 

200 Increase 10/300 GL column. All SEC-MALS results are summarized in Table S4. 
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Fig. S20. SEC-MALS analysis of the Nup192-Nup145N interaction. SEC-MALS and 

SDS-PAGE analysis corresponding to Fig. 3H. (A-F) SEC-MALS profiles of nups are 

shown individually (red and blue) and after their preincubation (green) for either wilt-type 

Nup192•SUMO-Nic96R2•Nup53 or mutant Nup192 LIFH•SUMO-Nic96R2•Nup53 binding 

to either wildtype or KKRMYKLRKR mutant of Nup145N and SUMO-Nup145NR1. 

Measured molecular masses are indicated for the peak fractions and corresponding 

theoretical molecular masses are reported in parenthesis. Gray bars indicate fractions that 

were resolved on SDS-PAGE gels and visualized by Coomassie staining. All SEC profiles 

were obtained using a Superdex 200 Increase 10/300 GL column. All SEC-MALS results 

are summarized in Table S4. 



 

 

324 

 
  



 

 

325 
Fig. S21. Perturbation of the Nup192-Nup145N interaction by Nup192 point 

mutants. (A-F) SEC and SDS-PAGE analysis corresponding to Fig. 3F. SEC profiles are 

shown for nups or nup complexes individually (red and blue) and after their preincubation 

(green) for SUMO-Nup145NR1 binding to pre-assembled complexes of SUMO-Nic96R2, 

Nup53, and wildtype or mutant Nup192. Gray bars indicate fractions that were resolved on 

SDS-PAGE gels and visualized by Coomassie staining. All SEC profiles were obtained using 

a Superdex 200 10/300 GL column. Asterisks indicate SUMO contaminant. 
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Fig. S22. 5-Ala scanning mutagenesis of Nup145N sequence for residues necessary 

for Nup188NTD binding. SEC and SDS-PAGE analysis corresponding to Fig. 4A. 

(A) Domain structure of Nup145N. Mutations were introduced into the Nup145N construct 

indicated by the black line above the domain structure. The positions of the 5-Ala mutated 

residues are indicated above the primary Nup145N sequence with boxes colored according 

to the measured effect on Nup188NTD binding: no effect (green), moderate effect (yellow). 

Asterisks above boxes indicate SEC experiments for which representative SDS-PAGE gels 

are shown in (B). (B) SEC profiles of wildtype Nup188NTD alone (light purple) and 

Nup188NTD preincubated with wildtype Nup145N (dark blue) are shown. SEC profiles of 

Nup145N 5-Ala mutants preincubated with Nup188NTD are colored according to the 

measured effect, as in (A). The inset box shows a closeup view of elution profile shifts at the 

peak fractions. The gray bar indicates fractions that were resolved on SDS-PAGE gels and 

visualized by Coomassie staining. All SEC experiments were analyzed by SDS-PAGE, but 

only experiments representative of the three observed effect levels are shown for brevity. All 

SEC profiles were obtained using a Superdex 200 10/300 GL column. 
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Fig. S23. Mapping of the minimal Nup145N region sufficient for Nup188NTD 

binding. SEC and SDS-PAGE analysis corresponding to Fig. 4B. (A) Domain structure of 

Nup145N with gray bars indicating truncation construct boundaries analyzed. The 

Nup145NR2 peptide is indicated by a red bar. The binding of SUMO-Nup145N peptides to 

Nup188NTD, as assessed by SEC and SDS-PAGE, is summarized and colored according to 

the measured effect: no effect (green, +++), weak effect (yellow, ++), moderate effect 

(orange, +), and abolished binding (red, -). (B) SEC profile of wildtype Nup188NTD (dark 

blue) is shown as reference. SEC profiles of Nup188NTD preincubated with SUMO-Nup145N 

peptides are offset for clarity and colored according to the measured effect, as in (A). Dashed 

lines indicate the peak elution volumes across the offset dimension. The gray bar indicates 

fractions that were resolved on SDS-PAGE gels and visualized by Coomassie staining. All 

SEC profiles were obtained using a Superdex 200 10/300 GL column. Asterisks indicate 

degradation products. 



 

 

330 

 
  



 

 

331 
Fig. S24. Nup53 is not part of the Nup188 symmetric core complex. SEC-MALS 

profiles of nups are shown individually (red and blue) and after their preincubation (green) 

for (A) the complexation of Nup188•SUMO-Nic96R2 and Nup145N, and (B) subsequent 

binding experiment between Nup188•SUMO-Nic96R2•Nup145N and Nup53. Measured 

molecular masses are indicated for the peak fractions and corresponding theoretical 

molecular masses are reported in parenthesis. Gray bars indicate fractions that were resolved 

on SDS-PAGE gels and visualized by Coomassie staining. All SEC profiles were obtained 

using a Superdex 200 Increase 10/300 GL column. All SEC-MALS results are summarized 

in Table S4. 
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Fig. S25. Single particle cryo-EM analysis of the Nup188•Nic96R2•Nup145NR2 

complex. (A) Representative motion corrected cryo-electron micrograph. (B) 2D class 

averages representative of different particle orientations. (C) Summary of single particle data 

processing workflow with indicated number of micrographs or particles involved at each 

step. Dashed boxes indicate classes that were selected for subsequent steps in the workflow. 

(D-I) Resolution and particle orientation estimates for (D-F) the 

Nup188•Nic96R2•Nup145NR2 and (G-I) Nup188•Nic96R2•Nup145NR2 reconstructions. 

(D, G) Global mean and directional gold-standard masked Fourier Shell Correlation (FSC) 

curves along the x, y, and z axes estimated with 3DFSC (116), as well as the unmasked 

model-to-map FSC curves, with the 0.143 cutoff indicated. The 1 standard deviation of 

directional FSC resolutions is indicated for the global mean FSC (dashed lines), resulting in 

anisotropic (D) 2.3-2.5 Å and (G) 2.7-2.9 Å directional resolution ranges at the 0.143 cutoff. 

A histogram of resolutions evenly sampled from directional FSCs at the 0.143 cutoff 

illustrates the anisotropic spread of the data. (E, H) Three-dimensional angular distribution 

plot of particles. (F, I) Isosurface representation of the cryo-EM density colored according to 

protein chain identity (left) or local resolution estimation (right). (J) Isomesh representation 

of representative sharpened cryo-EM density of the 2.4 Å Nup188•Nic96R2 map 

(EMD-24058) contoured at a 15s cutoff level and ball-and-stick representation of the 

corresponding Nup188 polypeptide chain of the atomic Nup188•Nic96R2 model (light 

purple). (K) Isomesh representation of representative sharpened cryo-EM density of the 

2.8 Å Nup188•Nic96R2•Nup145NR2 map (EMD-24059) contoured at an 8 s cutoff level 

around the Nup145NR2 peptide shown in stick representation (cyan). 
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Fig. S26. Nup188•Nic96R2 crystal structure and single particle cryo-EM structures 

of Nup188•Nic96R2 and Nup188•Nic96R2•Nup145NR2 do not present major 

conformational differences. Cartoon representation of the 4.4 Å Nup188•Nic96R2 crystal 

structure (yellow and blue), the 2.4 Å Nup188•Nic96R2 (pale cyan and pink) and the 2.8 Å 

Nup188•Nic96R2•Nup145NR2 (light purple, pale green, cyan) single particle cryo-EM 

structures, and their superposition, viewed from three sides. 
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Fig. S27. Perturbation of the Nup188NTD-Nup145N interaction by Nup145N point 

mutants. SEC and SDS-PAGE analysis corresponding to Fig. 4D. (A) Domain structure of 

Nup145N. Mutations were introduced into the Nup145N construct indicated by the black 

line above the domain structure. Primary sequence containing the mutated residues is shown 

beneath the domain structure. (B) SEC profiles of wildtype Nup188NTD alone (light purple) 

and Nup188NTD preincubated with wildtype Nup145N (dark blue) are shown. SEC profiles 

of Nup188NTD preincubated with Nup145N mutants are colored according to the measured 

effect and the results summarized in the adjacent table: no effect (green, +++), weak effect 

(yellow, ++). The inset boxes show a closeup view of elution profile shifts at the peak 

fractions. Asterisks indicate SEC experiments for which SDS-PAGE gels representative of 

the effects observed are shown. Gray bars indicate fractions that were resolved on SDS-

PAGE gels and visualized by Coomassie staining. All SEC profiles were obtained using a 

Superdex 200 10/300 GL column. 
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Fig. S28. Isothermal titration calorimetry analysis of Nup188-Nup145N binding. 

Representative baseline-corrected ITC experiments for Nup145N, Nup145N EDSILF, 

SUMO-Nup145NR2, and SUMO-Nup145NR2 EDSILF titrated against a preformed complex 

of Nic96R2and either wildtype Nup188 or mutant Nup188 HHMI. The least-squares fit 

thermodynamic parameters for a single binding site model are shown in box beneath ITC 

plot. Overall ITC experimental conditions and results of experiments conducted in triplicate 

are reported in Table S5. 
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Fig. S29. Perturbation of the Nup188NTD-Nup145N interaction by Nup188NTD point 

mutants. (A-E) SEC and SDS-PAGE analysis corresponding to Fig. 4D. SEC profiles are 

shown for nups individually (red and blue) and after their preincubation (green) for 

SUMO-Nup145NR2 binding to wildtype or mutant Nup188NTD. Gray bars indicate fractions 

that were resolved on SDS-PAGE gels and visualized by Coomassie staining. All SEC 

profiles were obtained using a Superdex 200 10/300 GL column. 
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Fig. S30. SEC-MALS analysis of the Nup188-Nup145N interaction. SEC-MALS and 

SDS-PAGE analysis corresponding to Fig. 4F. (A-F) SEC-MALS profiles of nups or nup 

complexes are shown individually (red and blue) and after their preincubation (green) for 

either wildtype Nup188•SUMO-Nic96R2 or mutant Nup188 LIFH•SUMO-Nic96R2 binding 

to either wildtype or EDSILF mutant of Nup145N and SUMO-Nup145NR2. Measured 

molecular masses are indicated for the peak fractions and corresponding theoretical 

molecular masses are reported in parenthesis. Gray bars indicate fractions that were resolved 

on SDS-PAGE gels and visualized by Coomassie staining. All SEC profiles were obtained 

using a Superdex 200 Increase 10/300 GL column. All SEC-MALS results are summarized 

in Table S4. 
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Fig. 31. Structural comparison of the Nup192 and Nup188 linker-scaffold 

complexes. (A) Cartoon representations of the Nup192•Nic96R2•Nup53R1•Nup145NR1 and 

Nup188•Nic96R2•Nup145NR2 single particle cryo-EM structures, and their superposition. 

The Nup192 and Nup188 Tower domains (red and light red) and the Nup188 SH3-like 

domain (gold) are highlighted. In boxes, isolated and magnified views of conformations of 

Nic96R2 bound to Nup192 and Nup188 are shown to illustrate the Nic96R2 structural 

polymorphism. The two Nic96R2 conformations were superposed based on a common a-

helical region between residues 263-284. Residues found to be involved in Nic96R2 binding 

to Nup192 and Nup188 (red) and residue M263 (orange), uniquely identifiable in anomalous 

difference Fourier maps derived from SeMet-derivatized Nup192DHEAD•Nic96R2 and 

Nup188•Nic96R2 crystals, are shown in ball-and-stick representation. (B) Schematic of the 

Nup192 and Nup188 fold architectures. Rounded rectangles and arrows represent a-helices 

and b-strands, respectively. (C) Schematic of the secondary structure that Nic96R2 assumes 

in binding Nup192 and Nup188. Green boxes and black lines above the primary sequence 

indicate a-helices and loops, respectively. Orange and red circles indicate residues 

highlighted in (A). 
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Fig. S32. Docking of the Nup192 and Nup188 complex structures into an ~25 Å in 

situ cryo-ET map of the Saccharomyces cerevisiae NPC. Resolution-matched simulated 

cryo-EM densities of side-chain resolution structures were quantitatively docked into the 

~25 Å sub-tomogram averaged cryo-electron tomography (cryo-ET) map of the in situ 

imaged S. cerevisiae NPC (EMD-10198) (36). The placement of unique solutions in a single 

spoke is shown (top left). Arrows and numbers indicate the accepted solutions and their 

corresponding rank. Closeup views of the accepted solutions are shown on the right, with the 

rank indicated on the top left corner of the box. Isosurface representation of the nuclear 

envelope and the NPC are colored in dark gray and white, respectively. The docked structures 

are displayed in cartoon representation. Rug plots (blue) and histograms (light blue) of 

Pearson correlation scores and derived Fisher z scores fit with a normalized Gaussian curve 

(black) from a global search with 1 million random initial placements are shown (bottom left 

and middle). Arrows and numbers indicate accepted solutions and their rank, respectively. A 

tabular summary of the accepted solutions fitting statistics, along with one-tailed p-values 

calculated from the Fisher z score distribution, is shown (bottom right). The quantitative 

docking analysis of (A) the Nup192•Nic96R2•Nup145NR1•Nup53R1 single particle cryo-EM 

structure, (B) the alternative-conformation Nup192•Nic96R2 composite crystal structure with 

Nup145NR1 and Nup53R1 peptides included by superposition with the single particle cryo-

EM structure, and (C) the Nup188•Nic96R2•Nup145NR1 single particle cryo-EM structure, 

collocates the Nup192 and Nup188 complexes to the equatorial and peripheral positions of 

the inner ring, respectively. 
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Fig. S33. Comparison of the Nup192 and Nup188 complex placement in situ 

cryo-ET map of the S. cerevisiae NPC. Question mark-shaped cryo-ET densities carved 

out from (A) cytoplasmic peripheral, (B) nuclear peripheral, (C) cytoplasmic equatorial, and 

(D) nuclear equatorial positions of the inner ring of the 25 Å sub-tomogram averaged 

cryo-ET map of the in situ imaged S. cerevisiae NPC (EMD-10198) (36), where either 

Nup192•Nic96R2•Nup145NR1•Nup53R1 or Nup188•Nic96R2•Nup145NR1 were quantitatively 

docked, as indicated in the boxes (top). To compare the goodness of fit by visual inspection, 

two isosurface represented views of the carved density with cartoon representations of the 

quantitatively docked composite crystal Nup192, single particle cryo-EM Nup192, or single 

particle cryo-EM Nup188 complex structures are shown. At the peripheral positions, a 

tentative placement of the two conformations of the Nup192 complex (single particle 

cryo-EM and composite crystal structures, respectively) results in unexplained excess 

density that can be accounted for by the SH3-like domain of Nup188 if the Nup188 complex 

(single particle cryo-EM structure) is placed in the same position. Unlike the shorter Nup188 

Tower, the longer Nup192 Tower exceeds the cryo-ET density when tentatively placed at 

the peripheral positions. On the contrary, the longer Tower is accommodated by the cryo-ET 

density at the equatorial position, but the SH3-like domain of the tentatively placed Nup188 

exceeds the cryo-ET density at the equatorial position. Overall, the Nup188 a-helical 

solenoid presents a narrower superhelical twist compared to Nup192, which leaves 

unexplained density if tentatively fit at the equatorial positions. Conversely, the larger 

superhelical twist of the Nup192 a-helical solenoid exceeds the cryo-ET density if tentatively 

fit at the peripheral positions. 
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Fig. S34. Composite structure of the S. cerevisiae NPC. Linker-scaffold structures 

were docked into an ~25 Å sub-tomogram averaged cryo-ET map of the in situ imaged 

S. cerevisiae NPC (EMD-10198) to obtain a composite structure of the S. cerevisiae NPC 

complete with surface-bound linker nup segments. The crystal composite 

Nup192•Nic96R2•Nup145NR1•Nup53R1 structure and the single particle cryo-EM 

Nup188•Nic96R2•Nup145NR2 structure were quantitatively docked (fig. S32). Crystal 

structures of linker-scaffold complexes Nup170•Nup145NR3•Nup53R3 (full-length crystal 

composite structures) (35) and CNT•Nic96R1 (PDB ID 5CWS) (28) were first aligned to the 

composite structure from (36) and then locally rigid-body fit into the cryo-ET map. The 

structures of the coat nup complex (CNC) and the scNup82•scNup159•scNsp1 complex were 

carried over from the composite structure from (36). (A) View from above the cytoplasmic 

face and (B) a cross-sectional view from the central transport channel. Isosurface 

representations of the nuclear envelope and the S. cerevisiae NPC are colored in dark gray 

and white, respectively. The docked structures are displayed in cartoon representation. 
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Fig. S35. Linker topology analysis of the composite structure of the S. cerevisiae 

NPC. (A) Schematic representation of a S. cerevisiae NPC spoke layers with the positional 

nomenclature indicated for each nup. Inner ring positional acronyms: cytoplasmic equatorial 

(CE), cytoplasmic proximal (CP), cytoplasmic bridge (CB), nuclear equatorial (NE), nuclear 

proximal (NP), and nuclear bridge (NB). Outer ring positional acronyms (grey shading): 

cytoplasmic (C), nuclear (N), and Nup82•Nup159•Nsp1 complex proximal (CFX) and distal 

(CFD). (B) Systematic measurement of Euclidean distances (Å) between linker-scaffold 

regions at various positions. The cross-spoke (x-sp.) distances reported are of the shortest 

connection to a particular position on an adjacent spoke, either in the clockwise or 

counterclockwise direction from the reference spoke. The shortest Euclidean distances 

consistent with the most parsimonious architecture of the linker-scaffold are indicated in blue 

and boldface type. Distances incompatible with the maximum physically possible length of 

the extended linker (red) and longer (orange) or shorter (green) than the calculated root-mean 

square (r.m.s) end-to-end length of a linear polymer chain according to the Gaussian chain 

model developed by Flory, with a characteristic ratio parameter of ~3, typical for 

unstructured polypeptide linkers (134, 135). (*) Because scNup53/59RRM are not resolved in 

the dilated in situ cryo-ET map of the S. cerevisiae NPC, we report distances between the R2 

and R3 regions but expect that the RRM homo-dimerization would further constrain the 

connections by extending the scNup53/59 R2-RRM and RRM-R3 linkers in between the 

inner ring spokes. (†) Because of the length of the linker between APD/CTD domains and 

the rest of the scNup100/116/145N domains, the assignment of connections is tentative. (‡) 

Linker lengths correspond to the number of residues in the scNup116 linkers; scNup100 

paralog linker lengths are of similar length. 
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Fig. S36. Shortest-distance analysis of linker network in the S. cerevisiae NPC. 

Spatial distances in the composite structure of the S. cerevisiae NPC were measured between 

two copies of linker nup segments that are adjacent in their primary sequence. (A-K) In the 

box on the left, linker nup segments and the scaffold surface that they are bound to are shown 

in cartoon representation and highlighted in color. The remainder of nups are colored in 

white. The nuclear envelope is rendered as dark gray isosurface. The straight-line linkage 

between the two closest copies of linker nup segments adjacent in their primary sequence is 

indicated by a solid red line. The measured Euclidean distance is reported in red. On the 

right, a schematic representation of the scaffold nup binding sites (highlighted in color) and 

the connecting linker nup segment (red), illustrates the topology of the linkage within the 

context of an entire S. cerevisiae NPC spoke (remainder of nups shown in gray). 
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Fig. S37. Architecture of the S. cerevisiae NPC linker-scaffold. Composite structure 

of the S. cerevisiae NPC generated by docking linker-scaffold structures into an ~25 Å 

sub-tomogram averaged cryo-electron tomography (cryo-ET) map of the in situ imaged 

S. cerevisiae NPC (EMD-10198) (36), viewed from (A) above the cytoplasmic face, and (B) 

a cross-section of the central transport channel. The nuclear envelope is rendered as a gray 

isosurface and the docked structures are represented as cartoons. (C-F) Cartoon 

representation of a single spoke’s layered architecture and schematic illustrating linker paths. 

Linker binding sites on scaffold nup surfaces are schematically indicated with colored circles. 

(C) scNup145N simultaneously binds the coat nup complex (CNC) component scNup145C 

in the outer rings and scNup157/170 in the inner ring. (D) scNup53/59 links equatorial 

Nic96SOL with peripheral scNup157/170 and peripheral scNic96SOL with equatorial 

scNup157/170, across the spoke midplane. (E) scNup192 and scNup188 bind to equatorial 

and peripheral scNic96R2, respectively. scNup100/116 link scNup192 and the equatorial 

scNup157/170. scNup53/59 links scNup192 and the peripheral scNic96SOL of adjacent 

spokes. (F) The scCNT is recruited by scNic96R1. scNup100/116 simultaneously bind to the 

cytoplasmic asymmetric scNup82•scNup159•scNsp1 complex and to scNup188 or 

scNup157/170 in the inner ring. 
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Fig. S38. Multispecies sequence alignment of Nup145N. Sequences from twelve 

diverse species, including three S. cerevisiae paralogs Nup100, Nup116, and Nup145N, were 

aligned and colored by sequence similarity according to the BLOSUM62 matrix from white 

(less than 55 % similarity), to yellow (55 % similarity), to red (100 % identity). Numbering 

below alignment is relative to the C. thermophilum sequence. Regions of the sequence are 

annotated above the alignment: FG/GLFG repeats (pale cyan), Gle2-binding sequence – 

GLEBS (purple), R1 – Nup192 binding region (blue), R2 – Nup188 binding region (light 

purple), R3 – Nup170 binding region (orange), autoproteolytic domain – APD (green). 

Residues found by mutational analysis to affect Nup192 binding (Fig. 3, figs. S15, S18 to 

S20), Nup188 binding (Fig. 4, figs. S27 to S30), or Nup170 binding (35) are indicated by red 

circles above the alignment. 
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Fig. S39. Generation of the nup100Dnup116Dnup145D S. cerevisiae knockout strain. 

(A) Domain structure of the S. cerevisiae gene products: scNup145 (and its autoproteolytic 

products scNup145N and Nup145C), the scNup145N paralogs scNup100 and scNup116, and 

the scNup116-scNup145C chimera construct. (B) Complementation of double knockout 

strains by co-transformation with a combination of plasmids expressing scNup100, 

scNup116, scNup145N-scNup145C, or the scNup116-scNup145C chimera. The 

scNup116-scNup145C chimera is a single construct that complements all double knockout 

combinations. (C) Gene knockout strategy employed in the generation of the 

nup100Dnup116Dnup145D strain. The scNup116-scNup145C chimera complements 

sequential knockouts of NUP100, NUP116, and NUP145 by homologous recombination 

with selection marker cassettes. The inducible expression of Cre results in the efficient 

excision of the loxP-natNT2-loxP cassette, allowing for a second round of selection using 

the natNT2 cassette. (D) The nup100Dnup116Dnup145D strain is rescued by the scNup116-

scNup145C chimera construct but presents a slow growth phenotype. Growth can be restored 

to wildtype rates by co-transforming the strain with plasmids expressing scNup145C and 

scNup116. (E) Domain structure of the S. cerevisiae scNup145N paralogs and artificial 

constructs. scNup116 is the only paralog that possesses a GLEBS motif. To test if the GLEBS 

motif is the sole determinant of viable nup100Dnup116Dnup145D complementation by 

plasmids expressing scNup145N paralogs, constructs with the scNup116 GLEBS motif 

sequence inserted into the scNup100 and scNup145N FG-repeat region, as well as a 

scNup145N construct in which the FG-repeat region is replaced with the scNup116 

FG-GLEBS region, were generated. (F) Viability analysis of the 

nup100Dnup116Dnup145D strain carrying a plasmid expressing scNup145C, after 

transformation with indicated scNup145N paralog constructs and selection of ten-fold serial 

dilution series spotted onto either SDC-LEU and SDC+5-FOA plates (shuffling). 
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Fig. S40. In vivo analysis of scNup116 functional regions and validation of 

interactions with scaffold proteins. Supporting data for analysis presented in Fig. 5. 

(A) Domain structure of scNup116 variants introduced into the nup100Dnup116Dnup145D 

S. cerevisiae strain, with colored squares indicating the functional region targeted by each 

mutation: GLEBS (pale cyan); FG repeats (dark gray); R1m, Nup192 binding region (blue); 

R2m, Nup188 binding region (light purple); R3m, Nup170 binding region (orange); 

R1m+R2m (blue and light purple); R2m+R3m (light purple and orange); R1m+R3m (blue 

and orange); R1m+R2m+R3m (blue, light purple, and orange); CTD (green). (B) Viability 

analysis of the nup100Dnup116Dnup145D strains after transformation with indicated 

scNup116 variants and selection of ten-fold serial dilution series spotted onto either SDC-

LEU and SDC+5-FOA plates (shuffling). Untagged or N-terminally tagged with 3×FLAG 

or eGFP were introduced in strains carrying plasmids expressing scNup145C, scNup145C-

3×HA, and scNup145C-mCherry, respectively. (C) Western blot analysis of expression 

levels of 3×FLAG-tagged non-rescuing scNup116 variants in unshuffled 

nup100Dnup116Dnup145D strain transformants selected in SDC-LEU media. 3×FLAG-

scNup116 variants, scNup145C-3×HA, and the endogenous hexokinase loading control were 

detected with anti-FLAG, anti-HA, and anti-hexokinase antibodies, respectively. (D) Growth 

analysis at different temperatures of ten-fold serial dilution series of the shuffled 

nup100Dnup116Dnup145D strains carrying indicated scNup116 variants, replicated for 

untagged and N-terminally 3×FLAG or eGFP-tagged constructs. (E) Western blot analysis 

of expression levels of 3×FLAG-tagged scNup116 variants in shuffled 

nup100Dnup116Dnup145D strain transformants selected on SDC+5-FOA media and 

subsequently grown in YPD media at 30 °C. 3×FLAG-scNup116 variants, 

scNup145C-3×HA, and the endogenous hexokinase loading control were detected with 

anti-FLAG, anti-HA, and anti-hexokinase antibodies, respectively. (F) Subcellular 

localization at different temperatures of eGFP-scNup116 variants in a shuffled 

nup100Dnup116Dnup145D strain carrying a plasmid expressing scNup145C-mCherry. (G) 

Subcellular localization of the 60S pre-ribosomal export reporter scRpl25-mCherry and 

eGFP-scNup116 variants in a shuffled nup100Dnup116Dnup145D strain. (H) Poly(A)+ RNA 
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localization detected by FISH in a shuffled nup100Dnup116Dnup145D strain carrying 

plasmids expressing scNup116 variants and grown at 37 °C for 4 hours. (I) Quantitation of 

the 60S pre-ribosomal and poly(A)+ RNA retention in the nucleus. All experiments were 

performed in triplicate and mean and its standard error are reported. All scalebars are 5 µm. 
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Fig. S41. Multispecies sequence alignment of Nup192. Sequences from twelve diverse 

species were aligned and colored by sequence similarity according to the BLOSUM62 matrix 

from white (less than 55 % similarity), to yellow (55 % similarity), to red (100 % identity). 

Numbering below alignment is relative to the C. thermophilum sequence. Secondary 

structure observed in the Nup192 structures is shown above the alignment: a-helices (red 

bars), b-sheets (blue bars), and unstructured regions (black lines). Disordered regions are 

indicated by gray dots. Residues found by mutational analysis to affect binding to Nup53 

(magenta) (41), Nup145N (cyan; Fig. 3, figs. S15, S20, and S21), and Nic96 (pale green; 

Fig. 2, figs. S2, S6, and S7) are indicated by circles above the alignment. 
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Fig. S42. In vivo validation of scNup192 interactions with scNic96 and S. cerevisiae 

Nup145N paralogs. Supporting data for analysis presented in Fig. 5. (A) Domain structure 

of scNup192 variants introduced into the nup192D strain, with colored squares indicating 

whether the mutation affects the S. cerevisiae Nup145N paralog binding site (cyan), the 

scNic96 binding site (pale green), or both (cyan and pale green). (B) Viability analysis of the 

nup192D strain after transformation with indicated scNup192 variants and selection of ten-

fold serial dilution series spotted onto either SDC-LEU and SDC+5-FOA plates (shuffling). 

Variants were either untagged or N-terminally tagged with 3×HA or eGFP. (C) Western blot 

analysis of expression levels of 3×HA-tagged non-rescuing scNup192 variants in unshuffled 

nup192D strain transformants selected in SDC-LEU media. 3×HA-scNup192 variants and 

the endogenous hexokinase loading control were detected with anti-HA and anti-hexokinase 

antibodies, respectively. Asterisk indicates nonspecific band detected by the anti-HA 

antibody. (D) Growth analysis at different temperatures of ten-fold serial dilution series of 

the shuffled nup192D strain carrying indicated scNup192 variants, replicated for untagged 

and N-terminally 3×HA- or eGFP-tagged constructs. (E) Western blot analysis of expression 

levels of 3×HA-tagged scNup192 variants in shuffled nup192D strain transformants selected 

on SDC+5-FOA media and subsequently grown in YPD media at 30 °C. Asterisk indicates 

nonspecific band detected by the anti-HA antibody. 3×HA-scNup192 variants and the 

endogenous hexokinase loading control were detected with anti-HA and anti-hexokinase 

antibodies, respectively. (F) Subcellular localization of eGFP-scNup192 variants (green) and 

wildtype mCherry-scNup192 (red) in an unshuffled nup192D strain. (G) Subcellular 

localization eGFP-scNup192 variants at permissive (30 °C) and growth-challenging (37 °C) 

temperatures in a shuffled nup192D strain. Scalebars are 5 µm. 
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Fig. S43. Multispecies sequence alignment of Nup188. Sequences from eleven diverse 

species were aligned and colored by sequence similarity according to the BLOSUM62 matrix 

from white (less than 55 % similarity), to yellow (55 % similarity), to red (100 % identity). 

Numbering below alignment is relative to the C. thermophilum sequence. Secondary 

structure observed in the Nup188 structures is shown above the alignment: a-helices (red 

bars), b-sheets (blue bars), and unstructured regions (black lines). Disordered regions are 

indicated by gray dots. Residues found by mutational analysis to affect binding to Nup145N 

(cyan; Fig. 4, figs. S28, S29, and S30), and Nic96 (pale green; Fig. 2, figs. S8, S11, and S12) 

are indicated by circles above the alignment. 
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Fig. S44. In vivo validation of scNup188 interactions with scNic96 and S. cerevisiae 

scNup145N paralogs. Supporting data for analysis presented in Fig. 5. (A) Domain structure 

of scNup188 variants introduced into the nup188D, nup188Dpom34D, and 

nup188Dpom152D strains, with colored squares indicating whether the mutation affects the 

scNup100/116 paralog binding site (cyan), the scNic96 binding site (pale green), or both 

(cyan and pale green). (B) Subcellular localization of GFP-scNup188 variants transformed 

into a nup188D strain. Scalebars are 5 µm. (C) Viability analysis of the nup188Dpom34D 

and nup188Dpom152D strains after transformation with indicated scNup188 variants and 

selection of ten-fold serial dilution series spotted onto either SDC-LEU and SDC+5-FOA 

plates (shuffling). Variants were either untagged or N-terminally tagged with 3×FLAG or 

eGFP. (D) Western blot analysis of expression levels of 3×FLAG-tagged non-rescuing 

scNup188 variants in unshuffled nup188Dpom34D and nup188Dpom152D strain 

transformants selected in SDC-LEU media. 3×FLAG-scNup188 variants and the 

endogenous hexokinase loading control were detected with anti-FLAG and anti-hexokinase 

antibodies, respectively. Asterisk indicates nonspecific band detected by the anti-FLAG 

antibody. (E) Growth analysis at different temperatures of ten-fold serial dilution series of 

the shuffled nup188Dpom34D and nup188Dpom152D strains carrying indicated scNup188 

variants, replicated for untagged and N-terminally 3×FLAG or eGFP-tagged constructs. 

(F) Western blot analysis of expression levels of 3×FLAG-tagged scNup188 variants in 

shuffled nup188Dpom34D and nup188Dpom152D transformants selected on SDC+5-FOA 

media and subsequently grown in YPD media at 30 °C. 3×FLAG-scNup188 variants and the 

endogenous hexokinase loading control were detected with anti-FLAG and anti-hexokinase 

antibodies, respectively. (G) Subcellular localization eGFP-scNup188 variants at permissive 

(30 °C) and growth-challenging (16 °C) temperatures. 
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Fig. S45. Multispecies sequence alignment of Nic96. Sequences from twelve diverse 

species were aligned and colored by sequence similarity according to the BLOSUM62 matrix 

from white (less than 55 % similarity), to yellow (55 % similarity), to red (100 % identity). 

Numbering below alignment is relative to the C. thermophilum sequence. Secondary 

structure observed in the Nic96 structures is shown above the alignment: a-helices (red bars), 

b-sheets (blue bars), and unstructured regions (black lines). Disordered regions are indicated 

by gray dots. Residues found by mutational analysis to affect binding to the CNT (red) (28), 

Nup192 (blue; Fig. 2C, figs. S2, S5, S6), Nup188 (blue; Fig. 2H, figs. S8, S10, S12), or 

Nup53 (magenta) (35) in the C. thermophilum system, are indicated by circles above the 

alignment. Residues found by mutational analysis to affect binding between NUP93 and 

NUP53 (bright pink; Fig. 6, fig. S57) in the H. sapiens system, are indicated by circles below 

the alignment. 
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Fig. S46. In vivo validation of the scNic96R2 region. Supporting data for analysis 

presented in Fig. 5. (A) Domain structure of scNic96 variants introduced into the nic96D 

strain. (B) Viability analysis of the nic96D strain after transformation with indicated scNic96 

variants and selection of ten-fold serial dilution series spotted onto either SDC-LEU and 

SDC+5-FOA plates (shuffling). Variants were either untagged or N-terminally tagged with 

3×FLAG or eGFP. (C) Western blot analysis of expression levels of 3×FLAG-tagged non-

rescuing scNic96 variants in unshuffled nic96D strain transformants selected in SDC-LEU 

media. 3×FLAG-scNic96 variants and the endogenous hexokinase loading control were 

detected with anti-FLAG and anti-hexokinase antibodies, respectively. (D) Growth analysis 

at different temperatures of ten-fold serial dilution series of the shuffled nic96D strain 

carrying indicated scNic96 variants, replicated for untagged and N-terminally 3×FLAG or 

eGFP-tagged constructs. (E) Western blot analysis of expression levels of 3×FLAG-tagged 

scNic96 variants in shuffled nic96D strain transformants selected on SDC+5-FOA media and 

subsequently grown in YPD media at 30 °C. 3×FLAG-scNic96 variants and the endogenous 

hexokinase loading control were detected with anti-FLAG and anti-hexokinase antibodies, 

respectively. (F) Subcellular localization of shuffled eGFP-scNic96 variants in the 

nic96D strain at different temperatures. (G) Viability analysis of the 

nic96Dnup57-eGFP strain after transformation with indicated mCherry-scNic96 variants 

and selection of ten-fold serial dilution series spotted onto either SDC-LEU and 

SDC+5-FOA plates (shuffling). Scalebars are 5 µm. 
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Fig. S47. Multispecies sequence alignment of Nup53 from species related to 

S. cerevisiae. Sequences from eight diverse species, including two S. cerevisiae paralogs 

Nup53 and Nup59, were aligned and colored by sequence similarity according to the 

BLOSUM62 matrix from white (less than 55 % similarity), to yellow (55 % similarity), to 

red (100 % identity). Numbering below alignment is relative to the S. cerevisiae sequence. 

Regions of the sequence are annotated above the alignment: R1 – Nup192 binding region 

(blue), R2 – Nic96 binding region (green), RNA recognition motif – RRM (magenta), R3 – 

Nup157/Nup170 binding region (orange) (143), amphipathic a-helix (red). 
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Fig. S48. Multispecies sequence alignment of Nup53 from species related to 

C. thermophilum. Sequences from seven diverse species were aligned and colored by 

sequence similarity according to the BLOSUM62 matrix from white (less than 55 % 

similarity), to yellow (55 % similarity), to red (100 % identity). Numbering below alignment 

is relative to the C. thermophilum sequence. Regions of the sequence are annotated above 

the alignment: R1 – Nup192 binding region (blue), R2 – Nic96 binding region (green), RNA 

recognition motif – RRM (magenta), R3 – Nup157/Nup170 binding region (orange), 

amphipathic a-helix (red). Residues found by mutational analysis to affect Nup192 binding 

(41) or Nup170 binding (35) are indicated by red circles above the alignment. 
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Fig. S49. Multispecies sequence alignment of Nup53 from species related to 

H. sapiens. Sequences from fifteen diverse species were aligned and colored by sequence 

similarity according to the BLOSUM62 matrix from white (less than 55 % similarity), to 

yellow (55 % similarity), to red (100 % identity). Numbering below alignment is relative to 

the H. sapiens sequence. Regions of the sequence are annotated above the alignment: R1 – 

NUP205 binding region (blue), R2 – NUP93 binding region (green), RNA recognition motif 

– RRM (magenta), R3 – NUP155 binding region, amphipathic a-helix (red). Residues found 

by mutational analysis to affect binding to NUP93SOL (Fig. 6 and fig. S57) are indicated by 

red circles above the alignment. 
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Fig. S50. NUP155NTD binds to a topologically conserved region of NUP53. 

(A) Domain structure of NUP53 with gray lines indicating truncation construct boundaries 

analyzed. (B-D) SEC profiles are shown for nups individually (red and blue) and after their 

preincubation (green) for NUP155NTD binding to various NUP53 constructs. Gray bars 

indicate fractions that were resolved on SDS-PAGE gels and visualized by Coomassie 

staining. All SEC profiles were obtained using a Superdex 200 10/300 GL column. 
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Fig. S51. NUP93SOL binds to a topologically conserved region of NUP53. (A) Domain 

structure of NUP53 with gray lines indicating truncation construct boundaries analyzed. 

(B-D) SEC profiles are shown for nups individually (red and blue) and after their 

preincubation (green) for NUP93SOL binding to various NUP53 constructs. Gray bars 

indicate fractions that were resolved on SDS-PAGE gels and visualized by Coomassie 

staining. All SEC profiles were obtained using a Superdex 200 10/300 GL column. Asterisks 

indicate degradation products or contamination. 
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Fig. S52. NUP93R1 binding to the CNT is disrupted by mutating evolutionarily 

conserved residues. (A) Sequence alignment of orthologous C. thermophilum Nic96R1 and 

human NUP93R1 regions shows the evolutionary conservation of the LLLL mutation that 

abolishes binding of C. thermophilum Nic96R1 to the CNT (28). Residues are colored 

according to a multispecies sequence alignment, from white (less than 55 % similarity), to 

yellow (55 % similarity), to red (100 % identity) using the BLOSUM62 substitution matrix. 

(B-C) Domain structure of NUP93 with black lines indicating the analyzed construct 

boundaries, and a schematic of the suggested NUP93R1-CNT binding mode and location 

of evolutionarily conserved LIL residues (right). The H. sapiens CNT is composed of 

NUP54, NUP58 and NUP62. SEC profiles are shown for nups or nup complexes 

individually (red and blue) and after their preincubation (green) for the CNT binding to 

(A) NUP93DR2-SOL and the mutant NUP93DR2-SOL LIL, and (B) NUP93R1 and the mutant 

NUP93R1 LIL. Gray bars indicate fractions that were resolved on SDS-PAGE gels and 

visualized by Coomassie staining. All SEC profiles were obtained using a Superdex 200 

10/300 GL column. 
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Fig. S53. Human NUP188 and NUP205 linker-scaffold network. (A) Domain 

structure of NUP93, NUP53, and NUP98. (B) Pulldown analysis of NUP188 and NUP205 

interactions with NUP93R2, NUP53, and NUP98. Biotinylated His6-Avi-SUMO 

(BA-SUMO) fused with linker NUP93R2, NUP53 and NUP98 fragments were loaded onto 

streptavidin-conjugated magnetic beads and used as baits to pull down 3×FLAG-NUP188 or 

3×FLAG-NUP205 from lysate. Linker nup truncations and substitutions are indicated with 

black lines and red circles above the stylized domain structures, respectively. Load and 

pulldown fractions were resolved by SDS-PAGE and visualized by western blot. Baits were 

resolved by SDS-PAGE and visualized by Coomassie staining. 
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Fig. S54. Mapping of the minimal NUP53 region sufficient for NUP93SOL binding. 

SEC and SDS-PAGE analysis corresponding to Fig. 6B. (A) Domain structure of NUP53 

with gray bars indicating truncation construct boundaries analyzed. The NUP53R2 peptide is 

indicated by a red bar. The binding of NUP53 truncation constructs to NUP93SOL, as assessed 

by SEC and SDS-PAGE, is summarized and colored according to the measured effect: no 

effect (green, +++), weak effect (yellow, ++), moderate effect (orange, +), and abolished 

binding (red, -). (B, C) SEC profiles are shown for nups individually (dark blue and cyan) 

and after their preincubation (colored according to the measured effect, as in (A). (D) SEC 

profile of wildtype NUP93SOL (dark blue) is shown as reference. SEC profiles of NUP93SOL 

preincubated with SUMO-NUP53 truncation constructs are colored according to the 

measured effect, as in (A). Dashed lines indicate the peak elution volumes across the offset 

dimension. The gray bar indicates fractions that were resolved on SDS-PAGE gels and 

visualized by Coomassie staining. All SEC profiles were obtained using a Superdex 200 

10/300 GL column. 
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Fig. S55. 5-Ala scanning mutagenesis of NUP53 sequence for residues necessary for 

NUP93SOL binding. SEC and SDS-PAGE analysis corresponding to Fig. 6D. (A) Domain 

structure of NUP53. Mutations were introduced into the NUP53N construct indicated by the 

black line above the domain structure. The positions of the 5-Ala mutated residues are 

indicated above the primary NUP53 sequence with boxes colored according to the measured 

effect on Nup192 binding: no effect (green), moderate effect (yellow), and abolished binding 

(red). (B) SEC profiles of wildtype NUP93SOL alone (cyan) and NUP93SOL preincubated with 

wildtype SUMO-NUP53N (dark blue) are shown. SEC profiles of SUMO-NUP53N 5-Ala 

mutants preincubated with NUP93SOL are colored according to the measured effect, as in (A). 

The gray bar indicates fractions that were resolved on SDS-PAGE gels and visualized by 

Coomassie staining. All SEC profiles were obtained using a Superdex 200 10/300 GL 

column. 
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Fig. S56. Crystallographic analysis of apo NUP93SOL and NUP93SOL•NUP53R2. 

Cartoon representation of apo NUP93SOL and NUP93SOL•NUP53R2 crystal structures. Inset 

boxes indicate magnified views of the NUP53 binding site of (A) the 2.0 Å crystal structure 

of apo NUP93SOL (yellow), (B) the 3.4 Å co-crystal structure of the NUP93SOL•NUP53R2 

complex (green and magenta), and (C) a structural superposition of the two structures. Red 

circles indicate residues found by mutational analysis to affect NUP93SOL binding to NUP53 

(Fig. 6 and fig. S57). Black arrows indicate conformational changes in the loops adjacent to 

the binding site induced by the binding of the NUP53R2 peptide. A global 12° displacement 

respect to the and N-terminal U-bend a-helical solenoid, pivoted about a connecting hinge 

loop, is observed. (D) Anomalous difference Fourier map (orange) calculated from X-ray 

diffraction data collected at the selenium anomalous peak wavelengths for 

NUP93SOL•NUP53R2 I94M SeMet-derivatized co-crystals and superposed with the cartoon 

and stick representation of the NUP93SOL•NUP53R2 structure (green and magenta), 

validating the sequence assignment of the NUP53R2 peptide. (E) NUP53R2 shown in cartoon 

and ball-and-stick representation. Surface representation of NUP93SOL binding site (pale 

green) with residues found by mutational analysis to affect NUP53 binding (Fig. 6 and 

fig. S57) highlighted (orange). 
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Fig. S57. Perturbation of the NUP93SOL-NUP53 interaction by point mutants. SEC 

and SDS-PAGE analysis corresponding to Fig. 6, G and H. SEC profiles of wildtype 

NUP93SOL alone (cyan) and NUP93SOL preincubated with wildtype SUMO-NUP53N (dark 

blue) are shown. SEC profiles of (A) SUMO-NUP53N mutants preincubated with NUP93SOL 

(B) NUP93SOL mutants preincubated with SUMO-NUP53N are colored according to the 

measured effect: no effect (green, +++), weak effect (yellow, ++), moderate effect (orange, 

+), and abolished binding (red, -). The gray bar indicates fractions that were resolved on 

SDS-PAGE gels and visualized by Coomassie staining. All SEC profiles were obtained using 

a Superdex 200 10/300 GL column. The results are summarized in the tables (top right). 



 

 

422 

 
  



 

 

423 
Fig. S58. Workflow for the sequential quantitative docking of high-resolution 

structures into the ~12 Å cryo-ET map of the intact human NPC. Cartoon 

representations of the high resolution structures used as search models at each step are shown 

on the left. Global searches were performed in the full map, as well as a map limited to the 

inner ring. At each step, map density assigned to the search model was removed from the 

search regions of the subsequent step. Cross-sectional views of the full map and inner ring 

search region (white) and the nuclear envelope (dark gray) are shown in isosurface 

representation (middle). Isolated contours of the assigned densities are rendered according to 

the color of the placed search model (right). The density left over after all assigned density 

is removed from the full map and inner ring search regions, along with a colored composite 

of all the assigned density. 
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Fig. S59. Docking of the coat nup complex structures into the ~12 Å cryo-ET map 

of the intact human NPC. Resolution-matched simulated cryo-EM densities of side-chain 

resolution structures of the coat nup complex (CNC) were quantitatively docked into an 

~12 Å sub-tomogram averaged cryo-ET map of the intact human NPC (EMD-14322) (47). 

The search model was adopted from (35) and was composed of the yeast CNC-hexamer 

(PDB ID 4XMM) (29), the NUP84•NUP133 hetero-dimer (PDB ID 3I4R) (24), NUP43 

(PDB ID 4I79) (30), NUP37 (PDB ID 4FHM) (25), and NUP133NTD (PDB ID 1XKS) (15) 

crystal structures. (A) The placement of unique solutions in a single spoke is shown (top left). 

Arrows and numbers indicate the accepted solutions and their corresponding rank. Closeup 

views of the accepted solutions are shown on the right, with the rank indicated on the top left 

corner of the box. Isosurface representations of the nuclear envelope and the NPC are colored 

in dark gray and white, respectively. The docked structures are displayed as cartoons. Rug 

plots (blue) and histograms (light blue) of Pearson correlation scores and derived Fisher z 

scores fit with a normalized Gaussian curve (black) from a global search with 1 million 

random initial placements are shown (bottom left and middle, respectively). A tabular 

summary of the accepted solutions fitting statistics, along with one-tailed p-values calculated 

from the Fisher z score distribution, is shown (bottom right). (B) The NUP133NTD rigid-body 

fit to the cryo-ET map was further locally optimized at each position: cytoplasmic distal 

(red), cytoplasmic proximal (dark blue), nuclear distal (green), and nuclear proximal 

(orange). (C) Comparison of cartoon representations of the CNC docked at different 

positions, with NUP133NTD polypeptide chains colored as in (B). To account for the 

difference in diameter of the proximal and distal CNC rings, the NUP133NTD position and 

distance from the rest of the structured NUP133 (yellow) varies significantly between the 

distal and proximal positions. 
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Fig. S60. Docking of the single particle cryo-EM Nup192•Nic96R2•Nup145NR1• 

•Nup53R1 structure into the ~12 Å cryo-ET map of the intact human NPC. 

Resolution-matched simulated cryo-EM densities of the 3.2 Å 

Nup192•Nic96R2•Nup145NR1•Nup53R1 single particle cryo-EM structure were 

quantitatively docked into (A) an ~12 Å sub-tomogram averaged cryo-ET map of the intact 

human NPC (EMD-14322) (47) and (B) a sub-segment of the map comprised solely of the 

inner ring. The placement of unique solutions in a single spoke is shown (top left). Arrows 

and numbers indicate the accepted solutions and their corresponding rank. Closeup views of 

the accepted solutions are shown on the right, with the rank indicated on the top left corner 

of the box. Isosurface representations of the nuclear envelope and the NPC are colored in 

dark gray and white, respectively. The docked structures are displayed as cartoons. Rug plots 

(blue) and histograms (light blue) of Pearson correlation scores and derived Fisher z scores 

fit with a normalized Gaussian curve (black) from a global search with 1 million random 

initial placements are shown (bottom left and middle). A tabular summary of the accepted 

solutions fitting statistics, along with one-tailed p-values calculated from the Fisher z score 

distribution, is shown (bottom right). 



 

 

428 

 
  



 

 

429 
Fig. S61. Docking of the composite crystal Nup192•Nic96R2•Nup145NR1•Nup53R1 

structure into the ~12 Å cryo-ET map of the intact human NPC. Resolution-matched 

simulated cryo-EM densities of the composite crystal 

Nup192•Nic96R2•Nup145NR1•Nup53R1 structure were quantitatively docked into (A) an 

~12 Å sub-tomogram averaged cryo-ET map of the intact human NPC (EMD-14322) (47) 

and (B) a sub-segment of the map comprised solely of the inner ring. The placement of 

unique solutions in a single spoke is shown (top left). Arrows and numbers indicate the 

accepted solutions and their corresponding rank. Closeup views of the accepted solutions are 

shown on the right, with the rank indicated on the top left corner of the box. Isosurface 

representations of the nuclear envelope and the NPC are colored in dark gray and white, 

respectively. The docked structures are displayed as in cartoon representation. Rug plots 

(blue) and histograms (light blue) of Pearson correlation scores and derived Fisher z scores 

fit with a normalized Gaussian curve (black) from a global search with 1 million random 

initial placements are shown (bottom left and middle). A tabular summary of the accepted 

solutions fitting statistics, along with one-tailed p-values calculated from the Fisher z score 

distribution, is shown (bottom right). The crystallized conformation of Nup192 found in the 

composite crystal structure fits the cryo-ET map density with greater confidence than the 

conformation of Nup192 found in single particle cryo-EM structure (Fig. S60). 
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Fig. S62. Docking of the single particle cryo-EM Nup188•Nic96R2•Nup145NR2 

structure into the ~12 Å cryo-ET map of the intact human NPC. Resolution-matched 

simulated cryo-EM densities of the 2.8 Å Nup188•Nic96R2•Nup145NR2 single particle 

cryo-EM structure were quantitatively docked into (A) the ~12 Å sub-tomogram averaged 

cryo-ET map of the intact human NPC (EMD-14322) (47) and (B) a sub-segment of the map 

comprised solely of the inner ring. The placement of unique solutions in a single spoke is 

shown (top left). Arrows and numbers indicate the accepted and tentative solutions and their 

corresponding rank. Asterisks indicate that solutions in the outer rings are tentative and 

shown for illustrative purpose, as quantitative docking in the ~12 Å cryo-ET map places the 

Nup192 complex with greater confidence into the outer ring positions (figs. S60 and S61). 

Closeup views of the accepted and tentative solutions are shown on the right, with the rank 

indicated on the top left corner of the box. Isosurface representations of the nuclear envelope 

and the NPC are colored in dark gray and white, respectively. The docked structures are 

displayed in cartoon representation. Rug plots (blue) and histograms (light blue) of Pearson 

correlation scores and derived Fisher z scores fit with a normalized Gaussian curve (black) 

from a global search with 1 million random initial placements are shown (bottom left and 

middle). A tabular summary of the solutions fitting statistics, along with one-tailed p-values 

calculated from the Fisher z score distribution, is shown (bottom right). 
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Fig. S63. Comparison of the Nup192 and Nup188 complex placement in the inner 

ring of the ~12 Å cryo-ET map of the intact human NPC. Question mark-shaped cryo-ET 

densities carved out from (A) cytoplasmic peripheral, (B) nuclear peripheral, 

(C) cytoplasmic equatorial, and (D) nuclear equatorial positions of the inner ring of an ~12 Å 

sub-tomogram averaged cryo-ET map of the intact human NPC (EMD-14322) (47) where 

either Nup192•Nic96R2•Nup145NR1•Nup53R1 or Nup188•Nic96R2•Nup145NR2 complexes 

were quantitatively docked, as indicated in the boxes (top). To compare the goodness of fit 

by visual inspection, two isosurface representation views of the carved density with cartoons 

of the quantitatively docked composite crystal Nup192•Nic96R2•Nup145NR1•Nup53R1, 

single particle cryo-EM Nup192•Nic96R2•Nup145NR1•Nup53R1, or single particle cryo-EM 

Nup188•Nic96R2•Nup145NR2 structures are shown. At the peripheral positions, a tentative 

placement of the two conformations of the Nup192•Nic96R2•Nup145NR1•Nup53R1 complex 

(single particle cryo-EM and composite crystal structures, respectively) results in 

unexplained excess density that can be accounted for by the SH3-like domain of Nup188 if 

the Nup188•Nic96R2•Nup145NR2 complex (single particle cryo-EM structure) is placed in 

the same position. Unlike the shorter Nup188 Tower, the longer Nup192 Tower exceeds the 

cryo-ET density if tentatively placed at the peripheral positions. On the contrary, the longer 

Tower domain is accommodated by the cryo-ET density at the equatorial position, but the 

SH3-like domain of the tentatively placed Nup188 exceeds the cryo-ET density at the 

equatorial position. At the equatorial positions, the Nup192 Tower domain conformation 

found in the composite crystal Nup192 complex structure fits the cryo-ET density better than 

the Nup192 Tower domain conformation observed in the single particle cryo-EM Nup192 

complex structure. 
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Fig. S64. Comparison of the Nup192 and Nup188 complex placement in the outer 

rings of the ~12 Å cryo-ET map of the intact human NPC. Question mark-shaped 

cryo-ET densities carved out from (A) cytoplasmic proximal, (B) cytoplasmic distal, and 

(C) nuclear distal positions of the outer rings of the ~12 Å sub-tomogram averaged cryo-ET 

map of the intact human NPC (EMD-14322) (47) where 

Nup192•Nic96R2•Nup145NR1•Nup53R1 complexes were quantitatively docked, as indicated 

in the boxes (top). To compare the goodness of fit by visual inspection, two isosurface 

representation views of the carved density with cartoons of the quantitatively docked 

composite crystal Nup192•Nic96R2•Nup145NR1•Nup53R1, single particle cryo-EM 

Nup192•Nic96R2•Nup145NR1•Nup53R1, or single particle cryo-EM 

Nup188•Nic96R2•Nup145NR2 structures are shown. The cryo-ET density is exceeded by the 

Nup188 SH3-like domain if the Nup188•Nic96R2•Nup145NR2 complex is tentatively placed 

at all three outer ring positions. On the other hand, the Nup188 a-helical solenoid presents a 

narrower superhelical twist compared to Nup192, which leaves unexplained density in other 

parts of the cryo-ET density. At all outer ring positions, the Nup192 Tower conformation 

found in the composite crystal Nup192•Nic96R2•Nup145NR1•Nup53R1 complex structure fits 

the cryo-ET density better than the Nup192 Tower conformation observed in the single 

particle cryo-EM Nup192•Nic96R2•Nup145NR1•Nup53R1complex structure. 
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Fig. S65. Docking of the single particle cryo-EM Nup192•Nic96R2•Nup145NR1• 

•Nup53R1 structure into an ~23 Å cryo-ET map of the intact human NPC. Resolution-

matched simulated cryo-EM densities of the 3.2 Å Nup192•Nic96R2•Nup145NR1•Nup53R1 

single particle cryo-EM structure were quantitatively docked into (A) the 23 Å sub-

tomogram averaged cryo-ET map of the intact human NPC (EMD-3103) (38) and (B) a sub-

segment of the map comprised solely of the inner ring. The placement of unique solutions in 

a single spoke is shown (top left). Arrows and numbers indicate the accepted solutions and 

their corresponding rank. Closeup views of the accepted solutions are shown on the right, 

with the rank indicated on the top left corner of the box. Isosurface representation of the 

nuclear envelope and the NPC are colored in dark gray and white, respectively. The docked 

structures are displayed as in cartoon representation. Rug plots (blue) and histograms (light 

blue) of Pearson correlation scores and derived Fisher z scores fit with a normalized Gaussian 

curve (black) from a global search with 1 million random initial placements are shown 

(bottom left and middle, respectively). A tabular summary of the accepted solutions fitting 

statistics, along with one-tailed p-values calculated from the Fisher z score distribution, is 

shown (bottom right). Top-scoring solutions were identified for four of the five positions 

identified by docking into the higher resolution ~12 Å cryo-ET map (Fig. S60). The 

cytoplasmic outer ring proximal position was ranked as the 8th highest scoring solution. 
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Fig. S66. Docking of the composite crystal Nup192•Nic96R2•Nup145NR1•Nup53R1 

structure into an ~23 Å cryo-ET map of the intact human NPC. Resolution-matched 

simulated cryo-EM densities of the composite crystal 

Nup192•Nic96R2•Nup145NR1•Nup53R1 structure were quantitatively docked into (A) the 

23 Å sub-tomogram averaged cryo-ET map of the intact human NPC (EMD-3103) (38) and 

(B) a sub-segment of the map comprised solely of the inner ring. The placement of unique 

solutions in a single spoke is shown (top left). Arrows and numbers indicate the accepted 

solutions and their corresponding rank. Closeup views of the accepted solutions are shown 

on the right, with the rank indicated on the top left corner of the box. Isosurface 

representations of the nuclear envelope and the NPC are colored in dark gray and white, 

respectively. The docked structures are displayed in cartoon representation. Rug plots (blue) 

and histograms (light blue) of Pearson correlation scores and derived Fisher z scores fit with 

a normalized Gaussian curve (black) from a global search with 1 million random initial 

placements are shown (bottom left and middle). A tabular summary of the accepted solutions 

fitting statistics, along with one-tailed p-values calculated from the Fisher z score 

distribution, is shown (bottom right). Top-scoring solutions were identified for four of the 

five positions identified by docking into the higher resolution ~12 Å cryo-ET map (Fig. S61). 

The cytoplasmic outer ring proximal position was ranked as the 9th highest scoring solution. 
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Fig. S67. Docking of the single particle cryo-EM Nup188•Nic96R2•Nup145NR2 

structure into an ~23 Å cryo-ET map of the intact human NPC. Resolution-matched 

simulated cryo-EM densities of the 2.8 Å Nup188•Nic96R2•Nup145NR2 single particle 

cryo-EM structure were quantitatively docked into (A) an ~23 Å sub-tomogram averaged 

cryo-ET map of the intact human NPC (EMD-3103) (38) and (B) a sub-segment of the map 

comprised solely of the inner ring. The placement of unique solutions in a single spoke is 

shown (top left). Arrows and numbers indicate the accepted solutions and their corresponding 

rank. Asterisks indicate that solutions in the outer rings are tentative and shown for 

illustrative purpose, as quantitative docking in the ~12 Å cryo-ET map places the Nup192 

complex with greater confidence into the outer ring positions (figs. S60 and S61). Closeup 

views of the accepted and tentative solutions are shown on the right, with the rank indicated 

on the top left corner of the box. Isosurface representations of the nuclear envelope and the 

NPC are colored in dark gray and white, respectively. The docked structures are displayed 

in cartoon representation. Rug plots (blue) and histograms (light blue) of Pearson correlation 

scores and derived Fisher z scores fit with a normalized Gaussian curve (black) from a global 

search with 1 million random initial placements are shown (bottom left and middle). A tabular 

summary of the accepted solutions fitting statistics, along with one-tailed p-values calculated 

from the Fisher z score distribution, is shown (bottom right). Top-scoring solutions were 

identified for four of the five positions identified by docking into the higher resolution ~12 Å 

cryo-ET map (fig. S62). The tentative cytoplasmic outer ring proximal position was ranked 

as the 11th highest scoring solution. 
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Fig. S68. Docking of the NUP93SOL•NUP53R2 co-crystal structure into the ~12 Å 

cryo-ET map of the intact human NPC. Resolution-matched simulated cryo-EM densities 

of the 3.4 Å NUP93SOL•NUP53R2 structure were quantitatively docked into (A) the ~12 Å 

sub-tomogram averaged cryo-ET map of the intact human NPC (EMD-14322) (47) from 

which cryo-ET density corresponding to hereto docked nups was subtracted (fig. S58) and 

(B) a sub-segment of the map comprised solely of the inner ring from which cryo-ET density 

corresponding to hereto docked nups was subtracted (fig. S58). The placement of unique 

solutions in a single spoke is shown (top left). Arrows and numbers indicate the accepted 

solutions and their corresponding rank. The asterisk indicates a copy of NUP93SOL•NUP53R2 

that was placed manually into matching but weak density. The presence of a proximal copy 

of NUP93SOL is supported by the presence of a proximal copy of NUP205, which binds to 

NUP93R2. Closeup views of the accepted solutions are shown on the right, with the rank 

indicated on the top left corner of the box. Isosurface representations of the nuclear envelope 

and the NPC are colored in dark gray and white, respectively. The docked structures are 

displayed in cartoon representation. Rug plots (blue) and histograms (light blue) of Pearson 

correlation scores and derived Fisher z scores fit with a normalized Gaussian curve (black) 

from a global search with 1 million random initial placements are shown (bottom left and 

middle). A tabular summary of the solutions fitting statistics, along with one-tailed p-values 

calculated from the Fisher z score distribution, is shown (bottom right). Top scoring solutions 

in neither full map nor inner ring search regions did not include a nuclear equatorial copy of 

NUP93SOL•NUP53R2. However, its position could be inferred by the C2 symmetry 

relationship with the top-scoring cytoplasmic equatorial copy (ranked 3rd highest) and 

matched with the 36th highest scoring solution. 
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Fig. S69. Docking of the NUP93SOL•NUP53R1 co-crystal structure into an ~23 Å 

cryo-ET map of the intact human NPC. Resolution-matched simulated cryo-EM densities 

of the 3.4 Å NUP93SOL•NUP53R2 structure were quantitatively docked into (A) an ~23 Å 

sub-tomogram averaged cryo-ET map of the intact human NPC (EMD-3103) (38) and (B) a 

sub-segment of the map comprised solely of the inner ring. The placement of unique 

solutions in a single spoke is shown (top left). Arrows and numbers indicate the accepted 

solutions and their corresponding rank. Closeup views of the accepted solutions are shown 

on the right, with the rank indicated on the top left corner of the box. Isosurface 

representations of the nuclear envelope and the NPC are colored in dark gray and white, 

respectively. The docked structures are displayed in cartoon representation. Rug plots (blue) 

and histograms (light blue) of Pearson correlation scores and derived Fisher z scores fit with 

a normalized Gaussian curve (black) from a global search with 1 million random initial 

placements are shown (bottom left and middle, respectively). A tabular summary of the 

solutions fitting statistics, along with one-tailed p-values calculated from the Fisher z score 

distribution, is shown (bottom right). Top scoring solutions were identified for a single copy 

of NUP93SOL•NUP53R2 at the distal position in each one of the outer rings. No cryo-ET 

density was observed for a proximal copy of NUP93SOL•NUP53R2 in the cytoplasmic outer 

ring. Top scoring solutions for all four copies of NUP93SOL•NUP53R2 in the inner ring were 

identified in the inner ring search region. 
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Fig. S70. Docking of the bridge composite crystal Nup170•Nup145N R3•Nup53R3 

structure into the ~12 Å cryo-ET map of the intact human NPC. Resolution-matched 

simulated cryo-EM densities of the composite crystal Nup170•Nup145NR3•Nup53R3 

conformation II structure (as identified by (35)) were quantitatively docked into (A) the 

~12 Å sub-tomogram averaged cryo-ET map of the intact human NPC (EMD-14322) (47) 

from which cryo-ET density corresponding to hereto docked nups was subtracted (fig. S58) 

and (B) a sub-segment of the map comprised solely of the inner ring from which cryo-ET 

density corresponding to hereto docked nups was subtracted (fig. S58). The placement of 

unique solutions in a single spoke is shown (top left). Arrows and numbers indicate the 

accepted solutions and their corresponding rank. Closeup views of the accepted solutions are 

shown on the right, with the rank indicated on the top left corner of the box. Isosurface 

representations of the nuclear envelope and the NPC are colored in dark gray and white, 

respectively. The docked structures are displayed in cartoon representation. Rug plots (blue) 

and histograms (light blue) of Pearson correlation scores and derived Fisher z scores fit with 

a normalized Gaussian curve (black) from a global search with 1 million random initial 

placements are shown (bottom left and middle). A tabular summary of the solutions fitting 

statistics, along with one-tailed p-values calculated from the Fisher z score distribution, is 

shown (bottom right). 
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Fig. S71. Docking of the inner ring composite crystal Nup170•Nup145N R3•Nup53R3 

structures into the ~12 Å cryo-ET map of the intact human NPC. 

(A) Resolution-matched simulated cryo-EM densities of the composite crystal 

Nup170•Nup145NR3•Nup53R3 conformation I structure (as identified by (35)) were 

quantitatively docked into a sub-segment of the ~12 Å sub-tomogram averaged cryo-ET map 

of the intact human NPC (EMD-14322) (47) comprised solely of the inner ring from which 

cryo-ET density corresponding to hereto docked nups was subtracted (fig. S58). The 

placement of unique solutions in a single spoke is shown (top left). Arrows and numbers 

indicate the accepted solutions and their corresponding rank. Closeup views of the accepted 

solutions are shown on the right, with the rank indicated on the top left corner of the box. 

Isosurface representations of the nuclear envelope and the NPC are colored in dark gray and 

white, respectively. The docked structures are displayed in cartoon representation. Rug plots 

(blue) and histograms (light blue) of Pearson correlation scores and derived Fisher z scores 

fit with a normalized Gaussian curve (black) from a global search with 1 million random 

initial placements are shown (bottom left and middle). A tabular summary of the solutions 

fitting statistics, along with one-tailed p-values calculated from the Fisher z score 

distribution, is shown (bottom right). The top-scoring solutions identified the two equatorial 

copies of Nup170•Nup145NR3•Nup53R3 in the inner ring. (B) Attempts of quantitative 

docking of all available Nup170•Nup145NR3•Nup53R3 conformations in the peripheral inner 

ring positions was unsuccessful. The composite crystal Nup170•Nup145NR3•Nup53R3 

conformation III structure (as identified by (35)) was placed manually at the inner ring 

cytoplasmic peripheral (*) and nuclear peripheral (**) positions and the fit was locally 

optimized. 
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Fig. S72. Docking of the CNT•Nic96R1 co-crystal structure into the ~12 Å cryo-ET 

map of the intact human NPC. (A) Resolution-matched simulated cryo-EM densities of 

the CNT•Nic96R1 co-crystal structure (PDB ID 5CWS) (28) were quantitatively docked into 

a sub-segment of the ~12 Å sub-tomogram averaged cryo-ET map of the intact human NPC 

(EMD-14322) (47) comprised solely of the inner ring from which cryo-ET density 

corresponding to hereto docked nups was subtracted (fig. S58). The placement of unique 

solutions in a single spoke is shown (top left). Arrows and numbers indicate the accepted 

solutions and their corresponding rank. Closeup views of the accepted solutions are shown 

on the right, with the rank indicated on the top left corner of the box. Isosurface 

representations of the nuclear envelope and the NPC are colored in dark gray and white, 

respectively. The docked structures are displayed in cartoon representation. Rug plots (blue) 

and histograms (light blue) of Pearson correlation scores and derived Fisher z scores fit with 

a normalized Gaussian curve (black) from a global search with 1 million random initial 

placements are shown (bottom left and middle). A tabular summary of the solutions fitting 

statistics, along with one-tailed p-values calculated from the Fisher z score distribution, is 

shown (bottom right). The four inner ring positions were identified by the 2nd, 3rd, 6th, and 

9th highest scoring solutions. (B) Two views of cartoon representations of the CNT•Nic96R1 

co-crystal structures (red and pale green, respectively) docked in the isosurface 

representation of the ~12 Å cryo-ET map of the human NPC (white). Four globular extra 

cryo-ET densities (cyan, indicated by arrows) adjacent to the Nup57 a/b domain (left) are 

shown. NUP54, the metazoan ortholog of Nup57, possesses an additional ferrodoxin-like 

domain insert adjacent to the a/b domain. Ferrodoxin-like domains from Xenopus laevis 

xlNUP54 (PDB ID 5C2U, dark blue) (42) were manually fit into the extra densities and the 

fit locally optimized (middle). A representative pair of CNT•Nic96R1 and xlNUP54 structures 

fit in the cryo-ET density is shown to illustrate their relative positions (right). 
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Fig. S73. Composite model of a CNT•NUP93R1 inclusive of the NUP54 

ferrodoxin-like domain. All structures are shown in cartoon representation. (A) The 

X. laevis crystal structures xlNUP54 (PDB ID 5C2U, dark blue) (42) and xlCNT (PDB ID 

5C2U) (42), comprising the first two coiled coil segments CCS1 and CCS2 of xlNUP54 

(light blue), xlNUP58 (brick), and xlNUP62 (salmon), were structurally aligned using 

overlapping residues 317-329 (inset box) to generate a X. laevis composite crystal structure. 

(B) The X. laevis composite crystal structure was superposed with the C. thermophilum 

CNT•Nic96R1 co-crystal structure to generate a composite CNT•NUP93R1 model which 

includes a ferrodoxin-like domain and all coiled coil segments CCS1-CCS3. (C) A top view 

of the composite CNT•NUP93R1 model structurally aligned with the docked CNT•Nic96R1 

(PDB ID 5CWS) (28) co-crystal structure reveals that the ferrodoxin-like domains 

fit-optimized in the 12 Å cryo-ET map density (cyan) adopt varying degrees of displacement 

at the peripheral and equatorial positions, which is likely allowed by flexible hinge loops that 

connect the ferrodoxin-like domain to the rest of the NUP54 chain. 
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Fig. S74. Docking of the NUP53RRM and NUP98APD crystal structures into the ~12 Å 

cryo-ET map of the intact human NPC. Resolution-matched simulated cryo-EM densities 

of the (A) NUP53RRM homodimer (PDB ID 4LIR) and (B) NUP98APD (PDB ID 1KO6) (14) 

crystal structures were quantitatively docked into the ~12 Å sub-tomogram averaged 

cryo-ET map of the intact human NPC (EMD-14322) (47) from which cryo-ET density 

corresponding to hereto docked nups was subtracted (fig. S58). The placement of unique 

solutions in a single spoke is shown (top left). Arrows and numbers indicate the accepted 

solutions and their corresponding rank. Closeup views of the accepted solutions are shown 

on the right, with the rank indicated on the top left corner of the box. Isosurface 

representations of the nuclear envelope and the NPC are colored in dark gray and white, 

respectively. The docked structures are displayed in cartoon representation. Rug plots (blue) 

and histograms (light blue) of Pearson correlation scores and derived Fisher z scores fit with 

a normalized Gaussian curve (black) from a global search with 1 million random initial 

placements are shown (bottom left and middle). A tabular summary of the solutions fitting 

statistics, along with one-tailed p-values calculated from the Fisher z score distribution, is 

shown (bottom right). The 2nd-10th highest scoring solutions for the NUP53RRM are placed 

at the same position as the 1st highest scoring solution, in slightly different orientations. The 

2nd-7th highest scoring solutions for the NUP98APD are placed at the same position as the 

1st highest scoring solution, in slightly different orientations. 
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Fig. S75. Docking of the X. leavis NPC cytoplasmic outer ring. (A) An anisotropic 

~8 Å single particle cryo-EM composite map of the X. laevis cytoplasmic face of the NPC 

(light cyan; EMD-0909) (133) was superposed to the ~12 Å cryo-ET map of the intact human 

NPC (wheat; EMD-14322) (47). (B) The superposition of the two maps placed the docked 

cytoplasmic outer ring nups into the X. laevis cytoplasmic face cryo-EM map. The fit of the 

structures was locally optimized. (C) Two views of isosurface representations of carved 

density and the rigid-body fit NUP93SOL•NUP53R2 crystal structure shown in cartoon 

representation (pale green and magenta), revealing correspondence between secondary 

structure and cryo-EM map features. (D) Two views of isosurface representations of 

proximal and distal question mark-shaped densities carved out from the X. laevis cytoplasmic 

face cryo-EM map and fit with the composite crystal Nup192•Nic96R2•Nup145NR1•Nup53R1 

structure. Tentative placement of the Nup188•Nic96R2•Nup145NR2 single particle cryo-EM 

structure into the same densities indicates poor fit and confirms the assignment of NUP205 

to both proximal and distal question mark-shaped densities of the cytoplasmic outer ring. 

(E, F) Closeup on regions indicated by inset boxes in (D). Isosurface of a long tubular 

cryo-EM density (pale green) running near-perpendicular to surrounding tubular cryo-EM 

density (white) is shown (top). Superposition of cryo-EM density (white) with the Nup192 

(blue) and Nic96R2 (pale green), shown as cartoons, suggests that the long tubular density 

engulfed corresponds to the long NUP93R2 a-helix binding along NUP205 Tail domain 

(bottom). 
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Fig. S76. Unassigned density in an ~12 Å cryo-ET map of the intact human NPC. 

Isosurface representation of the ~12 Å sub-tomogram averaged cryo-ET map of the intact 

human NPC (EMD-14322) (47) with assigned cryo-ET density (white) and nuclear envelope 

(gray) rendered as isosurfaces. (A) Cross sectional views from the center of the transport 

channel (top) or of a lateral transect of a single spoke (middle and bottom) of the inner ring 

with unassigned density isosurfaces indicated (dark green). Structures that explain the 

assigned density are shown in cartoon representation (middle and bottom). (B) View of the 

cytoplasmic face isosurface with two clusters of unassigned density indicated (salmon and 

magenta). (C) View of the nuclear face isosurface with two clusters of unassigned density 

present on top (cyan) and sides (dark blue) of the nuclear outer ring. Schematics indicate the 

orientation of the viewer with respect to the NPC. 
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Fig. S77. Summary of novel additions to the symmetric core composite structure. 

(A) Novel high resolution structures of nups and nup complexes docked into intact human 

NPC symmetric core, shown as cartoons: Nup192•Nic96R2•Nup145NR1•Nup53R1 (blue, pale 

green, cyan, and magenta), Nup188•Nic96R2•Nup145NR2 (light purple, pale green, and 

cyan), NUP93SOL•NUP53R2 (pale green and magenta), and the NUP53RRM homodimer 

(magenta). (B) View from above the cytoplasmic face and (C) a cross-sectional view from 

the central transport channel of the symmetric core of the intact human NPC with novel 

structures shown in cartoon representation and colored according to (A). The remainder of 

the symmetric core nups are colored white. Isosurface representations of the nuclear 

envelope are colored in gray. 
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Fig. S78. Linker topology analysis of the composite structures of the human NPC. 

(A) Schematic representation of an NPC spoke layers with the positional nomenclature 

indicated for each nup. Inner ring positional acronyms: cytoplasmic equatorial (CE), 

cytoplasmic proximal (CP), cytoplasmic bridge (CB), nuclear equatorial (NE), nuclear 

proximal (NP), and nuclear bridge (NB). Outer ring positional acronyms (grey shading): 

cytoplasmic distal (CD), cytoplasmic proximal (CX), nuclear distal (ND), nuclear proximal 

(NX), and cytoplasmic nup filament complex (CFNC) (60). (B) Systematic measurement of 

Euclidean distances (Å) between linker-scaffold regions at various positions in the 

constricted/dilated composite structures of the human NPC, respectively. The cross-spoke 

(x-sp.) distances reported are of the shortest connection to a particular position on an adjacent 

spoke, either in the clockwise or counterclockwise direction from the reference spoke. The 

shortest Euclidean distances consistent with the most parsimonious architecture of the 

linker-scaffold are indicated in blue and boldface type. Distances incompatible with the 

maximum physically possible length of the extended linker (red) and longer (orange) or 

shorter (green) than the calculated r.m.s. end-to-end length of a linear polymer chain 

according to the Gaussian chain model developed by Flory, with a characteristic ratio 

parameter of ~3, typical for unstructured polypeptide linkers (134, 135). (*) Because 

NUP53RRM is not accurately resolved in the dilated in situ cryo-ET map of the human NPC, 

we do not report distances involving NUP53RRM but expect them to be larger than in the 

constricted NPC. (†) Because the NUP53RRM homodimer possesses 2-fold rotational 

symmetry and is anchored in place by the tethering connections of the shortest NUP53 

RRM-R3 linker, the longer cross-spoke connections would convert to the shorter within-

spoke connections by a simple rotation of the NUP53RRM homodimer and are therefore not 

meaningful. (††) The distance between the cross-spoke related NUP205-bound NUP93R2 and 

NUP93SOL is ~15 Å shorter than the current estimate due to the additional ~240 residues 

elongating the C-terminal Tail region of the human NUP205 that, in comparison, are not 

present in the docked C. thermophilum Nup192 ortholog. (‡) Based on biochemical analysis 

of NUP93R1 and NUP93DR2-SOL constructs, the connecting linker length is likely shorter (fig. 

S52). (§) NUP98R3 binding to the cytoplasmic bridge NUP155 is possibly precluded by 

GLE1•NUP42 (60). (#) Bridge NUP155-bound NUP53R3 cannot connect to resolved inner 
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ring RRM domains. The reported linker lengths and distances to outer ring 

NUP93SOLbound NUP53R2 are agnostic of RRM domain location. 
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Fig. S79. Architecture of the outer rings of the NPC symmetric core. (A) Top and 

bottom views of the cytoplasmic and nuclear outer ring spoke protomers, and their structural 

superposition. NUP205 and NUP93 are shown in cartoon representation. CNCs are shown 

in surface representation and colored in gray, with the nups that interface with NUP205 and 

NUP93 highlighted in color. Circles by labels indicate if the nup is in a distal (dark gray) or 

proximal (light gray) position. The cytoplasmic spoke includes two copies of NUP205 (blue 

for distal and dark blue for proximal) and two copies of NUP93 (pale green for distal and 

dark green for proximal). The distal NUP205 (blue for cytoplasmic, light cyan for nuclear) 

and the distal NUP93 (pale green for cytoplasmic, pink for nuclear) are found at equivalent 

positions in the cytoplasmic and nuclear outer rings and form interfaces with both proximal 

(pale yellow) and distal (yellow) CNC. Schematics indicate linker connections: between 

distal NUP93SOL (pale green for cytoplasmic, pink for nuclear) and distal NUP205 of 

adjacent spokes (blue for cytoplasmic, light cyan for nuclear), between proximal NUP205 

(dark blue) and proximal NUP93SOL (dark green) of the same cytoplasmic spoke, between 

NUP53 binding sites (magenta) on proximal NUP205 and distal NUP93SOL and distal 

NUP205 and proximal NUP93SOL. (B) Structural superposition of the distal and proximal 

nups of the cytoplasmic outer ring. NUP205 (blue for distal and dark blue for proximal) and 

NUP93 (pale green for distal and dark green for proximal) are shown in cartoon 

representation. CNCs are shown in surface representation and colored in gray, with the nups 

that interface with NUP205 and NUP93 highlighted (pale yellow for proximal and yellow 

for distal). (C) Schematic representations of top views of the cytoplasmic (left) and nuclear 

(right) outer rings. Gray octagons indicate the eight-fold symmetry. The CNC double rings 

(yellow for proximal and ochre for distal) assume a head-to-tail circular arrangement with 

eight spokes. A staple between spokes is provided by the distal NUP205 (blue) interacting 

with a distal NUP93 (pale green) from an adjacent spoke. Bridge NUP155 (orange) provide 

an interface between the outer rings and the inner ring (not shown). The cytoplasmic outer 

ring encompasses a proximal NUP205 (dark blue) and NUP93 (dark green) that interact 

within the same spoke. Linker nup binding sites are indicated with circles: NUP98 (cyan), 

NUP53 (magenta), and NUP93 (green). (D) Closeup views of the interfaces accommodating 

outer ring NUP205 and NUP93. Nups are shown as cartoons and the nuclear envelope as 
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isosurface (dark gray). The nups interfacing with indicated NUP205 or NUP93 molecule 

are shown in color and the remainder of nups are indicated in gray. 
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Fig. S80. Shortest-distance analysis of linker network in the outer rings of the NPC. 

Spatial distances in the composite structure of human NPC were measured between two 

copies of linker nup segments that are adjacent in their primary sequence. (A-I) In the box 

on the left, linker nup segments and the scaffold surface that they are bound to are shown in 

cartoon representation and highlighted in color. The remainder of nups are colored white. 

The nuclear envelope is rendered as dark gray isosurface. The straight-line linkage between 

the two closest copies of linker nup segments adjacent in their primary sequence is indicated 

by a solid red line. The measured Euclidean distance is reported in red. On the right, a 

schematic representation of the scaffold nup binding sites (highlighted in color) and the 

connecting linker nup segment (red), illustrates the topology of the linkage within the context 

of two outer ring NPC spokes, with the remainder of the nups shown in gray. 
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Fig. S81. Placement of the NUP53RRM homodimer between inner ring spokes. 

(A-C) Different views of the interface between inner spokes of the human NPC are shown, 

as indicated by the inset box and schematic representation of the NPC (left). The composite 

NPC structures are shown as cartoons and the nuclear envelope as a dark gray isosurface. In 

the middle panel, globular cryo-ET densities, discontinuous with the rest of the ~12 Å human 

cryo-ET map, are shown as pink isosurfaces and fit with the docked NUP53RRM homodimer 

crystal structure (magenta). On the right, two spokes are delimited by a dashed line and one 

spoke is shown in gray. Shortest-distance connections with NUP53R2 and NUP53R3 peptides, 

bound to NUP93 and NUP155, respectively, are drawn as dashed lines. The NUP53R2 and 

NUP53R3 binding regions are N- and C-terminally adjacent to the NUP53RRM domain in the 

primary sequence. The NUP53RRM homodimer interfaces connect two inner ring spokes. 
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Fig. S82. Shortest-distance analysis of linker network in the inner ring of the NPC. 

Spatial distances in the composite structure of human NPC were measured between two 

copies of linker nup segments that are adjacent in their primary sequence. (A-I) In the box 

on the left, linker nup segments and the scaffold surface that they are bound to are shown in 

cartoon representation and highlighted in color. The remainder of nups are colored white. 

The nuclear envelope is rendered as a dark gray isosurface. The straight-line linkage between 

the two closest copies of linker nup segments adjacent in their primary sequence is indicated 

by a solid red line. The measured distance is reported in red. On the right, a schematic 

representation of the scaffold nup binding sites (highlighted in color) and the connecting 

linker nup segment (red), illustrates the topology of the linkage within the context of three 

inner ring NPC spokes (remainder of nups shown in gray). 
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Fig. S83. Composite structure of the dilated in situ human NPC. (A) Comparison of 

the constricted human NPC imaged in purified HeLa cell nuclear envelopes and the dilated 

human NPC imaged in situ in SupT1-R5 cells. Outer and inner ring spoke subcomplexes 

from the composite NPC structure built into the constricted ~12 Å cryo-ET sub-tomogram 

averaged human NPC map (EMD-14322) (47) were manually docked and locally fit as rigid 

units in the dilated in situ ~37 Å cryo-ET sub-tomogram averaged human NPC map 

(EMD-11967) (45). The composite NPC structures are shown as cartoons superposed to 

isosurfaces of the constricted and dilated NPCs (grey). In transitioning between constricted 

and dilated states, the outer ring diameter of the human NPC increases by ~4%, whereas the 

diameter of the central transport channel increases by ~31%. (B) Closeup views the 

cytoplasmic outer ring and inner ring at the interface (dashed line) between two spokes in 

the constricted and dilated human NPCs. Measurements of the distance spanned by the 

NUP93 linker between NUP205 (blue) and NUP93SOL (pale green) of adjacent spokes in the 

dilated and constricted NPCs show little dilation between spokes in the outer rings. On the 

contrary, measurements of the distance spanned by the NUP53 linker between NUP205 

(blue) and the peripheral NUP93 (pale green) of adjacent spokes of the inner ring, as well as 

the distance between two equivalent points in the CNT (red) layer closest to the central 

transport channel, suggest that the dilation of the NPC results in a gap between inner ring 

spokes. (C) Schematic representation of the NPC symmetric core cross-section. The 

translocation of inner nuclear membrane integral membrane proteins (INM-IMPs) is 

accommodated by gaps between the outer rings and the nuclear envelope and lateral channels 

between the spokes of the inner ring. (D) Schematic representation of the NPC symmetric 

core top view. The variable dimensions of the lateral gates impose a size limit to the passage 

of pore-facing INM-IMP’s soluble domains. Whereas small folded domains (left) can 

translocate through the lateral channel space, larger folded domains (middle) or nuclear 

localization sequence (NLS)-containing INM-IMPs actively transported by karyopherins 

(Kapa/Kapb-mediated classical transport is illustrated; right) are transported through the 

central transport channel, tethered by unstructured linkers that span the width of the inner 

ring. 
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Table S1. Materials and reagents 

REAGENT or RESOURCE SOURCE IDENTIFIER 

C. thermophilum and H. sapiens nucleoporin cDNAs 
Nup192 (35) N/A 
Nup188 (35) N/A 
Nic96 (28) N/A 
Nup145N (28) N/A 
Nup53 (35) N/A 
NUP98 Gift, Beatriz Fontoura (90) N/A 
NUP155 Gift, Susan Wente (91) N/A 
Nup42 (61) N/A 
NUP53 Open Biosystems MHS6278-202758913 
NUP93 Open Biosystems MHS6278-202786560 
NUP58 Open Biosystems MHS1011-59697  
NUP54 Open Biosystems MHS1011-74585   
NUP205 Kazusa Genome Technology ORK06210 
NUP188 DNASU HsCD00295457 
Cre Gift, David Baltimore (130) N/A 
Molecular biology reagents 
PfuUltra II Fusion HotStart DNA Polymerase Agilent Technologies Cat# 600674 
Phusion High-Fidelity DNA Polymerase New England Biolabs Cat# M0530L 
AseI New England Biolabs Cat# R0526L 
BamHI New England Biolabs Cat# R0136L 
EcoRI New England Biolabs Cat# R0101L 
HindIII New England Biolabs Cat# R0104L 
NcoI New England Biolabs Cat# R0193L 
NdeI New England Biolabs Cat# R0111L 
NotI New England Biolabs Cat# R0189L 
SacII New England Biolabs Cat# R0157L 
SalI New England Biolabs Cat# R0138L 
XbaI New England Biolabs Cat# R3642L 
XhoI New England Biolabs Cat# R0146L 
T4 DNA Ligase New England Biolabs Cat# M0145L 
Agarose Invitrogen Cat# 16500500 
S. cerevisiae culture reagents 
Peptone BD Cat# 211677 
Yeast Extract BD Cat# 212750 
Raffinose Gold Biotechnology Cat# 030500 
Complete Supplement Mixture minus histidine (CSM-His) Sunrise Science Products Cat# 1006-100 
Complete Supplement Mixture minus leucine, tryptophan and uracil 
( CSM-Leu-Trp-Ura) 

Sunrise Science Products Cat# 1017-100 

Complete Supplement Mixture Dropout (CSM-His-Leu-Met-Ura) Sunrise Science Products Cat# 1145-010 
L-Leucine Sigma-Aldrich Cat# L8000-100G 
L-Tryptophan Sigma-Aldrich Cat# T0254-100G 
Uracil Sigma-Aldrich Cat# U1128-25G 
D-(+)-Galactose Sigma-Aldrich Cat# G0625-100G 
Lithium acetate Fluka Cat# 62393 
G418 Gold Biotechnology Cat# G418-5 
Nourseothricin Gold Biotechnology Cat# N-500-100 
Agar Fisher BioReagents Cat# BP1423-500 
Bacterial culture reagents 
Luria-Bertani (LB) media Fisher BioReagents Cat# BP9723-5 
Isopropyl-b-D-thiogalactopyranoside (IPTG) Gold Biotechnology Cat# 12481C-1KG 
Ampicillin Gold Biotechnology Cat# A-301-100 
Kanamycin Gold Biotechnology Cat# K-120-100 
Chloramphenicol Gold Biotechnology Cat# C-105-100 
Seleno-L-methionine (SeMet) TCL Cat# S0442 
   
Protein purification reagents / general chemicals   
TRIS (trometamol, 2-amino-2-(hydroxymethyl)-1,3-propanediol) Sigma-Aldrich Cat# 93362 
Sodium chloride Sigma-Aldrich Cat# 71376-5KG 
Sodium acetate Sigma-Aldrich Cat# S3272-1KG 
Potassium phosphate monobasic Sigma-Aldrich Cat# 60353-1KG 
Potassium phosphate dibasic, trihydrate Sigma-Aldirch Cat# 7088-06 
Magnesium acetate Fluka Cat# 63049 
Ammonium sulfate MP Bio Cat# 808211 
Imidazole Sigma-Aldrich Cat# 56750 
2-Mercaptoethanol (b-ME) Sigma-Aldrich Cat# M6250 
Dithiothreitol (DTT) Gold Biotechnology Cat# DTT100 
Glycerol Sigma-Aldrich Cat# 29767-100ML 
Aprotinin from bovine lung Sigma-Aldrich Cat# A6279 
Phenylmethylsulfonyl fluoride (PMSF) Gold Biotechnology Cat# P-470-50 
EDTA-free protease inhibitor cocktail Roche Cat# A32965 
DNase I Sigma-Aldrich Cat# D4527 
Adenosine 5’-Triphosphate disodium salt (ATP) Sigma-Aldrich Cat# A7699 
Biotin Pierce Cat# 21335 
Bicine Sigma-Aldrich Cat# 14871 
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich Cat# 03620-1KG 
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REAGENT or RESOURCE SOURCE IDENTIFIER 
Ubl-specific protease 1 (ULP1) Invitrogen Cat# 12588018 
PreScission protease (Pres) Sigma-Aldrich Cat# GE27-0843-01 
SDS-PAGE reagents   
40% Acrylamide/Bis solution (37.5:1) Bio-Rad Cat# 1610148 
Tetramethylethylenediamine (TEMED) Bio-Rad Cat# 161-0801 
Glycine Gold Biotechnology Cat# G-630-5 
Sodium dodecyl sulfate Sigma-Aldrich Cat# L3771-1KG 
Ammonium persulfate Sigma-Aldrich Cat# 09913-100g 
Acetic acid Sigma-Aldrich Cat# 695092 
Coomassie Brilliant Blue R Sigma-Aldrich Cat# B7920-50G 
FlSH mRNA export assay reagents 

  

Poly-L-lysine Sigma-Aldrich Cat# P8920 
10% (v/v) formaldehyde Polysciences Cat# 04018 
Sorbitol Sigma-Aldrich Cat# 85529 
T20 zymolyase US Biological Cat# Z1000 
Triethanolamine Sigma-Aldrich Cat# T9534-100G 
Acetic anhydride Fluka Cat# 45830-250ML-F 
Dextran sulfate Sigma-Aldrich Cat# 6001 
Denhardt’s solution Sigma-Aldrich Cat# D2532 
Acetone VWR Analytical Cat# BDH1101 
Formamide Sigma-Aldrich Cat# 9037-100ML 
Methanol Avantor Cat# 0000275255 
E. coli tRNA Roche Cat# 10109541001 
Salmon sperm DNA Invitrogen Cat# 15632-011 
Alexa Fluor 647-labeled 50-mer oligo (dT) probe Integrated DNA Technologies N/A 
DAPI Invitrogen Cat# R37606 
Crystallization reagents   
HEPES Sigma-Aldrich Cat# 54457-250G-F 
PEG 20,000 MME Sigma-Aldrich Cat# 81275 
PEG 3,350 Sigma-Aldrich Cat# 88276 
100% Ethylene glycol Fluka Cat# 03750 
2-propanol Sigma-Aldrich Cat# 67630 
Western Blot 

  

Superblock-PBS Blocking Buffer Thermo Fisher Scientific Cat# 37517 
Tween-20 Anatrace Cat# T1003 
Immobilon P transfer membrane Millipore Cat# IPVH00010 
   
Commercial crystallization screens 

  

Crystal Screen Hampton Research Cat# HR2-110 
Crystal Screen 2 Hampton Research Cat# HR2-112 
Index Screen Hampton Research Cat# HR2-144 
PEG/Ion Screen Hampton Research Cat# HR2-126 
PEG/Ion 2 Screen Hampton Research Cat# HR2-098 
ProPlex Screen Molecular Dimensions Cat# BN043 
PEGs Suite Qiagen Cat# 130704 
PEGs II Suite Qiagen Cat# 130716 
Antibodies 

  

Mouse monoclonal anti-HA BioLegend Covance Cat# MMS-101P; RRID: AB_231467 
Mouse monoclonal anti-FLAG Sigma-Aldrich Cat# F1804; RRID: AB_262044 
Rabbit polynoclonal anti-hexokinase  US Biological Cat# H2035-01; RRID: AB_2629457 
IRDye 800CW Goat anti-Mouse IgG LI-COR P/N 925-32210; RRID: AB_2687825 
IRDye 800CW Goat anti-Rabbit IgG LI-COR P/N 926-32211; RRID: AB_2651127 
Software    
XDS (97) https://xds.mr.mpg.de/ 
COOT (98) http://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/ 
PHENIX (99) http://phenix-online.org/ 
MolProbity (100) http://molprobity.biochem.duke.edu/ 
SHARP/autoSHARP (101) https://www.globalphasing.com/sharp/ 
DIALS (102) http://dials.github.io/ 
CCP4 (103) https://www.ccp4.ac.uk/ 
RESOLVE (109) http://resolve.lanl.gov/ 
SerialEM (110) https://bio3d.colorado.edu/SerialEM/ 
EPU (111) https://www.thermofisher.com/us/en/home/electron-microscopy/products/software-

em-3d-vis/epu-software.html 
MotionCor2 (112) https://msg.ucsf.edu/software 
cryoSPARC (113) https://cryosparc.com/ 
RELION-3 (114) http://www2.mrc-lmb.cam.ac.uk/relion 
3DFSC (116) https://3dfsc.salk.edu/ 
UCSF Chimera (118) http://www.cgl.ucsf.edu/chimera/ 
PyEM (117) https://github.com/asarnow/pyem 
EMRinger (120) https://github.com/cctbx/cctbx_project/blob/master/mmtbx/command_line/emringer.py 
LocScale (123) http://jakobilab.tudelft.nl/software/locscale/ 
PROMALS3D (124) http://prodata.swmed.edu/promals3d 
MAFFT (125) https://mafft.cbrc.jp/alignment/software/ 
ALSCRIPT (126) http://www.cryst.bbk.ac.uk/CCSG/info/software/prot-sequ/alscript/alscript.html 
Fiji (144) http://imagej.net/software/fiji/ 
ClustalX (145) http://www.clustal.org/clustal2/ 
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REAGENT or RESOURCE SOURCE IDENTIFIER 
ASTRA 6 Wyatt Technology http://www.wyatt.com/products/software/astra.html 
Prism GraphPad Software http://www.graphpad.com/scientific-software/prism/ 
PYMOL Schrödinger http://pymol.org/2/ 
IGOR Pro WaveMetrics http://www.wavemetrics.com/ 
Adobe Illustrator Adobe http://www.adobe.com/products/illustrator.html 
Adobe Photoshop Adobe http://www.adobe.com/products/photoshop.html 
Adobe Premiere Pro Adobe https://www.adobe.com/products/premiere.html 
Expression vectors 

  

pET28a-SUMO (93) N/A 
pET28a-Avi-SUMO This study N/A 
pET28a-SUMO-Avi This study N/A 
pET28a-His-PreS-Avi (29) N/A 
pET28a-PreS (92) N/A 
pETDuet1 Novagen Cat# 71146-3 
pETDuet1-SUMO2 This study N/A 
pET-MCN (94) N/A 
pET-MCN-SUMO (28) N/A 
pRS411 (127) N/A 
pRS413 (127) N/A 
pRS415 (127) N/A 
pRS416 (127) N/A 
pFA6a-natNT2 (128) N/A 
pFA6a-kanMX6 (129) N/A 
pRS426 (146) N/A 
pRS413-PGAL1-10-Cre This study N/A 
Columns and resins 

  

HiLoad 16/60 Superdex 200 PG GE Healthcare N/A 
HiLoad 16/60 Superdex 75 PG GE Healthcare N/A 
Superdex 200 10/300 GL GE Healthcare N/A 
Superdex 75 10/300 GL GE Healthcare N/A 
Superdex 200 Increase 10/300 GL GE Healthcare N/A 
HiTrap Q HP GE Healthcare N/A 
HiTrap SP HP GE Healthcare N/A 
MonoQ 10/100 GL GE Healthcare N/A 
HiTrap Heparin HP GE Healthcare N/A 
HiPrep 26/20 Desalting GE Healthcare N/A 
HiTrap Desalting 5 mL GE Healthcare N/A 
Ni-NTA agarose Qiagen Cat# 30230 
Cell lines 

  

E. coil BL21-CodonPlus (DE3)-RIL Agilent Technologies Cat# 230245 
E. coli Max Efficiency DH5a Invitrogen Cat# 18258012 
S. cerevisiae BY4741 ATCC Cat# 201388 
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Table S2. Bacterial expression constructs 

 Protein Residues Expression 
vector 

Restriction 
sites (5’, 

3’) 

N-terminal 
overhang 

C-terminal 
overhang 

Expression 
conditions 

Reference 

1 Nup192 ❄ 1-1756 pET28a-
PreS-Avi 

NdeI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGH None 37 °C / 2 
hours or 18 °C 
/ 18 hours if 
co-expressed 
with Nic96R2 

(41) 

2 Nup192 (L1071A, 
I1075A, F1125A, 
H1126A) 

1-1756 pET28a-
PreS-Avi 

NdeI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGH None 18 °C / 18 
hours co-
expressed 
with Nic96R2 

this study 

3 Nup192 (L1071A) 1-1756 pET28a-
PreS-Avi 

NdeI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGH None 18 °C / 18 
hours co-
expressed 
with Nic96R2 

this study 

4 Nup192 
(I1075A) 

1-1756 pET28a-
PreS-Avi 

NdeI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGH None 18 °C / 18 
hours co-
expressed 
with Nic96R2 

this study 

5 Nup192 (F1125A) 1-1756 pET28a-
PreS-Avi 

NdeI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGH None 18 °C / 18 
hours co-
expressed 
with Nic96R2 

this study 

6 Nup192 (H1126A) 1-1756 pET28a-
PreS-Avi 

NdeI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGH None 18 °C / 18 
hours co-
expressed 
with Nic96R2 

this study 

7 Nup192ΔHead t 153-
1756 
(Δ167-
184, 
replaced 
with 
GSGS) 

pET28a-
SUMO 

NdeI, Not1 GPHM None 18 °C / 18 
hours co-
expressed 
with Nic96187-

301 or Nic96R2 

(35) 

8 Nup192 (L1584A) 1-1756 pET28a-
PreS-Avi 

NdeI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGH None 37 °C / 2 
hours 

this study 

9 Nup192 (F1735A) 1-1756 pET28a-
PreS-Avi 

NdeI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGH None 37 °C / 2 
hours 

this study 

10 Nup192  
(L1584A F1735A) 

1-1756 pET28a-
PreS-Avi 

NdeI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGH None 37 °C / 2 
hours 

this study 

11 Nup192  
(L1584E A1648E) 

1-1756 pET28a-
PreS-Avi 

NdeI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGH None 37 °C / 2 
hours 

this study 

12 Nup192 (F1735E) 1-1756 pET28a-
PreS-Avi 

NdeI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGH None 37 °C / 2 
hours 

this study 

13 Nup192 (L1584E A1648E 
F1735E) 

1-1756 pET28a-
PreS-Avi 

NdeI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGH None 37 °C / 2 
hours 

this study 

14 Nup188 ❄ t 1-1858 pET28a-
PreS 

AseI, 
BamHI 

GPHN None 18 °C / 18 
hours co-
expressed 
with Nic96R2 

(35) 

15 Nup188 (H409A H412A 
M485A I535A) 

1-1858 pET28a-
PreS 

AseI, 
BamHI 

GPHN None 18 °C / 18 
hours co-
expressed 
with Nic96R2 

this study 

16 Nup188 1-1858 pET28a-
PreS 

AseI, 
BamHI 

GPHN AAALEHHHHHH 30 °C / 3 
hours 

this study 

17 Nup188 
(F1487A) 

1-1858 pET28a-
PreS 

AseI, 
BamHI 

GPHN AAALEHHHHHH 30 °C / 3 
hours 

this study 

18 Nup188 (L1689A) 1-1858 pET28a-
PreS 

AseI, 
BamHI 

GPHN AAALEHHHHHH 30 °C / 3 
hours 

this study 

19 Nup188 (V1760A) 1-1858 pET28a-
PreS 

AseI, 
BamHI 

GPHN AAALEHHHHHH 30 °C / 3 
hours 

this study 

20 Nup188 (F1487A 
L1689A V1760A) 

1-1858 pET28a-
PreS 

AseI, 
BamHI 

GPHN AAALEHHHHHH 30 °C / 3 
hours 

this study 

21 Nup188 (F1487E) 1-1858 pET28a-
PreS 

AseI, 
BamHI 

GPHN AAALEHHHHHH 30 °C / 3 
hours 

this study 

22 Nup188  
(L1689E V1760E) 

1-1858 pET28a-
PreS 

AseI, 
BamHI 

GPHN AAALEHHHHHH 30 °C / 3 
hours 

this study 

23 Nup188 (F1487E L1689E 
V1760E) 

1-1858 pET28a-
PreS 

AseI, 
BamHI 

GPHN AAALEHHHHHH 30 °C / 3 
hours 

this study 

24 Nup188NTD t 1-1134 pET28a-
PreS 

AseI, 
BamHI 

GPHN None 18 °C / 18 
hours 

(35) 

25 Nup188NTD 
(H409A H412A) 

1-1134 pET28a-
PreS 

AseI, 
BamHI 

GPHN None 18 °C / 18 
hours 

this study 

26 Nup188NTD  
(I477A) 

1-1134 pET28a-
PreS 

AseI, 
BamHI 

GPHN None 18 °C / 18 
hours 

this study 

27 Nup188NTD (M485A) 1-1134 pET28a-
PreS 

AseI, 
BamHI 

GPHN None 18 °C / 18 
hours 

this study 

28 Nup188NTD  
(I535A) 

1-1134 pET28a-
PreS 

AseI, 
BamHI 

GPHN None 18 °C / 18 
hours 

this study 

29 Nup188NTD  
(H409A H412A M485A 
I535A) 

1-1134 pET28a-
PreS 

AseI, 
BamHI 

GPHN None 18 °C / 18 
hours 

this study 

30 Nic96187-301 t 187-301 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO / S None 18 °C / 18 
hours 

this study 

31 Nic96R2 ❄ t 240-301 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO / S None 18 °C / 18 
hours alone, 
or co-
expressed 
with Nup188 
or Nup192 

this study 
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 Protein Residues Expression 

vector 
Restriction 

sites (5’, 
3’) 

N-terminal 
overhang 

C-terminal 
overhang 

Expression 
conditions 

Reference 

32 Nic96R2 (I94M) t 240-301 pET-MCN-
SUMO 

BamHI, 
NotI 

S None 18 °C / 18 
hours co-
expressed 
with Nup192 

this study 

33 Nic96R2 
(F275A) 

240-301 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

34 Nic96  
(F278A) 

240-301 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

35 Nic96R2  
(F298A) 

240-301 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

36 Nic96R2  
(F275E F278E) 

240-301 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

37 Nic96R2  
(F275A F278A F298A) 

240-301 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

38 Nic96R2  
(F298E) 

240-301 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

39 Nic96R2  
(F275E F278E F298E) 

240-301 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

40 Nup53 1-361 pET28a -
SUMO 

BamHI, 
XhoI 

S LEHHHHHH 23 °C / 18 
hours 

(35) 

41 Nup53R1 ❄ 31-67 pET28a -
SUMO 

BamHI, 
NotI 

S Y 37 °C / 2 
hours 

this study 

42 Nup145N 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

43 Nup145N 606-683 pET28a-
SUMO 

BamHI, 
XhoI 

His6-SUMO AAALEHHHHHH 37 °C / 1 hour (35) 

44 Nup145N 606-673 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO AAALEHHHHHH 37 °C / 1 hour this study 

45 Nup145N 606-663 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO AAALEHHHHHH 37 °C / 1 hour this study 

46 Nup145N 606-657 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO AAALEHHHHHH 37 °C / 1 hour this study 

47 Nup145N 606-650 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO AAALEHHHHHH 37 °C / 1 hour this study 

48 Nup145N 606-639 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO AAALEHHHHHH 37 °C / 1 hour this study 

49 Nup145NR1❄ 616-683 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO / S AAALEHHHHHH 37 °C / 1 hour this study 

50 Nup145N 626-683 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO AAALEHHHHHH 37 °C / 1 hour this study 

51 Nup145N 632-683 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO AAALEHHHHHH 37 °C / 1 hour this study 

52 Nup145N 616-673 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO AAALEHHHHHH 37 °C / 1 hour this study 

53 Nup145N 616-663 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO AAALEHHHHHH 37 °C / 1 hour this study 

54 Nup145N 606-750 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

55 Nup145N 606-732 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

56 Nup145N 606-720 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

57 Nup145N 606-710 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

58 Nup145N 606-700 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

59 Nup145N 649-750 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

60 Nup145N 660-750 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

61 Nup145N 675-750 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

62 Nup145N 695-750 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

63 Nup145N 715-750 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

64 Nup145NR2 ❄ 640-732 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO / S None 37 °C / 1.5 
hours 

this study 

65 Nup145N 650-732 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

66 Nup145N 660-732 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

67 Nup145N 700-732 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 37 °C / 1 hour this study 

68 Nup145N (D606A, 
D607A, K608A, I609A, 
Q610A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

69 Nup145N (N611A, 
P612A, G613A, P614A, 
L615A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

70 Nup145N (N616A, 
P617A, G618A, P619A, 
L620A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

71 Nup145N (G621A, 
K622A, K624A, V625A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

72 Nup145N (K626A, 
S627A, R628A, S629A, 
I630A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

73 Nup145N (L631A, 
P632A, M633A, Y634A, 
K635A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

74 Nup145N (L636A, 
S637A, P638A, N640A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 
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75 Nup145N (S642A, 
R643A, L644A, V645A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

76 Nup145N (T646A, 
T647A, P648A, Q649, 
K650A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

77 Nup145N (R651A, 
Y653A, G654A, F655A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

78 Nup145N (S656A, 
F657A, S658A, Y660A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

79 606-993 (G661A, S662A, 
P663A, T664A, S665A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

80 Nup145N (P666A, 
S667A, S668A, S669A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

81 Nup145N (S671A, 
S672A, T673A, P674A, 
G675A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

82 Nup145N (F677A, 
G678A, Q679A, S680A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

83 Nup145N (I681A, 
L682A, S683A, S684A, 
S685A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

84 Nup145N (I686A, 
N687A, R688A, G689A, 
L690A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

85 Nup145N (N691A, 
K692A, S693A, I694A, 
S695A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

86 Nup145N (S697A, 
N698A, L699A, R700A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

87 Nup145N (R701A, 
S702A, L703A, N704A, 
V705A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

88 Nup145N (E706A, 
D707A, S708A, I709A, 
L710A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

89 Nup145N (Q711A, 
P712A, G713A, F715A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

90 Nup145N (S716A, 
N718A, S719A, S720A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

91 Nup145N (M721A, 
R722A, L723A, L724A, 
G725A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

92 Nup145N (G726A, 
P727A, G728A, S729A, 
H730A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

93 Nup145N (K731A, 
K732A, L733A, V734A, 
I735A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

94 Nup145N (N736A, 
K737A, D738A, M739A, 
R740A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

95 Nup145N (T741A, 
D742A, L743A, F744A, 
S745A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

96 Nup145N  
(L619A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

97 Nup145N (K622A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

98 Nup145N (K624A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

99 Nup145N (K626A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

100 Nup145N (R628A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

101 Nup145N  
(I630A, L631A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

102 Nup145N (M633A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

103 Nup145N (Y634A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

104 Nup145N (K635A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

105 Nup145N 
(L636A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

106 Nup145N (S637A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

107 Nup145N (P632A, 
P638A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

108 Nup145N (R643A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

109 Nup145N (K650A, 
R651A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

110 Nup145N (F655A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

111 Nup145N (R700A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

112 Nup145N (R701A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

113 Nup145N  
(L703A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

114 Nup145N (N704A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 
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115 Nup145N (E706A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

116 Nup145N (D707A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

117 Nup145N  
(I709A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

118 Nup145N  
(L710A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

119 Nup145N (Q711A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

120 Nup145N (F715A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

121 Nup145N (N718A) 606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

122 Nup145N (K624A, 
K626A, R628A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

123 Nup145N (M633A, 
Y634A, K635A, L636A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

124 Nup145N (R643A 
K650A, R651A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

125 Nup145N (K624A, 
K626A, R628A, M633A, 
Y634A, K635A, L636A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

126 Nup145N (M633A, 
Y634A, K635A L636A, 
R643A, K650A, R651A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

127 Nup145N (K624A, 
K626A, R628A, R643A, 
K650A, R651A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

128 Nup145N (K624A, 
K626A, R628A M633A, 
Y634A, K635A L636A, 
R643A, K650A, R651A) 

606-993 pET28a-
SUMO 

BamHI, 
NotI 

S None 23 °C / 18 
hours 

this study 

129 Nup145N (E706A, 
D707A, S708A, I709A, 
L710A, F715A) 

640-732 pET28a-
SUMO 

BamHI, 
NotI 

S None 37 °C / 1.5 
hours 

this study 

130 NUP54 118-507 pET28a-
SUMO 

BamHI, 
XhoI 

S None 18 °C / 18 
hours co-
expressed 
with NUP58 
and NUP62 

this study 

131 NUP58 
NUP62 

233-454 
317-522 

pET-
Duet1-
SUMO2 

NcoI, NotI 
NdeI, 
XhoII 

S 
S 

None 
None 

18 °C / 18 
hours co-
expressed 
with NUP54 

this study 

132 NUP93R1 2-51 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO(G-Y) None 37 °C / 1 hour this study 

133 NUP93R1 (L33A, I36A, 
L43A) 

2-51 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO(G-Y) None 37 °C / 1 hour this study 

134 NUP93DR2-SOL 2-93 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO(G-Y) None 37 °C / 1 hour this study 

135 NUP93DR2-SOL (L33A, 
I36A, L43A) 

2-93 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO(G-Y) None 37 °C / 1 hour this study 

136 NUP93R2 95-150 pET28a- 
Avi-
SUMO 

BamHI, 
NotI 

His6-Avi-SUMO(G-R) None 37 °C / 1 hour this study 

137 NUP93R2 (I114E, Y128E, 
W137E, I144E, L148E) 

95-150 pET28a- 
Avi-
SUMO 

BamHI, 
NotI 

His6-Avi-SUMO(G-R) None 37 °C / 1 hour this study 

138 NUP93SOL t 174-819 pET28a-
SUMO-
Avi 

BamHI, 
NotI 

SSGLNDIFEAQKIEWHEGSAGGSGGS None 18 °C / 18 
hours 

this study 

139 NUP93SOL (Y269A) 174-819 pET28a-
SUMO-
Avi 

BamHI, 
NotI 

SSGLNDIFEAQKIEWHEGSAGGSGGS None 18 °C / 18 
hours 

this study 

140 NUP93SOL (Y413A) 174-819 pET28a-
SUMO-
Avi 

BamHI, 
NotI 

SSGLNDIFEAQKIEWHEGSAGGSGGS None 18 °C / 18 
hours 

this study 

141 NUP93SOL (Y448A) 174-819 pET28a-
SUMO-
Avi 

BamHI, 
NotI 

SSGLNDIFEAQKIEWHEGSAGGSGGS None 18 °C / 18 
hours 

this study 

142 NUP93SOL (Y269E) 174-819 pET28a-
SUMO-
Avi 

BamHI, 
NotI 

SSGLNDIFEAQKIEWHEGSAGGSGGS None 18 °C / 18 
hours 

this study 

143 NUP93SOL (Y413E) 174-819 pET28a-
SUMO-
Avi 

BamHI, 
NotI 

SSGLNDIFEAQKIEWHEGSAGGSGGS None 18 °C / 18 
hours 

this study 

144 NUP93SOL (Y448E) 174-819 pET28a-
SUMO-
Avi 

BamHI, 
NotI 

SSGLNDIFEAQKIEWHEGSAGGSGGS None 18 °C / 18 
hours 

this study 

145 NUP53 84-250 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO / S None 18 °C / 18 
hours 

this study 

146 NUP53 94-250 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

147 NUP53 84-105 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

148 NUP53 89-105 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

149 NUP53 t 84-150 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO / S None 18 °C / 18 
hours 

this study 

150 NUP53 (I94M) t 84-150 pET-MCN-
SUMO 

BamHI, 
NotI 

S None 18 °C / 18 
hours 

this study 
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151 NUP53 84-140 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

152 NUP53 84-130 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

153 NUP53 84-120 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

154 NUP53 84-110 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

155 NUP53 84-105 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

156 NUP53 84-100 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

157 NUP53 70-110 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

158 NUP53 90-110 pET-MCN-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

159 NUP53N 1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

160 NUP53N (G71A, G72A, 
S73A, P74A, P75A) 

1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

161 NUP53N 
(Q76A, P77A, V78A, 
V79A, P80A) 

1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

162 NUP53N 
(A81A, H82A, K83A, 
D84A, K85A) 

1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

163 NUP53N 
(S86A, G87A, A88A, 
P89A, P90A)  

1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

164 NUP53N 
(V91A, R92A, S93A, 
I94A, Y95A)  

1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

165 NUP53N 
(D96A, D97A, I98A, 
S99A, S100A) 

1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

166 NUP53N 
(P101A, G102A, L103A, 
G104A, S105A) 

1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

167 NUP53N P89A 1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

168 NUP53N P90A 1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

169 NUP53N V91A 1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

170 NUP53N R92A 1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

171 NUP53N S93A 1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

172 NUP53N I94A 1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

173 NUP53N Y95A 1-169 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

174 NUP53N 1-169 pET28a- 
Avi-
SUMO 

BamHI, 
NotI 

His6-Avi-SUMO(G-R) None 18 °C / 18 
hours 

this study 

175 NUP53N DR1 71-169 pET28a- 
Avi-
SUMO 

BamHI, 
NotI 

His6-Avi-SUMO(G-R) None 18 °C / 18 
hours 

this study 

176 NUP53 1-313 pET28a-
SUMO 

BamHI, 
NotI 

S AAALEHHHHHH 18 °C / 18 
hours 

this study 

177 NUP53R1-RRM 1-250 pET28a-
SUMO 

BamHI, 
NotI 

S None 18 °C / 18 
hours 

this study 

178 NUP53RRM-R3 170-313 pET28a-
SUMO 

BamHI, 
NotI 

S AAALEHHHHHH 18 °C / 18 
hours 

this study 

179 NUP53R3 251-313 pET28a-
SUMO 

BamHI, 
NotI 

His6-SUMO None 18 °C / 18 
hours 

this study 

180 NUP155NTD 1-886  
D260-
269 

pET28a-
SUMO 

BamHI, 
NotI 

S None 18 °C / 18 
hours 

this study 

181 NUP98 464-880 pET28a- 
Avi-
SUMO 

BamHI, 
NotI 

His6-Avi-SUMO(G-R) None 18 °C / 
overnight 

this study 

182 NUP98 R3-APD 596-880 pET28a- 
Avi-
SUMO 

BamHI, 
NotI 

His6-Avi-SUMO(G-R) None 18 °C / 18 
hours 

this study 

183 Avi-SUMO -- pET28a- 
Avi-
SUMO 

-- His6-Avi-SUMO None 18 °C / 18 
hours 

this study 

 

t    Constructs that were used for crystallization 
❄ Constructs that were used for cryo-EM analysis 
His6-SUMO: MGSSHHHHHHSSGLVPRGSHMASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGS 
His6-SUMO(G-Y): MGSSHHHHHHSSGLVPRGSHMASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGYS 
His6-SUMO(G-R): MGSSHHHHHHSSGLVPRGSHMASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGRS 
His6-Avi-SUMO: MGSSHHHHHHSSGLVPRGSHMSGLNDIFEAQKIEWHEGSAGGSGHMASMSDSEXNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQAD 
QTPEDLDMEDNDIIEAHREQIGGS 
His6-Avi-SUMO(G-R): MGSSHHHHHHSSGLVPRGSHMSGLNDIFEAQKIEWHEGSAGGSGHMASMSDSEXNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGI 
RIQADQTPEDLDMEDNDIIEAHREQIGRS 
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Table S3. Protein purification protocols 

Protein(s) Expression constructs Purification step Buffer A Buffer B 
Nup192 Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutants (#1, #8-13)  2. Dialysis/Cleavage 2. Ni-A2 / PreS 2. N/A 
  3. Ni-NTA 3. Ni-A2 3. Ni-B1 
  4. MonoQ 5/50 GL 4. IEX-A1 4. IEX-B1 
  5. HiLoad Superdex 200 16/60 PG 5. SEC-A 5. N/A 
Nup192•SUMO-Nic96R2 Co-expression 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutants (#1-7 and #30 or #31) 2. Dialysis/Cleavage 2. IEX-A1 / PreS 2. N/A 
  3. Ni-NTA 3. Ni-A2 3. Ni-B1 
  4. MonoQ 5/50 GL 4. IEX-A1 4. IEX-B1 
  5. HiLoad Superdex 200 16/60 PG 5. SEC-A 5. N/A 
Nup188 Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutants (#16-23)  2. Dialysis/Cleavage 2. Ni-A2 / PreS 2. N/A 
  3. Ni-NTA 3. Ni-A2 3. Ni-B1 
  4. Desalting 4.IEX-A1 4. N/A 
  5. MonoQ 5/50 GL 5. IEX-A1 5. IEX-B1 
  6. HiLoad Superdex 200 16/60 PG 6. SEC-A 6. N/A 
Nup188•SUMO-Nic96R2 Co-expression 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutants (#14-15 and #30) 2. Dialysis/Cleavage 2. IEX-A1 / PreS 2. N/A 
  3. Ni-NTA 3. Ni-A2 3. Ni-B1 
  4. Desalting 4. IEX-A1 4. N/A 
  5. MonoQ 5/50 GL 5. IEX-A1 5. IEX-B1 
  6. HiLoad Superdex 200 16/60 PG 6. SEC-A 6. N/A 
Nup188NTD Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutants (#24-29)  2. Dialysis/Cleavage 2. Ni-A2 / PreS 2. N/A 
  3. Ni-NTA 3. Ni-A2 3. Ni-B2 
  4. MonoQ 10/100 GL 4. IEX-A1 4. IEX-B1 
  5. HiLoad Superdex 200 16/60 PG 5. SEC-A 5. N/A 
SUMO-Nic96187-301 Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
 (#30) 2. Dialysis 2. IEX-A1 2. N/A 
  3. HiTrap Q HP 3. IEX-A1 3. IEX-B1 
  4. HiLoad Superdex 75 16/60 PG 4. SEC-A 4. N/A 
SUMO-Nic96R2 Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutants (#31-39) 2. Dialysis 2. IEX-A1 2. N/A 
  3. HiTrap Q HP 3. IEX-A1 3. IEX-B1 
  4. HiLoad Superdex 75 16/60 PG 4. SEC-A 4. N/A 
Nup53 Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
 (#40) 2. HiPrep 26/20 Desalting/Cleavage 2. Ni-A2 / ULP1 2. N/A 
  3. Ni-NTA 3. Ni-A2 3. Ni-B2 
  4. HiPrep 26/20 Desalting 4. IEX-A2 4. N/A 
  5. HiTrap S HP 5. IEX-A2 5. IEX-B2 
  6. HiLoad Superdex 200 16/60 PG 6. SEC-A 6. N/A 
Nup53R1 Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
 (#41) 2. HiPrep 26/20 Desalting/Cleavage 2. Ni-A2 / ULP1 2. N/A 
  3. Ni-NTA 3. Ni-A2 3. Ni-B2 
  4. HiPrep 26/20 Desalting 4. IEX-A2 4. N/A 
  5. HiTrap S HP 5. IEX-A2 5. IEX-B2 
  6. HiLoad Superdex S75 16/60 PG 6. SEC-A 6. N/A 
SUMO-Nup145N Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
N/C-terminal truncations (#68-129) 2. Dialysis 2. SEC-A 2. N/A 
  3. HiLoad Superdex 75 16/60 PG 2. SEC-A 2. N/A 
Nup145N Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype, 5-Ala and point mutants (#68-129) 2. Desalting/Cleavage 2. IEX-A1/ ULP1 2. N/A 
  3. MonoS 10/100 GL 3. IEX-A1 3. IEX-B1 
  4. HiLoad Superdex 200 16/60 PG 4. SEC-A 4. N/A 
NUP54•NUP58•NUP62 (CNT) Co-expression 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
 (#130-131) 2. HiPrep 26/20 Desalting/Cleavage 2. Ni-A2 / ULP1 2. N/A 
  3. Ni-NTA 3. Ni-A2 3. Ni-B2 
  4. MonoQ 5/50 GL 5. IEX-A1 5. IEX-B1 
  5. HiLoad Superdex 200 10/300 GL 6. SEC-A 6. N/A 
SUMO-NUP93R1 Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutant (#132-133) 2. HiPrep 26/20 Desalting 2. IEX-A1 2. N/A 
  3. HiTrap S HP 3. IEX-A1 3. IEX-B1 
  3. HiLoad Superdex 75 16/60 PG 2. SEC-A 2. N/A 
SUMO-NUP93DR2SOL Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutant (#134-135) 2. HiPrep 26/20 Desalting 2. IEX-A1 2. N/A 
  3. HiTrap S HP 3. IEX-A1 3. IEX-B1 
  3. HiLoad Superdex 200 16/60 PG 2. SEC-A 2. N/A 
SUMO-NUP93R2 Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutants (#136-137) 2. Dialysis 2. IEX-A1 2. N/A 
  3. HiTrap Q HP 3. IEX-A1 3. IEX-B1 
  4. HiLoad Superdex 75 16/60 PG 4. SEC-A 4. N/A 
NUP93SOL Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutants (#138-144) 2. Dialysis/Cleavage 2. Ni-A4 / ULP1 2. N/A 
  3. Ni-NTA 3. Ni-A4 3. Ni-B1 
  4. HiTrap Q HP 4. IEX-A4 4. IEX-B1 
  5. HiLoad Superdex 200 16/60 PG 5. SEC-A 5. N/A 
SUMO-NUP53 Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
N/C-terminal truncations (#145-158, #179) 2. Dialysis 2. SEC-A 2. N/A 
  3. HiLoad Superdex 75 16/60 PG 3. SEC-A 3. N/A 
NUP53R2 Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutant (#149-150) 2. Dialysis/Cleavage 2. Ni-A3 2. N/A 
  3. Ni-NTA 3. Ni-A3 1. Ni-B1 
  4. HiLoad Superdex 75 16/60 PG 4. SEC-A 4. N/A 
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Protein(s) Expression constructs Purification step Buffer A Buffer B 
SUMO-NUP53N Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutants (#159-173) 2. Dialysis 2. SEC-A 2. N/A 
  3. HiLoad Superdex 75 16/60 PG 3. SEC-A 3. N/A 
His6-Avi-SUMO-NUP53N Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and mutant (#174-175) 2. HiPrep 26/20 Desalting 2. IEX-A4 2. N/A 
  3. HiTrap S HP 3. IEX-A4 3. IEX-B1 
  3. HiLoad Superdex 200 16/60 PG 2. SEC-A 2. N/A 
NUP53 Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and truncations (#176-178) 2. HiPrep 26/20 Desalting 2. IEX-A4 2. N/A 
  3. HiTrap S HP 3. IEX-A4 3. IEX-B1 
  3. HiLoad Superdex 200 16/60 PG 2. SEC-A 2. N/A 
NUP155NTD Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
 (#180) 2. Dialysis/Cleavage 2. Ni-A2 / ULP1 2. N/A 
  3. Ni-NTA 3. Ni-A2 3. Ni-B1 
  4. MonoQ 5/50 GL 4. IEX-A1 4. IEX-B1 
  5. HiLoad Superdex 200 16/60 PG 5. SEC-A 5. N/A 
His6-Avi-SUMO-NUP98 Individual 1. Ni-NTA 1. Ni-A1 1. Ni-B1 
wildtype and truncations (#181-183) 2. Dialysis 2. IEX-A1 2. N/A 
  3. HiTrap Q HP 2. IEX-A1 3. IEX-B1 
  4. HiLoad Superdex 200 16/60 PG 4. SEC-A 4. N/A 

 
Ni-A1: 20 mM TRIS (pH 8.0), 500 mM NaCl, 20 mM imidazole, 5 mM β-ME 
Ni-A2: 20 mM TRIS (pH 8.0), 100 mM NaCl, 20 mM imidazole, 5 mM β-ME 
Ni-A3: 20 mM TRIS (pH 8.0), 150 mM NaCl, 20 mM imidazole, 5 mM β-ME 
Ni-A4: 20 mM TRIS (pH 8.0), 25 mM NaCl, 20 mM imidazole, 5 mM β-ME 
 
Ni-B1: 20 mM TRIS (pH 8.0), 500 mM NaCl, 500 mM imidazole, 5 mM β-ME 
Ni-B2: 20 mM TRIS (pH 8.0), 100 mM NaCl, 500 mM imidazole, 5 mM β-ME 
 
IEX-A1: 20 mM TRIS (pH 8.0), 100 mM NaCl, 5 mM DTT 
IEX-A2: 20 mM TRIS (pH 7.0), 100 mM NaCl, 5 mM DTT 
IEX-A3: 20 mM TRIS (pH 8.0), 25 mM NaCl, 5 mM DTT 
IEX-A4: 20 mM MES (pH 6.0), 100 mM NaCl, 5 mM DTT 
 
IEX-B1: 20 mM TRIS (pH 8.0), 2.0 M NaCl, 5 mM DTT 
IEX-B2: 20 mM TRIS (pH 7.0), 2.0 M NaCl, 5 mM DTT 
 
SEC-A: 20 mM TRIS (pH 8.0), 100 mM NaCl, 5 mM DTT 
SEC-B: 20 mM TRIS (pH 8.0), 150 mM NaCl, 5 mM DTT 
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Table S4. SEC-MALS analysis 

Figure Nucleoporin or  
nucleoporin complex 

Experimental  
mass (kDa) 

Theoretical  
mass (kDa) Stoichiometry 

Fig. 2F 
Fig. S7A 

Nup192 183 197 
Stoichiometric SUMO-Nic96R2 21 21 

Nup192•SUMO-Nic96R2 196 218 

Fig. 2F 
Fig. S7B 

Nup192 184 197 
No binding SUMO-Nic96R2 FFF 18 21 

Nup192 FFF•SUMO-Nic96R2 182 218 

Fig. 2F 
Fig. S7C 

Nup192 LAF 185 197 
No binding SUMO-Nic96R2 20 21 

Nup192 LAF•SUMO-Nic96R2 185 218 

Fig. 2K 
Fig. S12A 

Nup188 191 204 
Stoichiometric SUMO-Nic96R2 20 21 

Nup188•SUMO-Nic96R2 210 225 

Fig. 2K 
Fig. S12B 

Nup188 191 204 
No binding SUMO-Nic96R2 FFF 20 21 

Nup188•SUMO-Nic96R2 FFF 194 225 

Fig. 2K 
Fig. S12C 

Nup188 LFV 191 204 
No binding SUMO-Nic96R2 20 21 

Nup188 LFV•SUMO-Nic96R2 191 225 

Fig. S19A 
Nup192•SUMO-Nic96R2 
Nup53 
Nup192•SUMO-Nic96R2•Nup53 

203 
46 
245 

218 
40 
258 

Stoichiometric 

Fig. 3H 
Fig. S20A 

Nup192•SUMO-Nic96R2•Nup53 244 258 
Stoichiometric Nup145N 42 42 

Nup192•SUMO-Nic96R2•Nup53•Nup145N 315 300 

Fig. 3H 
Fig. S20B 

Nup192•SUMO-Nic96R2•Nup53 238 258 
No binding Nup145N KKRMYKLRKR 42 42 

Nup192•SUMO-Nic96R2•Nup53•Nup145N KKRMYKLRKR 230 300 

Fig. 3H 
Fig. S20C 

Nup192 LIFH•SUMO-Nic96R2•Nup53 242 258 
Stoichiometric Nup145N 45 42 

Nup192 LIFH•SUMO-Nic96R2•Nup53•Nup145N 297 300 

Fig. 3H 
Fig. S20D 

Nup192•SUMO-Nic96R2•Nup53 244 258 
Stoichiometric SUMO-Nup145NR1 22 21 

Nup192•SUMO-Nic96R2•Nup53•SUMO-Nup145NR1 264 279 

Fig. 3H 
Fig. S20E 

Nup192•SUMO-Nic96R2•Nup53 245 258 
No binding SUMO-Nup145NR1 KKRMYKLRKR 21 21 

Nup192•SUMO-Nic96R2•Nup53•SUMO-Nup145NR1 KKRMYKLRKR 240 279 

Fig. 3H 
Fig. S20F 

Nup192 LIFH•SUMO-Nic96R2•Nup53 242 258 
No binding SUMO-Nup145NR1 25 21 

Nup192 LIFH•SUMO-Nic96R2•Nup53•SUMO-Nup145NR1 239 279 

Fig. S24B 
Nup188•SUMO-Nic96R2•Nup145N 250 267 

No binding Nup53 39 41 
Nup188•SUMO-Nic96R2•Nup145N•Nup53 243 308 

Fig. 4F 
Fig. S30A 

Nup188•SUMO-Nic96R2 218 225 
Stoichiometric Nup145N 48 42 

Nup188•SUMO-Nic96R2•Nup145N 280 267 

Fig. 4F 
Fig. S30B 

Nup188•SUMO-Nic96R2 216 225 
Stoichiometric Nup145N EDSILF 50 42 

Nup188•SUMO-Nic96R2•Nup145N EDSILF 288 267 

Fig. 4F 
Fig. S30C 

Nup188 HHMI•SUMO-Nic96R2 214 225 
Stoichiometric Nup145N 48 42 

Nup188 HHMI•SUMO-Nic96R2•Nup145N 251 267 

Fig. 4F 
Fig. S30D 

Nup188•SUMO-Nic96R2 213 225 
Stoichiometric SUMO-Nup145NR2 26 23 

Nup188•SUMO-Nic96R2•SUMO-Nup145NR2 221 248 

Fig. 4F 
Fig. S30E 

Nup188•SUMO-Nic96R2 213 225 
No binding SUMO-Nup145NR2 EDSILF 26 23 

Nup188•SUMO-Nic96R2•SUMO-Nup145NR2 EDSILF 213 248 

Fig. 4F 
Fig. S30F 

Nup188 HHMI•SUMO-Nic96R2 212 225 
No binding SUMO-Nup145NR2 26 23 

Nup188 HHMI•SUMO-Nic96R2•SUMO-Nup145NR2 211 248 
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Table S5. Isothermal Titration Calorimetry 
 

Nup192 + Nic96 titrations         

Cell 
(titrand) 

Cell  
conc. 
(µM) 

Syringe 
(titrant) 

Syringe  
conc. 
 (µM) Buffer 

T 
(°C) n 

KD  
(nM) 

D°H 
(kJ mol-1) 

D°S 
(J mol-1 K-1) 

Nup192 14.0 SUMO-Nic96 (187-301) 70.0 ITC-A 4 1.02 ± 0.06 75 ± 5 -53 ± 5 -31 ± 16 
Nup192 15.6 SUMO-Nic96R2 80.0 ITC-A 4 1.09 ± 0.07 73 ± 4 -53 ± 4 -31 ± 14 
Nup192 15.6 SUMO-Nic96R2 FFF 80.0 ITC-A 4 n.d. n.d. n.d. n.d. 
Nup192 LAF 15.6 SUMO-Nic96R2 80.0 ITC-A 4 n.d. n.d. n.d. n.d. 
          
          
Nup188 + Nic96 titrations         

Cell 
(titrand) 

Cell  
conc. 
(µM) 

Syringe 
(titrant) 

Syringe  
conc. 
 (µM) Buffer 

T 
(°C) n 

KD  
(nM) 

D°H 
(kJ mol-1) 

D°S 
(J mol-1 K-1) 

Nup188 17.0 SUMO-Nic96 (187-301) 100.0 ITC-A 4 1.12 ± 0.07 95 ± 8 39 ± 2 294 ± 7 
Nup188 16.8 SUMO-Nic96R2 100.0 ITC-A 4 1.08 ± 0.05 85 ± 18 33 ± 3 266 ± 11 
Nup188 16.8 SUMO-Nic96R2 FFF 100.0 ITC-A 4 n.d. n.d. n.d. n.d. 
Nup188 FLV 16.8 SUMO-Nic96R2 100.0 ITC-A 4 n.d. n.d. n.d. n.d. 
          
          
Nup192 + Nup145N titrations         

Cell 
(titrand) 

Cell  
conc. 
(µM) 

Syringe 
(titrant) 

Syringe  
conc. 
 (µM) Buffer 

T 
(°C) n 

KD  
(nM) 

D°H 
(kJ mol-1) 

D°S 
(J mol-1 K-1) 

Nup192•Nic96R2•Nup53 14.0 Nup145N 125.0 ITC-B 4 1.30 ± 0.10 825 ± 228 45 ± 2 291 ± 13 
Nup192•Nic96R2•Nup53 14.0 Nup145N KKRMYKLRKR 125.0 ITC-B 4 n.d. n.d. n.d. n.d. 
Nup192 LIFH 
•Nic96R2•Nup53 

15.0 Nup145N 118.3 ITC-B 4 1.07 ± 0.09 6620 ± 1500 110 ± 13 510 ± 50 

Nup192•Nic96R2•Nup53 20.0 SUMO-Nup145NR1 180.0 ITC-B 4 1.28 ± 0.04 1600 ± 100 35 ± 9 260 ± 30 
Nup192•Nic96R2•Nup53 20.0 SUMO-Nup145NR1 

KKRMYKLRKR 
180.0 ITC-B 4 n.d. n.d. n.d. n.d. 

Nup192 LIFH 
•Nic96R2•Nup53 

20.0 SUMO-Nup145NR1 180.0 ITC-B 4 n.d. n.d. n.d. n.d. 

          
          
Nup188 + Nup145N titrations         

Cell 
(titrand) 

Cell  
conc. 
(µM) 

Syringe 
(titrant) 

Syringe  
conc. 
 (µM) Buffer 

T 
(°C) n 

KD 

(nM) 
D°H 
(kJ mol-1) 

D°S 
(J mol-1 K-1) 

Nup188•Nic96R2 28.0 Nup145N 250.0 ITC-A 4 1.01 ± 0.01 410 ± 240 14.2 ± 0.6 178 ± 5 
Nup188•Nic96R2 20.0 Nup145N EDSILF 200.0 ITC-A 4 1.03 ± 0.09 2750 ± 1100 18.4 ± 0.1 181 ± 3 
Nup188 HHMI •Nic96R2 21.2 Nup145N 148.3 ITC-A 4 1.23 ± 0.05 4710 ± 3200 22.4 ± 1.3 186 ± 7 
Nup188 HHMI •Nic96R2 25.5 Nup145N EDSILF 172.3 ITC-A 4 1.22 ± 0.04 3610 ± 570 25.1 ± 0.8 210 ± 3 
Nup188•Nic96R2 30.0 SUMO-Nup145NR2 250.0 ITC-A 21 1.04 ± 0.10 2600 ± 760 -36 ± 5 -4 ± 16 
Nup188•Nic96R2 30.0 SUMO-Nup145NR2 EDSILF  250.0 ITC-A 21 n.d. n.d. n.d. n.d. 
Nup188 HHMI •Nic96R2 30.0 SUMO-Nup145NR2 250.0 ITC-A 21 n.d. n.d. n.d. n.d. 

 
ITC-A = 20 mM TRIS (pH 8.0), 100 mM NaCl, 1 mM TCEP 
ITC-B = 20 mM TRIS (pH 8.0), 150 mM NaCl, 1 mM TCEP 
n.d., not detectable under the specified experimental conditions 
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Table S6. Crystallization and cryoprotection conditions 

Protein(s) Concentration Crystallization condition Cryo-protection condition 

Nup188NTD 

SeMet Nup188NTD 
25 mg/ml 
 

10 % (w/v) PEG 3,350 
0.1 M potassium thiocyanate 

Mother liquor gradually supplemented to 
25% (v/v) ethylene glycol in 2% steps 

SeMet Nup188•Nic96R2 

 
8 mg/ml 
 

0.05 M HEPES (pH 7.5) 
6.5% (w/v) PEG 20,000 
After appearance of crystals, PEG 
20,000 concentration in well 
solution increased by in 1%/day 
steps over a week to gradually 
dehydrate crystals 

Mother liquor gradually supplemented to 
25% (v/v) ethylene glycol in 2% steps. 

Nup192∆Head •Nic96187-301 

Nup192∆Head •Nic96R2  
SeMet Nup192∆Head •Nic96R2  

A289M 
 

12 mg/ml 0.05 M HEPES (pH 7.5) 
0.1 M ammonium sulfate 
8% (w/v) PEG 3,350 
1% (v/v) 2-propanol 

Mother liquor gradually supplemented to 
25% (v/v) ethylene glycol in 1% steps 

NUP93SOL 15 mg/ml drop solution: 
0.075 M TRIS (pH 8.5) 
11% (w/v) PEG 20,000 
well solution: 
0.075 M TRIS (pH 8.5) 
19% (w/v) PEG 20,000 

20% (v/v) ethylene glycol 

NUP93SOL•NUP53R2 

NUP93SOL• SeMet NUP53R2 

I94M 

35 mg/ml NUP93SOL; 
10-fold molar excess 
NUP53R2 

drop solution: 
0.075 M TRIS (pH 8.5) 
11 % (w/v) PEG 20,000 
0.08 M sodium/potassium tartrate 
well solution: 
0.075 M TRIS (pH 8.5) 
17% (w/v) PEG 20,000 
0.08 M sodium/potassium tartrate 

20% (v/v) ethylene glycol 
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Table S7.  

X-ray crystallography analysis of Nup192DHead•Nic96187-301 and Nup192DHead•Nic96R2 
Data collection    
Protein Nup192ΔHead• Nic96187-301 Nup192ΔHead• Nic96R2 

 

Nup192ΔHead• Nic96R2 A289M 
PDB ID 7MVT   
Synchrotrona SSRL SSRL SSRL 
Beamline BL12-2 BL12-2 BL12-2 
Space group P41212 

 

P41212 

 

P41212 
Cell dimensions    
    a, b, c (Å) 76.8, 76.8, 712.5 76.9, 76.9, 708.9 76.4, 76.4, 702.5 
    a, b, g (°) 90, 90, 90 90, 90, 90 90, 90, 90 
  Se-Peak Se-Peak 
Wavelength 1.1401 0.9793 0.9793 
Resolution (Å) 40.0 – 3.6 40.0 – 4.2 40.0 – 4.0 
Rmeas (%)b 14.6 (188) 26.4 (164) 21.9 (153) 
Rpim (%)b 3.2 (41.6) 5.4 (33.4) 3.2 (35.3) 
CC1/2b 1.00 (0.78) 1.00 (0.62) 1.00 (0.47) 
< I / sI >b 12.4 (1.7) 9.5 (1.9) 15.5 (1.9) 
Completeness (%)b 99.6 (97.7) 99.5 (97.0) 97.8 (79.4) 
No. of observations 545,652 400,350 863,520 
No. of unique reflectionsb,c 26,269 (2,539) 16,714 (1,584) 19,028 (1,480) 
Redundancyb 20.8 (18.9) 24.0 (24.2) 45.4 (17.7) 
Wilson B-factor (Å2) 131 156 153 
    
Refinement    
Resolution (Å) 40.0 – 3.6   
No. of reflections 26,238   
No. of reflections test set 2,326 (8.9%)   
Rwork (%) / Rfree (%) 25.7 / 29.7   
No. atoms (non-hydrogen) 11,077   
    Protein 11,077   
    Water 0   
    Ligand/Ions 0   
B-factors (Å2) 171   
    Protein 171   
    Water -   
    Ligand/Ions -   
RMSD    
    Bond lengths (Å)  0.002   
    Bond angles (°) 0.5   
    
Ramachandran plotd    

    Favored (%) 98.2   
    Additionally allowed (%) 1.8   
    Outliers (%) 0.0   
    
MolProbityd    

    Clashscore 0.92 (100th percentile)   
    MolPorbity score 0.84 (100th percentile)   

aSSRL, Stanford Synchrotron Radiation Lightsource. 
bHighest-resolution shell is shown in parentheses. 
cFriedel pairs were merged. 
dAs determined by MolProbity. 
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Table S8. X-ray crystallography analysis of Nup188NTD 

Data collection   
Protein Nup188NTD Nup188NTD 
PDB ID 7MVW  
Synchrotrona SSRL SSRL 
Beamline BL12-2 BL12-2 
Space group P64 P64 
Cell dimensions   
    a, b, c (Å) 173.5, 173.5, 111.1 173.3, 173.3, 111.4 
    a, b, g (°) 90, 90, 120 90, 90, 120 
  Se-Inflection Se-Peak Se-Remote 
Wavelength 0.9794 0.9795 0.9796 0.9611 
Resolution (Å) 45.0 – 2.75 35.0 – 3.5 35.0 – 3.9 35.0– 4.0 
Rmeas (%)b 17.1 (223) 42.2 (243) 52.0 (251) 54.2 (237) 
Rpim (%)b 5.3 (71.5) 9.4 (53.3) 11.4 (55.8) 11.9 (54.5) 
CC1/2b 1.00 (0.57) 0.99 (0.67) 0.99 (0.46) 0.99 (0.49) 
< I / sI >b 13.7 (1.3) 8.8 (1.5) 6.5 (1.2) 6.1 (1.2) 
Completeness (%)b 99.8 (99.6) 99.7 (98.3) 99.8 (99.9) 99.8 (99.9) 
No. of observations 508,212 504,862 360,045 336,348 
No. of unique reflectionsb,c 48,981 (4,880) 24,294 (2,404) 17,477 (1,743) 16,250 (1,620) 
Redundancyb 10.4 (9.5) 20.8 (20.6) 20.6 (20.0) 20.7 (19.7) 
Wilson B-factor (Å2) 70 93 126 131 
   
Refinement   
Resolution (Å) 45.0 – 2.75  
No. of reflections 48,929  
No. of reflections test set 2,449 (5.0%)  
Rwork (%) / Rfree (%) 22.3 / 25.4  
No. atoms (non-hydrogen) 8,141  
    Protein 8,089  
    Water 34  
    Ligand/Ions 37  
B-factors (Å2) 81  
    Protein 81  
    Water 60  
    Ligand/Ions 87  
RMSD   
    Bond lengths (Å)  0.002  
    Bond angles (°) 0.4  
   
Ramachandran plotd   

    Favored (%) 98.5  
    Additionally allowed (%) 1.5  
    Outliers (%) 0.0  
   
MolProbityd   
    Clashscore 0.49 (100th percentile)  
    MolPorbity score 0.67 (100th percentile)  

aSSRL, Stanford Synchrotron Radiation Lightsource. 
bHighest-resolution shell is shown in parentheses. 
cFriedel pairs were merged. 
dAs determined by MolProbity. 
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Table S9. X-ray crystallography analysis of Nup188•Nic96R2 

Data collection  
Protein Nup188•Nic96R2 
PDB ID 7MVX 
Synchrotrona SSRL 
Beamline BL12-2 
Space group H32 
Cell dimensions  
    a, b, c (Å) 302.7, 302.7, 152.7 
    a, b, g (°) 90, 90, 120 
 Se-Peak 
Wavelength 0.9794 
Resolution (Å) 25 – 4.35 
Rmeas (%)b 25.3 (249) 
Rpim (%)b 5.7 (55.9) 
CC1/2b 0.96 (0.78) 
< I / sI >b 11.3 (2.4) 
Completeness (%)b 99.5 (100.0) 
No. of observations 344,504 
No. of unique reflectionsb,c 17,578 (4,981) 
Redundancyb 19.6 (19.7) 
Wilson B-factor (Å2) 221 
  
Refinement  
Resolution (Å) 25 – 4.35 
No. of reflections 17,565 
No. of reflections test set 895 (5.1%) 
Rwork (%) / Rfree (%) 27.3 / 31.6 
No. atoms (non-hydrogen) 13,265 
    Protein 13,265 
    Water 0 
    Ligand/Ions 0 
B-factors (Å2) 255 
    Protein 255 
    Water - 
    Ligand/Ions - 
RMSD  
    Bond lengths (Å)  0.003 
    Bond angles (°) 0.6 
  
Ramachandran plotd  

    Favored (%) 98.4 
    Additionally allowed (%) 1.6 
    Outliers (%) 0.0 
  
MolProbityd  

    Clashscore 7.1 (100th percentile) 
    MolPorbity score 1.4 (100th percentile) 

aSSRL, Stanford Synchrotron Radiation Lightsource. 
bHighest-resolution shell is shown in parentheses. 
cFriedel pairs were merged. 
dAs determined by MolProbity. 
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Table S10.  

X-ray crystallography analysis of and apo NUP93SOL and NUP93SOL•NUP53R2 
Data collection     
Protein NUP93SOL NUP93SOL NUP93SOL•NUP53R2 NUP93SOL•NUP53R2 I94M 
PDB ID 7MW0  7MW1  
Synchrotron SSRLa SSRLa SSRLa SSRLa 
Beamline BL12-2 BL12-2 BL12-2 BL12-2 
Space group P212121 P212121 P21 P21 
Cell dimensions     
    a, b, c (Å) 74.9, 66.1, 79.2 74.9, 66.0, 79.2 67.7, 181.4, 78.9 68.4, 183.4, 79.9 
    a, b, g (°) 90, 116.3, 90 90, 116.3, 90 90, 94.0, 90 90, 94.7, 90 
  S-Remote  Se-Peak 
Wavelength 0.9795 1.7711 0.9795 0.9789 
Resolution (Å) 40.0 – 2.0 40.0 – 2.2 38.0 – 3.4 38.0 – 3.8 
Rmeas (%)b 9.0 (26.0) 5.8 (11.5) 13.0 (22.6) 19.7 (118) 
Rpim (%)b 2.0 (55.5) 1.3 (30.7) 4.91 (83.7) 7.5 (44.1) 
CC1/2b 1.00 (0.73) 1.00 (0.88) 1.00 (0.50) 0.99 (0.73) 
< I / sI >b 26.0 (1.5) 35.5 (2.5) 10.1 (0.9) 7.9 (1.8) 
Completeness (%)b 99.1 (98.3) 96.7 (94.5) 98.5 (99.3) 97.7 (93.6) 
No. of observations 973,955 646,488 179,880 129,312 
No. of unique reflectionsb,c 46,644 (4,598) 34,223 (3,297) 25,795 (2,574) 18,718 (1,715) 
Redundancyb 20.9 (21.5) 18.9 (13.7) 7.0 (7.2) 6.9 (7.0) 
Wilson B-factor (Å2) 43 48 136 133 
     
Refinement     
Resolution (Å) 37.4 – 2.0  33.5 – 3.4  
No. of reflections 46,580  25,745  
No. of reflections test set 1,998 (4.3%)  2,004 (7.8%)  
Rwork (%) / Rfree (%) 22.5 / 25.4  23.3 / 27.6  
No. atoms (non-hydrogen) 5,258  10,194  
    Protein 5,062  10,194  
    Water 192  0  
    Ligand/Ions 4  0  
B-factors (Å2) 57  144  
    Protein 58  144  
    Water 53  -  
    Ligand/Ions 49  -  
RMSD     
    Bond lengths (Å)  0.002  0.003  
    Bond angles (°) 0.4  0.6  
     
Ramachandran plotd     
    Favored (%) 98.4  98.0  
    Additionally allowed (%) 1.6  2.0  
    Outliers (%) 0.0  0.0  
     
MolProbityd     
    Clashscore 2.96 (99th percentile)  5.15 (100th percentile)  
    MolPorbity score 1.09 (100th percentile)  1.38 (100th percentile)  

aSSRL, Stanford Synchrotron Radiation Lightsource. 
bHighest-resolution shell is shown in parentheses. 
cFriedel pairs were merged. 
dAs determined by MolProbity. 
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Table S11. Single particle cryo-EM analysis of Nup192•Nic96R2 and 

Nup192•Nic96R2•Nup145NR1•Nup53R1 
   
Data collection   
Protein complex Nup192•Nic96R2 Nup192•Nic96R2•Nup145NR1•Nup53R1 
PDB ID 7MVU 7MVV 
EMDB ID 24056 24057 
Microscope Titan Kriosa Titan Kriosa 
Voltage (kV) 300 300 
Magnification, nominal / calibrated 165,000x / 59,950x 105,000x / 57,740x 
Focus range (µm) -4.0 – -1.0 -3.0 – -1.0 
Detector camera Gatan K2 Summit Gatan K3 
Detector camera mode counting super-resolution 
Calibrated pixel size (Å) 0.834 0.433 
Automation software EPU SerialEM 
Energy filter slit width (eV) 20 20 
Total electron exposure (e- /Å2) 54.0 100.0 
Exposure time (s) 8.06 3.03 
Number of frames 40 60 
Number of micrographs collected 1,110 5,184 
Number of micrographs used 1,082 4,319 
   
Reconstruction   
Extracted particle number 719,840 2,286,858 
Refined particle number 176, 609 484,910 
Final particle number 176, 609 484,910 
3D refinement software cryoSPARC homogenous refinement cryoSPARC non-uniform refinement 
Symmetry imposed C1 C1 
Pixel size (Å) 1.668 1.421 
Box size (Å) 192, 192, 192 256, 256, 256 
Estimated translation/rotation error (° / Å) b - - 
Global resolution, FSC 0.5, masked / unmasked (Å) c  5.6 / 7.9 3.9 / 7.5 
Global resolution, FSC 0.143, masked / unmasked (Å) c  3.8 / 6.5 3.2 / 4.1 
Local resolution range, FSC 0.143, masked (Å) d 3.5 – 8.3 3.0 – 7.4 
Anisotropic global res. range, FSC 0.143, masked (Å) e 3.5 – 4.0 3.1 – 3.6 
Sphericity, FSC 0.5c 0.78 0.81 
Map sharpening method global sharpening global sharpening 
Map sharpening B-factor or range (Å2) -92.7 -33.4 
   
Model Refinement   
Atomic modeling refinement software PHENIX real-space refine PHENIX real-space refine 
Resolution for refinement (Å) 3.8 3.2 
No. atoms (non-hydrogen) 12,804 12,857 
    Protein 12,804 12,857 
    Water - - 
    Ligand/Ions - - 
B-factors (Å2) 149 161 
    Protein 149 161 
    Water - - 
    Ligand/Ions - - 
RMSD   
    Bond lengths (Å)  0.001 0.001 
    Bond angles (°) 0.3 0.3 
FSCMAP-TO-MODEL  0.143 / 0.5, unmasked (Å)f 3.8 / 7.0 3.3 / 3.9 
CCVOLUME / CCMASK 

f 0.73 / 0.74 0.66 / 0.66 
Cb deviations (%)g 0.0 0.0 
CaBLAM outliers (%)g 1.6 1.5 
EMRinger score 0.63 1.09 
Clashscoreg  3.24 (100th percentile) 2.87 (100th percentile) 
MolProbity scoreg 1.12 (100th percentile) 1.17 (100th percentile) 
Ramachandran plotg   

    Favored (%) 98.9 98.7 
    Additionally allowed (%) 1.1 1.3 
    Outliers (%) 0.0 0.0 
Rotamersg   

    Favored (%) 99.3 98.0 
    Additionally allowed (%) 0.7 2.0 
    Outliers (%) 0.0 0.0 

a California Institute of Technology cryoEM facility.                                                     eAs determined by 3DFSC, 1 standard dev. from mean. 
b As determined by RELION-3 3D auto-refine.                                                             fAs determined by PHENIX. 
cAs determined by 3DFSC.                                                                                             gAs determined by MolProbity. 
dAs determined by cryoSPARC Local Res., min./max. at model atom positions. 
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Table S12. 

Single particle cryo-EM analysis of Nup188•Nic96R2 and Nup188•Nic96R2•Nup145NR2 
   
Data collection   
Protein complex Nup188•Nic96R2 Nup188•Nic96R2•Nup145NR2 
PDB ID` 7MVY 7MVZ 
EMD ID 24058 24059 
Microscope Titan Kriosa Titan Kriosa 
Voltage (kV) 300 300 
Magnification, nominal / calibrated 130,000x / 77,160x 130,000x / 77,160x 
Focus range (µm) -2.5 – -0.5 -2.5 – -0.5 
Detector camera Gatan K3 Bioquantum Gatan K3 Bioquantum 
Detector camera mode super-resolution super-resolution 
Calibrated pixel size (Å) 0.324 0.324 
Automation software SerialEM SerialEM 
Energy filter slit width (eV) 20 20 
Total electron exposure (e- /Å2) 103.0 103.0 
Exposure time (s) 2.00 2.00 
Number of frames 57 57 
Number of micrographs collected 10,740 10,740 
Number of micrographs used 10,064 10,064 
   
Reconstruction   
Extracted particle number 7,988,427 7,988,427 
Refined particle number 709,123 298,317 
Final particle number 709,123 298,317 
3D refinement software RELION-3 3D auto-refine cryoSPARC non-uniform refinement 
Symmetry imposed C1 C1 
Pixel size (Å) 0.972 1.296 
Box size (Å) 340, 340, 340 256, 256, 256 
Estimated translation/rotation error (° / Å) b 0.83 / 0.34 - 
Global resolution, FSC 0.5, masked / unmasked (Å) c  2.8 / 3.5 3.2 / 6.8 
Global resolution, FSC 0.143, masked / unmasked (Å) c  2.4 / 2.9 2.8 / 3.8 
Local resolution range, FSC 0.143, masked (Å) d 2.3 – 8.5 2.7 – 5.5 
Anisotropic global res. range, FSC 0.143, masked, (Å) e 2.3 – 2.5 2.7 – 2.9 
Sphericity, FSC 0.5c 0.87 0.86 
Map sharpening method global sharpening LocScale sharpening 
Map sharpening B-factor or range (Å2) -10.0 - 
   
Model Refinement   
Atomic modeling refinement software PHENIX real-space refine PHENIX real-space refine 
Resolution for refinement (Å) 2.4 2.8 
No. atoms (non-hydrogen) 13,218 13,312 
    Protein 13,218 13,312 
    Water - - 
    Ligand/Ions - - 
B-factors (Å2) 78 149 
    Protein 78 149 
    Water - - 
    Ligand/Ions - - 
RMSD   
    Bond lengths (Å)  0.001 0.002 
    Bond angles (°) 0.4 0.5 
FSCMAP-TO-MODEL 0.143 / 0.5, unmasked (Å)f 2.4 / 3.8 3.1 / 4.4 
CCVOLUME / CCMASK

 f  0.64 / 0.64 0.64 / 0.64 
Cb deviations (%)g 0.0 0.0 
CaBLAM outliers (%)g 1.5 1.5 
EMRinger score 1.03 0.76 
Clashscore g 2.94 (100th percentile) 2.77 (100th percentile) 
MolProbity score g 1.22 (100th percentile) 1.21 (100th percentile) 
Ramachandran plot g   

    Favored (%) 99.3 98.5 
    Additionally allowed (%) 0.7 1.5 
    Outliers (%) 0.0 0.0 
Rotamers g   

    Favored (%) 99.9 98.2 
    Additionally allowed (%) 0.1 1.8 
    Outliers (%) 0.0 0.0 

a Pacific Northwest Center for Cryo-EM (PNCC).                                                        eAs determined by 3DFSC, 1 standard dev. from mean. 
b As determined by RELION-3 3D auto-refine.                                                             fAs determined by PHENIX. 
cAs determined by 3DFSC.                                                                                             gAs determined by MolProbity. 
dAs determined by cryoSPARC Local Res., min./max. at model atom positions. 
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Table S13. Saccharomyces cerevisiae expression constructs 

Plasmid Protein Residues 
(Mutations) 

Vector Restriction 
sites (5’, 3’) 

Select. 
Marker 

Reference 

pRS415-PNop1-scNIC96 scNic96 1-839 pRS415 BamHI, NotI LEU2 (28) 

pRS415-PNop1-scnic96 FFF scNic96 1-839, F136E, F139E, F159E pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-scnic96 DR2 scNic96 1-97, 164-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-scnic96 R2/32×GS scNic96 1-97, 32-mer GS linker, 164-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-scnic96 R2/66×GS scNic96 1-97, 66-mer GS linker, 164-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-3×FLAG-scNIC96 scNic96 1-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-3×FLAG-scnic96 FFF scNic96 1-839, F136E, F139E, F159E pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnic96 DR2 scNic96 1-97, 164-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-3×FLAG-scnic96 R2/32×GS scNic96 1-97, 32-mer GS linker, 164-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-3×FLAG-scnic96 R2/66×GS scNic96 1-97, 66-mer GS linker, 164-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scNIC96 scNic96 1-839 pRS415 BamHI, NotI LEU2 (28) 
pRS415-PNop1-eGFP-scnic96 FFF scNic96 1-839, F136E, F139E, F159E pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnic96 DR2 scNic96 1-97, 164-839 pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnic96 R2/32×GS scNic96 1-97, 32-mer GS linker, 164-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnic96 R2/66×GS scNic96 1-97, 66-mer GS linker, 164-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-mCherry-scNIC96 scNic96 1-839 pRS415 BamHI, NotI LEU2 (28) 
pRS415-PNop1-mCherry-scnic96 R2-SOL scNic96 98-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-mCherry-scnic96 R2/32×GS scNic96 1-97, 32-mer GS linker, 164-839 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-scNUP192 scNup192 1-1683 pRS415 NotI, SacII LEU2 this study 

pRS415-P Nop1-scnup192 DTail scNup192 1-1316 pRS415 NotI, SacII LEU2 this study 

pRS415-P Nop1-scnup192 DTower-Tail scNup192 1-1114 pRS415 NotI, SacII LEU2 this study 
pRS415-PNop1-scnup192 Tower-Tail scNup192 1115-1683 pRS415 NotI, SacII LEU2 this study 
pRS415-PNop1-scnup192 LAF scNup192 1-1683, L1525E, A1610E, Y1679E pRS415 NotI, SacII LEU2 this study 
pRS415-PNop1-scnup192 LIFH scNup192 1-1683, I1053E, E1057R, E1107R, 

F1106E 
pRS415 NotI, SacII LEU2 this study 

pRS415-PNop1-scnup192 LAF+LIFH scNup192 1-1683, L1525E, A1610E, Y1679E, 
I1053E, E1057R, E1107R, F1106E 

pRS415 NotI, SacII LEU2 this study 

pRS415-PNop1-3×HA-scNUP192 scNup192 1-1683 pRS415 NotI, SacII LEU2 this study 

pRS415-P Nop1-3×HA-scnup192 DTail scNup192 1-1316 pRS415 NotI, SacII LEU2 this study 

pRS415-P Nop1-3×HA-scnup192 DTower-
Tail 

scNup192 1-1114 pRS415 NotI, SacII LEU2 this study 

pRS415-PNop1-3×HA-scnup192 Tower-Tail scNup192 1115-1683 pRS415 NotI, SacII LEU2 this study 
pRS415-PNop1-3×HA-scnup192 LAF scNup192 1-1683, L1525E, A1610E, Y1679E pRS415 NotI, SacII LEU2 this study 
pRS415-PNop1-3×HA-scnup192 LIFH scNup192 1-1683, I1053E, E1057R, E1107R, 

F1106E 
pRS415 NotI, SacII LEU2 this study 

pRS415-PNop1-3×HA-scnup192 LAF+LIFH scNup192 1-1683, L1525E, A1610E, Y1679E, 
I1053E, E1057R, E1107R, F1106E 

pRS415 NotI, SacII LEU2 this study 

pRS415-PNop1-eGFP-scNUP192 scNup192 1-1683 pRS415 NotI, SacII LEU2 (41) 

pRS415-P Nop1-eGFP-scnup192 DTail scNup192 1-1316 pRS415 NotI, SacII LEU2 (41) 

pRS415-P Nop1-eGFP-scnup192 DTower-Tail scNup192 1-1114 pRS415 NotI, SacII LEU2 this study 
pRS415-PNop1-eGFP-scnup192 Tower-Tail scNup192 1115-1683 pRS415 NotI, SacII LEU2 this study 
pRS415-PNop1-eGFP-scnup192 LAF scNup192 1-1683, L1525E, A1610E, Y1679E pRS415 NotI, SacII LEU2 this study 

pRS415-PNop1-eGFP-scnup192 LIFH scNup192 1-1683, I1053E, E1057R, E1107R, 
F1106E 

pRS415 NotI, SacII LEU2 this study 

pRS415-PNop1-eGFP-scnup192 LAF+LIFH scNup192 1-1683, L1525E, A1610E, Y1679E, 
I1053E, E1057R, E1107R, F1106E 

pRS415 NotI, SacII LEU2 this study 

pRS416-PNop1-mCherry-scNUP188 scNup188 1-1655 pRS416 BamHI, NotI URA3 this study 

pRS415-PNop1-scNUP188 scNup188 1-1655 pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-scnup188 DTail scNup188 1-1030 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-scnup188 Tail scNup188 1031-1655 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-scnup188 FLV scNup188 1-1655, L1316E, L1504E, M1560E pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-scnup188 DHead scNup188 408-1655 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-scnup188 Head scNup188 1-407 pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-scnup188 HHMI scNup188 1-1655, Y330E, R333E, L351E, 
I390E 

pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-scnup188 FLV+HHMI scNup188 1-1655, Y330E, R333E, L351E, 
I390E, L1316E, L1504E, M1560E 

pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scNUP188 scNup188 1-1655 pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup188 DTail scNup188 1-1030 pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup188 Tail scNup188 1031-1655 pRS415 BamHI, NotI LEU2 this study 
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Plasmid Protein Residues 

(Mutations) 
Vector Restriction 

sites (5’, 3’) 
Select. 
Marker 

Reference 

pRS415-PNop1-3×FLAG-scnup188 FLV scNup188 1-1655, L1316E, L1504E, M1560E pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup188 DHead scNup188 408-1655 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-3×FLAG-scnup188 Head scNup188 1-407 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-3×FLAG-scnup188 HHMI scNup188 1-1655, Y330E, R333E, L351E, 

I390E 
pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup188 
FLV+HHMI 

scNup188 1-1655, Y330E, R333E, I351E, 
L390E, L1316E, L1504E, M1560E 

pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scNUP188 scNup188 1-1655 pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup188 DTail scNup188 1-1030 pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup188 Tail scNup188 1031-1655 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnup188 FLV scNup188 1-1655, L1316E, L1504E, M1560E pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup188 DHead scNup188 408-1655 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnup188 Head scNup188 1-407 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnup188 HHMI scNup188 1-1655, Y330E, R333E, L351E, 

I390E 
pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup188 FLV+HHMI scNup188 1-1655, Y330E, R333E, L351E, 
I390E, L1316E, L1504E, M1560E 

pRS415 BamHI, NotI LEU2 this study 

pRS416-PNop1-scnup116-nup145C chimera scNup116 / 
scNup145C 

1-967 (scnup116), 
459-1157 (scnup145) 

pRS416 BamHI, NotI URA3 this study 

pRS415-PNop1-scnup116-nup145C chimera scNup116 / 
scNup145C 

1-967 (scnup116), 
459-1157 (scnup145) 

pRS415 BamHI, NotI LEU2 this study 

pRS413-PNop1-scNUP116 scNup116 1-1109 pRS413 NdeI, NotI HIS3 this study 
pRS413-PNop1-scNUP145 scNup116 1-1317 pRS413 BamHI, NotI HIS3 this study 
pRS415-PNop1-scNUP100 scNup100 1-956 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-scnup100 GLEBS scNup100 / 

scNup116  
1-280 (scnup100), 101-166 
(scnup116), 
281-956 (scnup100) 

pRS415 NdeI, NotI LEU2 this study1 

pRS415-PNop1-scNUP145 scNup145 1-1317 pRS415 BamHI, NotI LEU2 this study 
pRS415-PNop1-scnup145 GLEBS scNup145 1-44 (scnup145), 101-166 

(scnup116), 
45-1157 (scnup145) 

pRS415 BamHI, NotI LEU2 this study 

pRS415-PNop1-scnup145 nup116FG scNup145 / 
scNup116 

1-686 (scnup116), 
210-1157 (scnup145) 

pRS415 BamHI, NotI LEU2 this study 

pRS416-PNop1-scNUP116 scNup116 1-1109 pRS416 NdeI, NotI URA3 this study 
pRS413-PNop1-scnup145C scNup145C 606-1317 pRS413 BamHI, NotI HIS3 this study 
pRS415-PNop1-scNUP116 scNup116 1-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-scnup116 DGLEBS scNup116 1-99, 167-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-scnup116 DFG scNup116 100-166, 716-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-scnup116 FG-GLEBS scNup116 1-99, 167-715, 100-166, 716-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-scnup116 DCTD scNup116 1-966 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-scnup116 DR1 scNup116 1-769, NheI, 811-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-scnup116 R1/40×GS scNup116 1-769, 40-mer GS linker, 811-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-scnup116 R1 mut. scNup116 1-1109, R776A, K777A, K778A, 

Y785A, K786A, M787A 
pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-scnup116 DR2 scNup116 1-810, NheI, 851-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-scnup116 R2/40×GS scNup116 1-810, 40-mer GS linker, 851-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-scnup116 R2 mut. scNup116 1-1109, D837A, E838A, S839A, 

I840A, L841A 
pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-scnup116 DR3 scNup116 1-855, NheI, 868-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-scnup116 R3/12×GS scNup116 1-855, 12-mer GS linker, 868-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-scnup116 R3 mut. scNup116 1-1109, L858A, I859A, M864A, 

L865A, I866A 
pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-scnup116 R1+R2 mut. scNup116 1-1109, R776A, K777A, K778A, 
Y785A, K786A, M787A, D837A, 
E838A, S839A, I840A, L841A 

pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-scnup116 R2+R3 mut. scNup116 1-1109, D837A, E838A, S839A, 
I840A, L841A, L858A, I859A, 
M864A, L865A, I866A 

pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-scnup116 R1+R3 mut scNup116 1-1109, R776A, K777A, K778A, 
Y785A, K786A, M787A, L858A, 
I859A, M864A, L865A, I866A 

pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-scnup116 R1+R2+R3 mut. scNup116 1-1109, R776A, K777A, K778A, 
Y785A, K786A, M787A, D837A, 
E838A, S839A, I840A, L841A, 
L858A, I859A, M864A, L865A, 
I866A 

pRS415 NdeI, NotI LEU2 this study 

pRS413-PNop1-scnup145C-3×HA scNup145C 606-1317 pRS413 BamHI, NotI HIS3 this study 

pRS415-PNop1-3×FLAG-scNUP116 scNup116 1-1109 pRS415 NdeI, NotI LEU2 this study 



 

 

500 
Plasmid Protein Residues 

(Mutations) 
Vector Restriction 

sites (5’, 3’) 
Select. 
Marker 

Reference 

pRS415-PNop1-3×FLAG-scnup116 DGLEBS scNup116 1-99, 167-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup116 DFG scNup116 100-166, 716-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-3×FLAG-scnup116 FG-
GLEBS 

scNup116 1-99, 167-715, 100-166, 716-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup116 DCTD scNup116 1-966 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup116 DR1 scNup116 1-769, NheI, 811-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-3×FLAG-scnup116 
R1/40×GS 

scNup116 1-769, 40-mer GS linker, 811-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup116 R1 mut. scNup116 1-1109, R776A, K777A, K778A, 
Y785A, K786A, M787A 

pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup116 DR2 scNup116 1-810, NheI, 851-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-3×FLAG-scnup116 
R2/40×GS 

scNup116 1-810, 40-mer GS linker, 851-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup116 R2 mut. scNup116 1-1109, D837A, E838A, S839A, 
I840A, L841A 

pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup116 DR3 scNup116 1-855, NheI, 868-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-3×FLAG-scnup116 
R3/12×GS 

scNup116 1-855, 12-mer GS linker, 868-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup116 R3 mut. 
 
 

scNup116 1-1109, L858A, I859A, M864A, 
L865A, I866A 

pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup116 R1+R2 
mut. 

scNup116 1-1109, R776A, K777A, K778A, 
Y785A, K786A, M787A, D837A, 
E838A, S839A, I840A, L841A 

pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup116 R2+R3 scNup116 1-1109, D837A, E838A, S839A, 
I840A, L841A, L858A, I859A, 
M864A, L865A, I866A 

pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup116 R1+R3 scNup116 1-1109, R776A, K777A, K778A, 
Y785A, K786A, M787A, L858A, 
I859A, M864A, L865A, I866A 

pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-3×FLAG-scnup116  
R1+R2+R3 mut. 

scNup116 1-1109, R776A, K777A, K778A, 
Y785A, K786A, M787A, D837A, 
E838A, S839A, I840A, L841A, 
L858A, I859A, M864A, L865A, 
I866A 

pRS415 NdeI, NotI LEU2 this study 

pRS413-PNop1-scnup145C-mCherry scNup145C 606-1317 pRS413 BamHI, NotI HIS3 this study 
pRS415-PNop1-eGFP-scNUP116 scNup116 1-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup116 DGLEBS scNup116 1-99, 167-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup116 DFG scNup116 100-166, 716-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnup116 FG-GLEBS scNup116 1-99, 167-715, 100-166, 716-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup116 DCTD scNup116 1-966 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup116 DR1 scNup116 1-769, NheI, 811-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnup116 R1/40×GS scNup116 1-769, 40-mer GS linker, 811-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnup116 R1 mut. scNup116 1-1109, R776A, K777A, K778A, 

Y785A, K786A, M787A 
pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup116 DR2 scNup116 1-810, NheI, 851-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnup116 R2/40×GS scNup116 1-810, 40-mer GS linker, 851-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnup116 R2 mut. scNup116 1-1109, D837A, E838A, S839A, 

I840A, L841A 
pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup116 DR3 scNup116 1-855, NheI, 868-1109 pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup116 R3/12×GS scNup116 1-855, 12-mer GS linker, 868-1109 pRS415 NdeI, NotI LEU2 this study 
pRS415-PNop1-eGFP-scnup116 R3 mut. scNup116 1-1109, L858A, I859A, M864A, 

L865A, I866A 
pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup116 R1+R2 mut. scNup116 1-1109, R776A, K777A, K778A, 
Y785A, K786A, M787A, D837A, 
E838A, S839A, I840A, L841A 

pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup116 R2+R3 mut. scNup116 1-1109, D837A, E838A, S839A, 
I840A, L841A, L858A, I859A, 
M864A, L865A, I866A 

pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup116 R1+R3 mut. scNup116 1-1109, R776A, K777A, K778A, 
Y785A, K786A, M787A, L858A, 
I859A, M864A, L865A, I866A 

pRS415 NdeI, NotI LEU2 this study 

pRS415-PNop1-eGFP-scnup116 R1+R2+R3 
mut. 

scNup116 1-1109, R776A, K777A, K778A, 
Y785A, K786A, M787A, D837A, 
E838A, S839A, I840A, L841A, 
L858A, I859A, M864A, L865A, 
I866A 

pRS415 NdeI, NotI LEU2 this study 

pRS413-PNop1 N/A N/A pRS413 N/A HIS3 (127) 
pRS415-PNop1 N/A N/A pRS415 N/A LEU2 (127) 
pRS415-PNop1-3×FLAG N/A N/A pRS415 N/A LEU2 this study 
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Plasmid Protein Residues 
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Vector Restriction 

sites (5’, 3’) 
Select. 
Marker 

Reference 

pRS415-PNop1-3×HA N/A N/A pRS415 N/A LEU2 this study 
pRS415-PNop1-eGFP N/A N/A pRS415 N/A LEU2 (127) 
pRS415-PNop1-mCherry N/A N/A pRS415 N/A LEU2 (127) 
pFA6a-kanMX6 N/A N/A pFA6a N/A N/A (129) 

pFA6a-natNT2 N/A N/A pFA6a N/A N/A (128) 
pFA6a-loxP-natNT2-loxP N/A N/A pFA6a N/A N/A this study 
pRS413-PGAL1-10-Cre Cre N/A pRS413 XbaI, NotI HIS3 this study2 
pRS411-PNop1-scRPL25-mCherry scRpl25 1-142 pRS411 SacII, BamHI MET15 this study 
pRS426- PGAL1-10-3×FLAG-6×His-NUP188 NUP188 1-1749 pRS426 BamHI, NotI URA3 this study 
pRS426- PGAL1-10-3×FLAG-6×His-NUP205 NUP205 1-2012 pRS426 BamHI, NotI URA3 this study 

 
1GLEBS insertion position designed as in (50). 
2The Cre gene was kindly provided by David Baltimore. 

  



 

 

502 
Table S14. Saccharomyces cerevisiae strains 

Strain Parental 
strain 

Genotype Plasmid Transformed with Used for Reference 

nic96D BY4741 MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnic96::HIS3 

pRS416-PNop1-
mCherry-
scNIC96 

pRS415-PNop1-
scNIC96 variants 

growth analysis, 
poly(A)+ RNA export 

(28) 

nic96D BY4741 MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnic96::HIS3 

pRS416-PNop1-
mCherry-
scNIC96 

pRS415-PNop1-
3×FLAG-scNIC96 
variants 

growth analysis, 
western blotting 

(28) 

nic96D BY4741 MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnic96::HIS3 

pRS416-PNop1-
mCherry-
scNIC96 

pRS415-PNop1-eGFP-
scNIC96 variants 

growth analysis, 
localization of scNic96 variants 

(28) 

nic96D BY4741 MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnic96::HIS3 

pRS416-PNop1-
mCherry-
scNIC96 

pRS415-PNop1-eGFP-
scNIC96 variants, 
pRS411-PNop1-
scRPL25-mCherry 

scRpl25 localization (28) 

nic96D 
nup57-GFP 

BY4741 
scNup57-
GFP 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnic96::natNT2, 
scNUP57-GFP(S65T)::HIS3MX6 

pRS416-PNop1-
mCherry-
scNIC96 

pRS415-PNop1-
mCherry-scNIC96 
variants 

growth analysis, 
colocalization of scNic96 
variants and scNup57 

(28) 

nup192D BY4741 MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup192::natNT2 

pRS416-PNop1-
mCherry-
scNUP192 

pRS415-PNop1-
scNUP192 variants 

growth analysis, 
poly(A)+ RNA export 

this study 

nup192D BY4741 MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup192::natNT2 

pRS416-PNop1-
mCherry-
scNUP192 

pRS415-PNop1-3×HA-
scNUP192 variants 

growth analysis, 
western blotting 

this study 

nup192D BY4741 MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup192::natNT2 

pRS416-PNop1-
mCherry-
scNUP192 

pRS415-PNop1-eGFP-
scNUP192 variants 

growth analysis, 
localization of scNup192 
variants 

this study 

nup188D BY4741 MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup188::natNT2 

none pRS415-PNop1-eGFP-
scNUP188 variants 

localization of scNup188 
variants 
further knockout 

this study 

nup188D 
pom152D 

BY4741 
nup188D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup188::natNT2, 
scpom152::kanMX6 

pRS416-PNop1-
mCherry-
scNUP188 

pRS415-PNop1-
scNUP188 variants 

growth analysis this study 

nup188D 
pom152D 

BY4741 
nup188D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup188::natNT2, 
scpom152::kanMX6 

pRS416-PNop1-
mCherry-
scNUP188 

pRS415-PNop1-
3×FLAG-scNUP188 
variants 

growth analysis, 
western blotting 

this study 

nup188D 
pom34D 

BY4741 
nup188D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup188::natNT2, 
scpom34::kanMX6 

pRS416-PNop1-
mCherry-
scNUP188 

pRS415-PNop1-
scNUP188 variants 

growth analysis, 
poly(A)+ RNA export 

this study 

nup188D 
pom34D 

BY4741 
nup188D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup188::natNT2, 
scpom34::kanMX6 

pRS416-PNop1-
mCherry-
scNUP188 

pRS415-PNop1-
3×FLAG-scNUP188 
variants 

growth analysis, 
western blotting 

this study 

nup188D 
pom34D 

BY4741 
nup188D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup188::natNT2, 
scpom34::kanMX6 

pRS416-PNop1-
mCherry-
scNUP188 

pRS415-PNop1-eGFP-
scNUP188 variants 

growth analysis, 
localization of scNup188 
variants 

this study 

nup188D 
pom34D 

BY4741 
nup188D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup188::natNT2, 
scpom34::kanMX6 

pRS416-PNop1-
mCherry-
scNUP188 

pRS415-PNop1-eGFP-
scNUP188 variants, 
pRS411-PNop1-
scRPL25-mCherry 

scRpl25 localization this study 

nup100D BY4741 MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup100::kanMX6, 

none none further knockout this study 

nup145D BY4741 MATa, his3D1, leu2D0, met15D0, 
ura3D0,  
scnup145::kanMX6 

pRS416-PNop1-
scnup116-
scnup145C 
chimera 

none further knockout this study 

nup100D 
nup116D 

BY4741 
nup100D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup100::kanMX6, 
scnup116::loxP-natNT2-loxP 

pRS416-PNop1-
scnup116-
scnup145C 
chimera 

pRS413-PNop1-
scNUP116 variants, 
pRS415-PNop1-
scNUP100 variants 

growth analysis this study 

nup100D 
nup145D 

BY4741 
nup100D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0,  
scnup100::kanMX6, 
scnup145::loxP-natNT2-loxP 

pRS416-PNop1-
scnup116-
scnup145C 
chimera 

pRS413-PNop1-
scNUP116 variants, 
pRS415-PNop1-
scNUP145 variants 

growth analysis this study 

nup116D 
nup145D 

BY4741 
nup145D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0,  
scnup116::natNT2, 
scnup145::kanMX6 

pRS416-PNop1-
scnup116-
scnup145C 
chimera 

pRS413-PNop1-
scNUP145 variants, 
pRS415-PNop1-
scNUP100 variants 

growth analysis this study 

nup100D 
nup116D 
nup145D 

BY4741 
nup100D 
nup116D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup100:: kanMX6, 
scnup116::loxP, 
scnup145::natNT2 

pRS416-PNop1-
scnup116-
scnup145C 
chimera 

pRS413-PNop1-
scNUP145 variants, 
pRS415-PNop1-
scNUP116 variants 

growth analysis this study 

nup100D 
nup116D 
nup145D 

BY4741 
nup100D 
nup116D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup100:: kanMX6, 
scnup116::loxP, 
scnup145::natNT2 

pRS416-PNop1-
scNUP116, 
pRS413-PNop1-
scnup145C 

pRS415-PNop1-
scnup145N paralogs 

growth analysis this study 
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nup100D 
nup116D 
nup145D 

BY4741 
nup100D 
nup116D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup100:: kanMX6, 
scnup116::loxP, 
scnup145::natNT2 

pRS416-PNop1-
scNUP116, 
pRS413-PNop1-
scnup145C 

pRS415-PNop1-
scNUP116 variants 

growth analysis, 
poly(A)+ RNA export 

this study 

nup100D 
nup116D 
nup145D 

BY4741 
nup100D 
nup116D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup100:: kanMX6, 
scnup116::loxP, 
scnup145::natNT2 

pRS416-PNop1-
scNUP116, 
pRS413-PNop1-
scnup145C-
3×HA 

pRS415-PNop1-
3×FLAG-scNUP116 
variants 

growth analysis, 
western blotting 

this study 

nup100D 
nup116D 
nup145D 

BY4741 
nup100D 
nup116D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup100:: kanMX6, 
scnup116::loxP, 
scnup145::natNT2 

pRS416-PNop1-
scNUP116, 
pRS413-PNop1-
scnup145C-
mCherry 

pRS415-PNop1-eGFP-
scNUP116 variants 

growth analysis, 
colocalization of scNup116 
variants and scNup145C 

this study 

nup100D 
nup116D 
nup145D 

BY4741 
nup100D 
nup116D 

MATa, his3D1, leu2D0, met15D0, 
ura3D0, scnup100:: kanMX6, 
scnup116::loxP, 
scnup145::natNT2 

pRS416-PNop1-
scNUP116, 
pRS413-PNop1-
scnup145C 

pRS415-PNop1-eGFP-
scNUP116 variants, 
pRS411-PNop1-
scRPL25-mCherry 

scRpl25 localization this study 

  



 

 

504 
Table S15. Experimental structures in the composite structure of the S. cerevisiae NPC 

S. cerevisiae nup domain or nup complex Experimental structure PDB 
ID References 

scCNC model from (36) 
(scSec13•scNup145C•scSeh1•scNup85•scNup120•scNup84•Nup133) 

S. cerevisiae CNC-hexamer 
(Sec13•Nup145C•Seh1•Nup85•Nup120•Nup84NTD) 4XMM (29) 

H. sapiens NUP107CTD•NUP133 3I4R (24) 

S. cerevisiae Sec13•Nup145C•Nup84NTD 3IKO (22) 

scNup157/170•scNup100/116/145NR3•scNup53/59R3 

C. thermophilum Nup170NTD•Nup53R3 5HAX (35) 

C. thermophilum Nup170CTD 5HAY (35) 

C. thermophilum Nup170CTD 5HAZ (35) 

C. thermophilum Nup170CTD•Nup145NR3 5HB0 (35) 

C. thermophilum Nup170SOL 5HB1 (35) 

scNic96SOL•scNup53/59R2 C. thermophilum Nic96SOL•Nup53R2 5HB3 (35) 

scNup192•scNic96R2•scNup100/116R1•scNup53/59R1 

C. thermophilum Nup192NTD 4KNH (41) 

C. thermophilum Nup192DHead•Nic96187-301 7MVT This study 
C. thermophilum 
Nup192•Nic96R2•Nup145NR1•Nup53R1 7MVV This study 

scNup188•scNic96R2•scNup100/116R2 C. thermophilum Nup188•Nic96R2•Nup145NR2 7MVZ This study 

scCNT•scNic96R1 

(Nsp1•Nup49•Nup57•Nic96R1) 
C. thermophilum CNT•Nic96R1 
(Nsp1•Nup49•Nup57•Nic96R1) 5CWS (28) 

Nup82 complex model from (36) based on model from (147) 
(scNup82•scNup159•scNsp1•scNup116•scDyn2) 

C. thermophilum CNT (Nsp1•Nup49•Nup57) 5CWS (28) 

S. cerevisiae Nup82NTD•Nup159Tail•Nup116CTD 3PBP (53) 

X. laevis CNT (NUP62•NUP58•NUP54) 5C3L (42) 

S. cerevisiae Nup159DID•Dyn2 4DS1 (148)  

scNup116CTD S. cerevisiae Nup82NTD•Nup159Tail•Nup116CTD 3PBP (53) 
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Table S16. Experimental nup structures in the composite structure of the human NPC 
symmetric core 
Human nup domain or nup complex Experimental structure PDB ID References 

CNC  
(SEC13•NUP96•SEH1•NUP75•NUP160•NUP107• 
NUP84•NUP133•NUP37•NUP43) 

S. cerevisiae CNC-hexamer 
(Sec13•Nup145C•Seh1•Nup85•Nup120•Nup84NTD) 4XMM (29) 

H. sapiens NUP107CTD•NUP133 3I4R (24) 

H. sapiens NUP133NTD 1XKS (15) 

H. sapiens NUP43 4I79 (30) 

H. sapiens NUP37 4FHM (25) 

NUP155•NUP98R3•NUP53R3 

C. thermophilum Nup170NTD•Nup53R3 5HAX (35) 

C. thermophilum Nup170CTD 5HAY (35) 

C. thermophilum Nup170CTD 5HAZ (35) 

C. thermophilum Nup170CTD•Nup145NR3 5HB0 (35) 

C. thermophilum Nup170SOL 5HB1 (35) 

NUP93SOL•NUP53R2 H. sapiens NUP93SOL•NUP53R2 7MW0 This study 

NUP205•NUP93R2•NUP98R1•NUP53R1 

C. thermophilum Nup192NTD 4KNH (41) 

C. thermophilum Nup192DHead•Nic96187-301 7MVT This study 
C. thermophilum 
Nup192•Nic96R2•Nup145NR1•Nup53R1 7MVV This study 

NUP188•NUP93R2•NUP98R2 C. thermophilum Nup188•Nic96R2•Nup145NR2 7MVZ This study 

CNT•NUP93R1 

(NUP62•NUP58•NUP54•NUP93R1) 

C. thermophilum CNT•Nic96R1 
(Nsp1•Nup49•Nup57•Nic96R1) 5CWS (28) 

X. laevis NUP54 ferredoxin-like domain 5C2U (42) 

NUP53RRM H. sapiens NUP53RRM 4LIR N/A 
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Abstract 

The nuclear pore complex (NPC) is the sole bidirectional gateway for nucleocytoplasmic 

transport. Despite recent progress in elucidating the NPC symmetric core architecture, the 

asymmetrically decorated cytoplasmic face, essential for mRNA export and a hotspot for 

nucleoporin-associated diseases, has remained elusive. Here, we report a composite structure 

of the human cytoplasmic face obtained by combining biochemical reconstitution, crystal 

structure determination, docking into cryo-electron tomographic reconstructions, and 

physiological validation. Whereas species-specific motifs anchor an evolutionarily 

conserved ~540  kDa hetero-hexameric cytoplasmic filament nucleoporin complex above 

the central transport channel, attachment of the NUP358 pentameric bundles depends on the 

double-ring arrangement of the coat nucleoporin complex. Our composite structure and its 

predictive power provide a rich foundation for elucidating the molecular basis of mRNA 

export and nucleoporin diseases. 
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Introduction 

The sequestration of genetic material in the nucleus represents one of the great hallmarks of 

evolution but creates the necessity for selective bidirectional transport across the nuclear 

envelope (1-4). The nuclear pore complex (NPC) is the sole gateway through which folded 

proteins and protein/nucleic acid complexes cross the nuclear envelope, making this transport 

organelle an essential machine for all eukaryotic life. Besides its direct role as a transport 

channel, the NPC serves as an organizer for nuclear and cytoplasmic processes that are 

essential for the flow of genetic information from DNA to RNA to protein, including 

transcription, spliceosome assembly, mRNA export, and ribosome assembly (1-4). 

Dysfunction of the NPC or its components represents a major cause of human disease (2, 5, 

6). 

Architecturally, the NPC consists of a central core with an 8-fold rotational symmetry 

across a nucleocytoplasmic axis and a two-fold rotational symmetry across the plane of the 

nuclear envelope, which links to compartment-specific asymmetric “cytoplasmic filaments” 

(CF) and a “nuclear basket” structure (Fig. 1A) (1, 2). The NPC is built from ~34 different 

proteins, termed nucleoporins (nups) that are organized into distinct subcomplexes. Multiple 

copies of each nup in the NPC add up to an assembly that reaches an extraordinary molecular 

mass of ~110 MDa in vertebrates. The symmetric core of the NPC is composed of an inner 

ring and two spatially segregated outer rings. The inner ring is embedded in nuclear envelope 

pores generated by the circumscribed fusion of the double membrane of the nuclear envelope. 

The diffusion barrier is formed by unstructured phenylalanine-glycine (FG) repeats that fill 

the central transport channel, imposing a gradually increasing barrier to passive diffusion of 

macromolecules > 40 kDa (1-4). Transport factors collectively termed karyopherins 

overcome the diffusion barrier by binding to FG repeats, thereby transporting cargo across 

the nuclear envelope (7-9). A significant fraction of the FG repeats in the inner ring is 

contributed by a hetero-trimeric channel nup complex (CNT) which is anchored by a single 

assembly sensor motif (10-12). The outer rings sit atop the nuclear envelope, sandwiching 

the inner ring from both sides. They are primarily formed by the Y-shaped coat nup complex 

(CNC, also referred to as Y-complex or Nup107-160 complex), and serve as a platform for 
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the asymmetric incorporation of the CF and nuclear basket nups. 

Two decades ago, the atomic level characterization of the NPC began with individual 

nup domains and progressed to nup complexes of increasing size and complexity, 

culminating in the ~400 kDa hetero-heptameric CNC (11, 13-28). Simultaneously, advances 

in cryo-electron tomographic (cryo-ET) data acquisition and processing gradually increased 

the resolution of intact NPC 3D reconstructions (29). Docking of the CNC into a ~32 Å 

cryo-ET map of the intact human NPC demonstrated that two reticulated eight-membered 

CNC rings, linked by head-to-tail interactions, are present on each side of the nuclear 

envelope (27, 30). Moreover, this advance established that the resolution gap between high- 

and low-resolution structural methods can be overcome by combining biochemical 

reconstitution and X-ray crystallographic characterization of nups with cryo-ET 

reconstruction of the intact NPC. Expansion of this approach to the nine nups constituting 

the inner ring rapidly led to the reconstitution of two distinct ~425 kDa inner ring complexes 

(IRCs) and the elucidation of their components’ structures (10-12, 20, 31-38). In turn, this 

advance enabled the determination of the near-atomic composite structure of the entire 

~56 MDa symmetric core of the human NPC, establishing the stoichiometry and placement 

of all 17 symmetric nups within a ~23 Å cryo-ET reconstruction (38, 39). Subsequently, the 

architecture of the Saccharomyces cerevisiae NPC was determined with a similar approach, 

utilizing high-resolution nup crystal structures and ~25 Å cryo-ET maps of either detergent 

purified or in-situ NPCs (40, 41). Compared to the human NPC, the S. cerevisiae NPC lacks 

the distal CNC ring and associated nups on both sides of the nuclear envelope, but the relative 

nup arrangement within the rest of the symmetric core remains essentially identical (38, 39, 

42). 

Projecting from the cytoplasmic face of the NPC, the CF nups recruit cargo•transport 

factor complexes for nucleocytoplasmic transport and orchestrate the export and remodeling 

of messenger ribonucleoprotein particles (mRNPs) in preparation for translation (2, 43). The 

nine-component CF nup machinery represents a hotspot for human diseases ranging from 

degenerative brain disorders and cardiac diseases to cancer (2, 5, 6). Although linked to the 

human CF nups NUP358, NUP214, NUP62, NUP88, NUP98, GLE1, NUP42, RAE1, and 
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DDX19, the pathophysiology and optimal therapeutic strategies for these conditions 

remain ill-defined. 

Here, we present insight into the atomic and higher order architecture, function, and 

mechanism of action of the CF nups in the human and thermophilic fungus Chaetomium 

thermophilum NPCs. First, we uncover a conserved modular architecture within the 

hetero-hexameric CF nup complex (CFNC) of both species: Holding the CFNC together is 

a coiled-coil hub built like the CNT, but formed by NUP62 with the C-terminal regions of 

NUP88 and NUP214, while their N-terminal b-propeller domains link to the mRNA export 

factors NUP98•RAE1 and the DEAD-box RNA helicase DDX19, respectively, which in turn 

recruit the remaining complex components. We further uncover evolutionary divergent 

mechanisms for the attachment of the intact CFNC at the cytoplasmic face of the NPC, which 

in C. thermophilum involves two distinct assembly sensors in the CNC that do not exist in 

humans. We assemble the C. thermophilum CNC and CF nups into a ~1.1 MDa 16-protein 

complex and find that it can be remodeled by inositol hexaphosphate (IP6). Towards 

dissecting the molecular mechanism of mRNA export, we systematically characterize the 

propensity of CF nups for RNA binding and find novel capabilities in two CFNC 

subcomplexes GLE1•NUP42 and NUP88•NUP214•NUP98 as well as different parts of the 

metazoan-specific NUP358. To build a composite structure of the human NPC cytoplasmic 

face, we determine crystal structures of the NUP88NTD•NUP98APD complex and all 

remaining structurally uncharacterized regions of NUP358, uncovering a hereto unobserved, 

S-shaped fold of three a-helical solenoids of the NUP358 N-terminal domain as well as a 

complex mechanism for NUP358 oligomerization. Docking of the novel structures along 

with previously characterized CF nups into a previously reported ~23 Å and an ~12 Å 

cryo-ET map of the intact human NPC (provided by the Beck group), as well as an ~8 Å 

region of an anisotropic single particle cryo-EM composite map of the Xenopus laevis 

cytoplasmic NPC face accounts for all of the asymmetric density on the cytoplasmic NPC-

side resolved in the maps (44-46). Validating our quantitative docking analysis in human 

cells engineered to enable rapid, inducible NUP358 depletion, we surprisingly find NUP358 

to be dispensable for the architectural integrity of the assembled interphase NPC and mRNA 

export but having a general role in translation. The docking of the CFNC-hub in close 
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proximity to a NUP93 fragment that, in the inner ring, acts as the assembly sensor for the 

CNT, allows us to predict and experimentally confirm that NUP93 also recruits the 

structurally related CFNC on the cytoplasmic face, thereby enabling identification of the 

elusive human CFNC NPC anchor. Thus, our near-atomic composite structure possesses 

predictive power, demonstrating its general utility for the mechanistic dissection of essential 

cellular events occurring on the cytoplasmic face of the human NPC.
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Results 

Modular architecture of the evolutionarily conserved 6-protein cytoplasmic filament nup 

complex 

Although pair-wise interactions between selected CF nups had previously been reported, 

comprehensive knowledge on the entire CF nup interaction network has remained 

unavailable (11, 47-64). Utilizing nups from the thermophilic fungus C. thermophilum, 

which exhibit superior biochemical stability, we previously elucidated the interaction 

network of the seventeen symmetric core nups (38). Therefore, we first sought to establish 

the protein-protein interaction network and complex stoichiometry of the eight evolutionarily 

conserved C. thermophilum CF nups Nup159, Nup82, Nsp1, Nup145N, Gle2, Dbp5, Gle1, 

and Nup42 (Fig. 1B and fig. S1) (2). Most CF nups contain both structured and unstructured 

regions that can harbor multiple distinct binding sites and FG-repeats. We established 

expression and purification protocols for the C. thermophilum CF nups, omitting FG-repeat 

regions, as well as an unstructured linker region in Nup145N to improve solubility, and 

analyzed their binding by size-exclusion chromatography coupled with multiangle light 

scattering (SEC-MALS), and a liquid-liquid phase separation (LLPS) interaction assay 

(Fig. 1, figs. S1 to S26, and tables S1 to S6). For a detailed description of these experiments, 

see Supplementary Text. 

Mixture of Nup82•Nup159•Nsp1 with Gle2•Nup145N and Dbp5 results in the 

formation of a stoichiometric hetero-hexameric CFNC (Fig. 1, C and D and fig. S4A), which 

is held together by a parallel coiled-coil hetero-trimer formed by the C-terminal domains of 

Nup82•Nup159•Nsp1, termed the CFNC-hub (figs. S4 to S6). The CFNC is tethered to the 

NPC by two mutually exclusive assembly sensors targeting the CFNC-hub. These anchor 

points are located within primarily unstructured regions (NTEs, CTEs) present in the CNC 

constituents Nup37CTE and Nup145CNTE, which supply a strong and weak binding site, 

respectively, permitting two CFNCs to bind a single CNC (figs. S7 to S17). The Gle1•Nup42 

complex has also been shown to locate at the cytoplasmic face of the NPC, forming an IP6 

dependent interaction with Dbp5 (53, 58, 63, 65). We demonstrate stoichiometric 

incorporation of Gle1•Nup42 into both the CFNC and CNC•CFNC complexes in the 
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presence of IP6 (Fig. 1, E and F, and figs. S18 to 23). Additionally, we identify an 

interaction formed between Gle1•Nup42 and the CNC that is disrupted upon addition of IP6, 

establishing that the CNC-CF nup interaction network can be remodeled (figs. S23 to S25). 

Given the special importance of the CF nups in human disease, we next tested 

whether the molecular architecture of the CFNC is evolutionarily conserved from 

C. thermophilum to humans. The human CFNC is comprised of NUP88, NUP214, NUP62, 

NUP98, RAE1, and DDX19. Apart from a rearrangement of the FG-repeat and coiled-coil 

regions in NUP214, the domain organization of the human CFNC nups is identical to that of 

the C. thermophilum orthologs (Fig. 2 and fig. S27). Indeed, mixing the 

NUP88•NUP214•NUP62 hetero-trimer with RAE1•NUP98 and DDX19 resulted in a 

stoichiometric H. sapiens CFNC hetero-hexamer (Fig. 2C and figs.S28 and S29). Similarly, 

a systematic pairwise interaction analysis, established that the modular CFNC architecture 

characterized in C. thermophilum is conserved in humans (Fig. 2D and E, and figs.S30 to 

S39). 

Together, our data establish that the CF nups form an evolutionarily conserved six-

protein complex that is held together by an extensive parallel coiled-coil hub generated by 

the C-terminal regions of Nup82/NUP88, Nup159/NUP214 and Nsp1/NUP62, which shares 

architectural similarities with the heterotrimeric 

Nsp1/NUP62•Nup49/NUP58•Nup57/NUP54 CNT (11). The Nup82/NUP88 N-terminal 

b-propeller domain is attached by an interaction between the C-terminal a-helical TAIL 

fragment of Nup159/NUP214 and provides a binding site for the Nup145N/NUP98 APD, 

which in turn recruits Gle2/RAE1 to the NPC. Analogously, the Nup159/NUP214 

N-terminal b-propeller domain provides a binding site for the DEAD-box helicase 

Dbp5/DDX19. In C. thermophilum, the CFNC-hub is anchored to the CNC by two distinct 

assembly sensors in Nup37CTE and Nup145CNTE, similar to the anchoring of the CNT by the 

Nic96R1/NUP93R1 assembly sensor in the inner ring. In contrast, the human CNC lacks 

comparable assembly sensor motifs, suggesting alternative mechanisms for anchoring CF 

nups at the cytoplasmic face of the human NPC. 
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RNA interactions of human cytoplasmic filament nups 

Given their essential roles in mRNA export, we next sought to identify which of the human 

CF nups possessed RNA-binding capabilities (50, 66-69). Previous work utilizing disparate 

methods and diverse but inconsistent probes had established DDX19 and 

RAE1•NUP98GLEBS binding to U10 single-stranded ssRNA, degenerate ssRNA, poly(A), 

poly(C), poly(G) RNA, as well as ssDNA and double-stranded dsDNA across a variety of 

assays (50, 56, 57, 63, 70). 

Taking advantage of our complete set of purified human CF nup domains and 

sub-complexes, we carried out a comprehensive electrophoretic mobility shift assay (EMSA) 

screen to systematically assess binding against a consistent set of ss/dsRNA probes (Fig. 2F). 

In addition to the established RNA binders DDX19 and RAE1•NUP98, we identified ssRNA 

binding by GLE1CTD•NUP42GBM and NUP88NTD, an activity enhanced in the context of the 

NUP88NTD•NUP98APD•NUP214TAIL complex. We tested their C. thermophilum orthologs 

and found these RNA binding activities to be conserved (Fig. 2, G and H, and fig. S40). Next, 

we analyzed the metazoan-specific NUP358. We detected moderate RNA binding for 

NUP358 N-terminal domain (NTD) (Fig. 2F and fig. S40G). Additionally, we also found 

that the four NUP358RanBD•Ran(GMPPNP) complexes preferentially bound ssRNA (Fig. 2F 

and fig. S40E). Additional details of RNA binding can be found in Supplementary Text. 

Future studies need to delineate whether these RNA binding sites present sequence-specific 

RNA affinity, and what the implications of such specificity would be in the overall mRNA 

export pathway. 

 

Structural and biochemical analyses of NUP358 

NUP358 is a 3,224-residue metazoan-specific CF component and the largest constituent of 

the NPC (71-74). Previous studies established that its N-terminal ~900-residue a-helical 

region is necessary for nuclear envelope recruitment (75). Within this region, the first 145 

residues have been biochemically and structurally characterized, shown to form three 

tetratricopeptide repeats (TPR) (76). Guided by secondary structure predictions, we 

systematically screened expression constructs for solubility, identifying three fragments: 

NUP358NTDDTPR (residues 145-752), NUP358NTD (residues 1-752), and an extended region 
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spanning residues 1-832 (NUP3581-832). Subsequent purifications revealed that the 

NUP358NTD and NUP3581-832 fragments behave differently, with the latter forming 

amorphous precipitates in buffer NaCl concentrations below 300 mM. Therefore, we 

characterized these NUP358 fragments in both high salt (350 mM NaCl) and low salt 

(100 mM NaCl) buffers, wherever possible. 

NUP358NTD exhibited concentration-dependent homo-dimerization in low salt 

buffer, with measured molecular masses between values corresponding to monomeric and 

dimeric species but existed as a monomeric species in high salt buffer (Fig. 3, A and B and 

fig. S41). Conversely, NUP358NTDDTPR was exclusively monomeric, suggesting that the TPR 

mediates homo-dimerization (Fig. 3B and fig. S41). Furthermore, the extended NUP3581-832 

fragment forms oligomers with measured molecular masses between a tetramer and a 

pentamer (Fig. 3C and fig. S41). Subsequent C-terminal mapping revealed an 

oligomerization element (OE) between residues 802-832, forming salt-insensitive 

concentration-dependent oligomers between dimers and tetramers (Fig. 3G and fig. S42). 

Thus, NUP358 oligomerization is mediated by the TPR and OE regions, located on opposite 

sides of the N-terminal a-helical region. 

To aid the crystallization of the entire NUP358NTD, we generated high-affinity, 

synthetic antibody fragments (sABs) by phage display selection (77). By systematically 

screening the generated 62 sABs as crystallization chaperones, we identified a 

NUP358NTD•sAB-14 complex that crystallized, enabling de novo structure determination of 

the entire NUP358NTD at 3.95 Å resolution (tables S7 to S10). To unambiguously assign the 

Nup358NTD sequence register, we crystallized 17 Seleno-L-methionine mutants (fig. S43 and 

tables S11 and S12). 

The asymmetric unit contained two copies of the NUP358NTD•sAB-14 complex, in 

one of which the first three and a half TPR repeats are not resolved. The second copy forms 

extensive interactions with a symmetry-related molecule (Fig. 3, D to F, and fig. S44). This 

NUP358NTD dimer reveals two alternative TPR conformations, in which the TPR either 

forms a continuous N-terminal solenoid (open), or folds back, separating TPR4 and forming 

electrostatic interactions with HEAT repeats 5-7 of the N-terminal solenoid (closed) (Fig. 3F, 

fig. S44C, and Movie 1). Toggling between these two states provides a molecular 
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explanation for the salt-sensitive, concentration-dependent, dimerization behavior of 

NUP358NTD (Fig. 3B). Because the open confirmation is the one identified in the intact NPC 

(see below), we focus our description on this state. 

The open conformation of NUP358NTD can be divided in three sections: an 

N-terminal a-helical solenoid composed of four TPRs and four HEAT repeats, a central 

a-helical wedge domain, and a short C-terminal a-helical solenoid formed by three HEAT 

repeats (fig. S44D). The N- and C-terminal TPR and HEAT repeats are capped by solvating 

helices. Inserted between a17 of the N-terminal solenoid and a20 of the wedge domain is a 

~50-residue loop that wraps around the convex face of the N-terminal solenoid. The 

N-terminal solenoid and wedge domain form a composite concave surface with a striking 

overall positive charge (figs. S45 and S46). The central wedge domain makes extensive 

hydrophobic contacts with the sides of the N- and C-terminal solenoids, generating a 

non-canonical S-shaped architecture (fig. S44D). Indeed, a Dali 3D search of the Protein 

Data Bank revealed that the NUP358NTD architecture is novel (78). 

Our biochemical analysis revealed that NUP358NTD interacts weakly with NUP88NTD 

and possesses RNA-binding activity, both of which were salt-sensitive (figs. S47 and S48). 

By splitting NUP358NTD into two fragments, NUP358TPR and NUP358NTDDTPR, we show that 

both halves are necessary, yet insufficient, for either NUP88NTD or RNA binding (figs. S47 

and S48). To further map these interactions, we performed a saturating NUP358NTD surface 

mutagenesis, screening 106 mutants for NUP88NTD and RNA binding (fig. S49). We found 

that positively charged residues in the concave surface mediate binding to both NUP88NTD 

and RNA. Mutations that abolished NUP88NTD-binding clustered exclusively on the 

N-terminal solenoid, whereas RNA disruption required additional mutations in the wedge 

domain. By systematically combining individual alanine substitutions we identified a 

NUP358NTD 2R5K mutation, which abolished both interactions (fig. S50). 

Next, we determined the crystal structure of NUP358OE at 1.1 Å resolution 

(table S13). NUP358OE is a small a-helical element that homo-tetramerizes to form an 

anti-parallel bundle (Fig. 3, G and H, and fig. S42A). The core of the a-helical bundle is 

lined with hydrophobic residues that coordinate oligomeric inter-helical packing, 
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demonstrated by the monomeric form assumed by the NUP358OE LIQIML mutant 

(Fig. 3G, fig. S42, B to E, and Movie 2). To validate our NUP358OE structure, we tested the 

effect of introducing the LIQIML mutation into the larger NUP358NTD-OE. Whereas wildtype 

NUP358NTD-OE formed higher-order oligomeric species, the oligomerization profile of the 

LIQIML NUP358NTD-OE mutant matched that of the OE-less NUP358NTD, presenting 

concentration-dependent dimerization in low salt buffer but persisting in a monodisperse 

monomeric state in high salt buffer (fig. S42, F and G). 

Our data show that NUP358NTD is composed of three distinct a-helical solenoids that 

interact in a novel manner, adopting a unique overall S-shaped architecture with a propensity 

to form domain-swapped homo-dimers. Connected to NUP358NTD by a ~50-residue linker is 

an oligomerization element that forms homo-tetramers/pentamers in solution. These dual 

modes of homo-oligomerization provide a plausible explanation for NUP358’s propensity to 

form phase separation, as observed during NPC assembly in Drosophila melanogaster 

oocytes (79). 

 

Ran interactions with human asymmetric nups 

Nucleocytoplasmic transport depends on Karyopherin transport factors (Kaps) with 

directionality imposed by a cellular gradient of the small GTPase Ran, nuclear Ran(GTP) is 

~200 fold elevated compared with the primarily cytoplasmic Ran(GDP) (2, 7, 9). Multiple 

Ran-binding sites are distributed among the asymmetric nups at the cytoplasmic and nuclear 

sides of the NPC in the form of distinct Ran-binding domains (RanBDs) and Zn2+-finger 

(ZnF) modules. On the cytoplasmic face, NUP358 contains four dispersed RanBDs and a 

central zinc finger domain (ZFD) with a tandem array of eight ZnFs (Fig. 3A) (80). On the 

nuclear side, NUP153 and NUP50 contain a central ZFD with four ZnFs and a solitary 

C-terminal RanBD, respectively (fig. S51) (81, 82). 

Testing the Ran(GDP/GTP)-binding activity of all 17 domains by SEC-MALS, we 

confirmed that all domains bound to Ran, as expected, except for NUP358ZnF1 (Fig. 3, I and 

J, and figs. S51 to S55). Consistent with previous reports, the RanBDs of NUP358 and 

NUP50 only bound Ran(GTP), whereas the ZnFs in NUP358 and NUP153 bound Ran in 

both nucleotide states but showed a preference for Ran(GDP) (figs. S52 and S54) (80, 83-
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85). To clarify the molecular basis for the differential binding behaviors, we determined 

the co-crystal structures of all 16 domains bound to Ran in their preferred nucleotide-bound 

state at 1.8Å-2.45Å resolutions (figs. S51 and S55, Movies 3 and 4, and tables S14 to S16). 

For expanded description of these structures, see Supplementary Text. 

Together, our data establish that the human CF and nuclear basket nups NUP358, 

NUP153, and NUP50 harbor a total of 16 distinct Ran-binding sites that, given their 

stoichiometry in the NPC, could together recruit up to several hundred Ran molecules. 

Considering the substantial size difference between metazoan and S. cerevisiae cells, it is 

conceivable that additional Ran-binding sites provided by the metazoan-specific asymmetric 

nups NUP358 and NUP153 help ensure high enough Ran concentrations in the NPC vicinity 

to enable nucleocytoplasmic transport, as has been previously suggested (85). 

 

Docking of NUP358NTD into the cytoplasmic unassigned density cluster I 

NUP358 is known to reside on the cytoplasmic face of the NPC. Lacking a structure, its 

location in the NPC could previously be inferred only from the differential absence of 

unassigned density in an ~38 Å cryo-ET map of a NUP358-depleted human NPC (44). In 

the accompanying manuscript, quantitative docking of residue-level resolution structures 

into the symmetric core of a ~12 Å cryo-ET map of the intact human NPC led to a novel 

assignment of 16 copies of the symmetric nups NUP205 and NUP93 in the cytoplasmic outer 

ring, as well as the identification of two clusters (I and II) of unassigned density (Fig. 4A), 

of which the first corresponds to the previously observed NUP358-dependent density (42). 

Because of the large size and unique fold of our newly determined NUP358NTD crystal 

structure, we sought to directly determine its position in the intact human NPC (Fig. 4A). 

In our docking analysis, we calculated correlations between a new ~12Å cryo-ET 

map of the intact human NPC (provided by the Beck group) and one million resolution-

matched densities simulated from either open or closed conformation of the NUP358NTD 

crystal structure, randomly placed and locally fit-optimized in the asymmetric unit of the full 

~12Å cryo-ET map (46). Unlike for the closed NUP358NTD conformation, docking scores 

for five placements of the open NUP358NTD conformation segregated to high confidence of 

placement and located to the previously unassigned density cluster I, leaving no unexplained 
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density (fig. S56). We found four copies of NUP358NTD to be interfaced with the 

a-helical solenoid folds of the CNC components NUP96, NUP107, and the distal copy of 

NUP93SOL, wrapping around the stalks of the tandem arranged Y-shaped CNCs in pairs, at 

equivalent distal and proximal positions (Fig. 4, B and C). As identified in the docking 

analysis of the symmetric core reported in the accompanying manuscript, the distal 

NUP93SOL bisects the stalks of the tandem-arranged Y-shaped CNCs by interfacing with the 

distal NUP107 and the proximal NUP96 a-helical solenoids, cloistered between the four 

NUP358NTD copies (Fig. 4D) (42). Lastly, the fifth NUP358NTD referred to as the dome copy 

was docked above the other four NUP358NTD copies and the distal NUP93SOL, with its N- 

and C-termini oriented towards the C-termini of the outer distal and inner proximal copies 

of NUP358NTD, respectively (Fig. 4E). Though unexpected, the placement of the dome 

NUP358NTD was the second most confident docking solution into both the current ~12 Å and 

previously reported ~23Å cryo-ET maps of the intact human NPC (44) (fig. S57). The 

placement of 40 molecules of NUP358 per NPC is in agreement with previous experimental 

lower-bound stoichiometry estimates of 32 molecules of NUP358 (86). Finally, we 

successfully placed the composite structure of the entire cytoplasmic outer ring protomer, 

including all five NUP358NTD copies, into an anisotropic ~7 Å region of a composite single 

particle cryo-EM map of the X. laevis NPC cytoplasmic outer ring protomer (figs. S58 and 

S59) (45). 

The arrangement of five NUP358NTD copies in each spoke places their C-termini in 

proximity of each other, projecting the remaining domains towards the cytoplasm. 

Consequently, the oligomerization domains of the five NUP358NTD copies are constrained to 

form a homomeric assembly within the same spoke (Fig. 4, F and G). The oligomerization 

of NUP358 observed in the NUP358OE crystal structure and SEC-MALS analysis would 

boost the avidity of NUP358 attachment to the cytoplasmic face of the NPC (Figs. 3, G and 

H, and 4G). 

 

NUP358 is dispensable for NPC integrity during interphase 

Our quantitative docking showed that NUP358NTD is the primary attachment point for 

NUP358 at the cytoplasmic face of the NPC. To validate this result physiologically, we 
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sought to determine the subcellular localization of structure-guided NUP358 fragments 

in intact cells. To prevent default localization of ectopically expressed fragments at the 

nuclear envelope because of homo-oligomerization with the NUP358OE of endogenous 

proteins, we generated an inducible NUP358 knockout cell line, in which an N-terminal 

auxin-inducible degron (AID) tag was inserted into both genomic NUP358 loci 

(AID::NUP358 HCT116) (fig. S60). Addition of auxin resulted in the rapid, selective, and 

complete degradation of endogenous NUP358 within three hours, confirmed by the loss of 

immunofluorescent nuclear envelope rim staining and Western blot analysis of cellular 

NUP358 protein levels (Fig. 5A and figs. S60 and S61). 

To identify the minimal NUP358 region necessary and sufficient for nuclear 

envelope targeting, we generated a systematic series of HA-tagged N- and C-terminal 

fragments, splitting the protein into two pieces after the NTD, OE, RanBD-I, or ZFD, and 

determined their subcellular localization by immunofluorescence microscopy. NUP358 

targeting to the nuclear envelope in the absence of auxin required both NTD and OE regions, 

whereas all other domains were dispensable (Fig. 5B and fig. S62). When NUP358NTD or 

NUP358OE were tested in isolation, neither was found to be sufficient, with both domains 

exhibiting strong nuclear staining (Fig. 5B). Introduction of the NUP358 2R5K mutation, 

located on the NUP358NTD concave surface contacting the CNC, either abolished or severely 

reduced nuclear envelope rim staining when introduced into HA-NUP358NTD-OE or 

HA-NUP358FL, respectively (Fig. 5B). Analogously, NUP358 oligomerization is required 

for localization to the nuclear envelope, with introduction of the oligomerization-deficient 

LIQIML mutation eliminating nuclear envelope rim staining of both HA-NUP358NTD-OE and 

HA-NUP358FL (Fig. 5B). Crucially, we repeated the fluorescence microscopy analysis after 

auxin-induced depletion of endogenous NUP358 and obtained identical results (fig. S63). 

The previous ~38 Å cryo-ET map of the human NPC showed loss of the distal 

cytoplasmic CNC ring and potentially other CF nups in the absence of NUP358, leading to 

the conclusion that NUP358 is required for the integrity of the interphase NPC (44). To 

determine whether the architectural stability of the interphase NPC depends on NUP358, we 

sought to analyze the effect of auxin-induced NUP358 depletion on the subcellular 

localization of eight nups representative of all NPC sub-complexes by immunofluorescence 
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microscopy (Fig. 5A). Because previous studies showed NUP358 depletion results in cell 

cycle arrest at the G2/M transition (87), we first monitored the levels of cell cycle markers 

determining a cell cycle length of ~14-hours, consistent with previous reports for HCT cells 

(fig. S64) (88). We then induced NUP358-degradation in nocodazole-synchronized cells and 

imaged nups at various timepoints prior to cells entering mitosis and at 24 hours. Although 

NUP358 nuclear envelope rim staining was rapidly lost two hours after induction of 

degradation and remained absent throughout the remaining timepoints, all eight 

representative nups continued to display robust nuclear envelope rim staining (Fig. 5A). This 

suggests that NPC integrity is not dependent on NUP358 attachment to the NPC and also 

demonstrates the specificity of the auxin-induced NUP358 knockout. To reconcile the 

apparent conflict between our results and the aforementioned cryo-ET study, we investigated 

whether NUP358 depletion led to release of nups from the nuclear fraction during cellular 

fractionation. Indeed, we observed an auxin-dependent leakage of NUP214, NUP88, and 

NUP160 from the nuclear to the cytoplasmic fraction (fig. S61C). Curiously, we also 

consistently observed a reduction of the nuclear basket nup ELYS in the nuclear fraction 

upon NUP358 depletion. 

Together, these data confirm the quantitative docking of NUP358NTD, validate the 

physiological relevance of NUP358OE-mediated bundling, and establish that NUP358 is 

dispensable for the architectural integrity of the assembled interphase NPC, although its 

depletion made the structural integrity of the cytoplasmic face of the NPC susceptible to the 

biochemical stresses inherent to cell fractionation. Future studies need to establish the extent 

of NUP358’s role in the formation of the double CNC-ring architecture during NPC 

assembly. 

 

NUP358 plays a general role in translation of exported mRNAs 

Export of mRNA from the nucleus to the cytoplasm is an essential step in the expression of 

eukaryotic proteins (Fig. 5C) (43). Our biochemical analysis revealed that NUP358 has 

multiple RNA-binding domains distributed throughout the protein, suggesting a potential 

role in RNA export and mRNP remodeling (Fig. 2G). The docking of five NUP358NTD 

copies in the intact human NPC revealed occlusion of the RNA/NUP88NTD-binding surfaces 
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of the dome and inner distal NUP358 copies by the CNC stalk, but exposure of the 

remaining copies’ binding sites (fig. S65). Thus, some NUP358NTD copies could potentially 

be simultaneously attached to the NPC and dynamically interacting with RNA/NUP88NTD. 

Previous studies had found that efficient translation of secretory proteins requires 

NUP358 binding to the ~63-nucleotide GC-rich signal sequence coding region (SSCR) of 

mRNAs encoding secretory proteins (89). NUP358 knockdown by short hairpin (sh) RNAs 

was shown to prevent the translation of various secretory protein reporters, but had no effect 

on the distribution of mRNA in the cell (89). These experiments involved extended 

incubation periods and achieved only a partial NUP358 knockdown, potentially allowing 

secondary phenotypes to emerge from prolonged NPC disruption, non-NPC related NUP358 

effects, or defective postmitotic NPC re-assembly. With the ability to rapidly deplete 

NUP358 in our AID cell line, we sought to examine whether NUP358 is directly involved in 

mRNA export or mRNP remodeling by monitoring the subcellular distribution of 5-ethynyl 

uridine (5-EU) pulse-labeled, newly synthesized RNA after NUP358 depletion. In situ 

labeled RNA was visualized by fluorescence microscopy at hourly intervals during the chase 

for up to 6 hours (Fig. 5D). At early time points, 90-100% of cells displayed a strong nuclear 

5-EU-labeled RNA signal that decreased over time with a concomitant increase in the 

cytoplasmic signal, indicative of RNA being exported. After six hours, only ~5% of 

NUP358-depleted cells exhibited nuclear retention of labeled RNA, compared to <1% of 

control cells (Fig. 5D). Because of this subtle effect, we sought to confirm the result in 

AID::NUP358 DLD1 cells (Fig. 5D and figs.S66 and S67). Similar to the 

AID::NUP358 HCT116 cell results, only ~3% of NUP358-depleted DLD1 cells exhibited 

nuclear RNA retention after a 6-hour chase (Fig. 5D and fig. S68). By contrast, nuclear RNA 

retention was present in ~20% of NUP160::NG-AID DLD1 cells after depletion of NUP160, 

whose knockout causes RNA retention in S. cerevisiae, demonstrating the principle 

suitability of our experimental approach (Fig. 5D and fig. S68) (90). 

Next, we analyzed the fate of the genetic message downstream of mRNA export by 

examining the dependence of cellular protein expression on NUP358 in 

AID::NUP358 HCT116 cells using eight different reporter constructs. Synchronized cells 

were transfected with C-terminally FLAG-tagged reporter constructs prior to NUP358 
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depletion, and the amount of reporter in whole cell extracts was determined by Western 

blot analysis (Fig. 5E and fig. S69). First, we focused our analysis on representative secretory 

protein reporter constructs including insulin, interleukin-10 (IL-10), IL-6, tumor necrosis 

factor alpha (TNFa), and membrane-bound placental alkaline phosphatase (ALPP). NUP358 

depletion significantly reduced the cellular levels of all five reporters. We also tested 

non-secretory protein reporters and contrary to the previous observation of secretory 

protein-effect specificity, we found that NUP358 depletion also significantly reduced the 

cellular levels of ribosomal protein L26 (RPL26), green fluorescence protein (GFP), and 

histone 1B (H1B) reporters (Fig. 5E and fig. S69). 

In summary, our data confirm that NUP358 depletion does not result in marked 

nuclear RNA accumulation, but nevertheless affects the efficient translation of secreted and 

membrane-bound proteins, as previously proposed (89). However, our findings also 

demonstrate that the observed translational defect is not restricted to secretory proteins, 

suggesting a more general role of NUP358 in mRNP remodeling events that occur at the 

cytoplasmic face of the NPC after mRNA export. 

 

Characterization of NUP358 harboring ANE1 mutations 

Acute necrotizing encephalopathy (ANE) is an autoimmune disease in which previously 

healthy children experience a cytokine storm following common viral infections, resulting 

in brain inflammation and rapid deterioration from seizures to coma that can ultimately be 

fatal (91). ANE1, the familial and recurring form of ANE, has been associated with four 

distinct NUP358 mutations: T585M, T653I, I656V, and W681C (91, 92). All four ANE1 

mutations map to the C-terminal a-helical solenoid of NUP358NTD (fig. S70). Apart from 

T585, which is exposed on the surface, the ANE1 mutations locate in the closely packed 

hydrophobic core (fig. S70C). We determined co-crystal structures of NUP358NTD harboring 

the individual ANE1 mutations T585M, T653I, and I656V in complex with sAB-14 

revealing no substantial structural changes, with root-mean square deviation (RMSD) 

calculated over 746 Ca atoms of ~0.5 Å (fig. S70 and table S10). Moreover, we did not 

detect differences in nuclear envelope rim staining or binding to NUP88NTD or ALPP SSCR 

RNA (fig. S71). Notably, we found that in vitro thermosolubility of the W681C, T653I, and 
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I656V mutants was reduced to levels below body temperature (fig. S72), but increase 

beyond wildtype levels by binding to sAB-14 in all three mutants (fig. S73). 

Together, our results indicate that ANE1 mutations neither directly disturb the fold 

observed in the crystal structure, nor affect the known cellular functions of NUP358. Our 

observation of a substantially reduced thermosolubility of NUP358 ANE1 mutants is 

interesting, considering that the sudden onset of symptoms appears to require a 

fever-inducing trigger such as a viral infection (91). Future studies will need to systematically 

assess whether ANE1 mutations affect unknown cellular functions of NUP358. 

 

Structural and biochemical analysis of NUP88NTD•NUP98APD•NUP214TAIL 

Besides NUP358, the NUP88NTD•NUP98APD•NUP214TAIL complex had up to now been 

another CF component for which atomic level structural information had remained 

unavailable. Through extensive screening of crystallization fragments and conditions, we 

solved the structure of the hetero-dimeric NUP88NTD•NUP98APD at 2.0 Å resolution (Fig. 6H 

and table S17). Despite low sequence homology, the overall architecture of the 

NUP88NTD•NUP98APD complex is conserved from fungi to humans, although the orientation 

of NUP98APD relative to NUP88NTD varies between the co-crystal structures of human and 

fungal orthologs by as much as ~20° (figs. S74 to S77, and Movie 5) (11, 59). For a detailed 

description of the structure, see Supplementary Text (figs. S76 to S81). 

Because the NUP214TAIL-NUP88NTD interaction was crystallographically intractable, 

we mapped a minimal NUP88NTD-binding region spanning NUP214 residues 938-955 by 

systematic truncation (figs. S78 and S79). NUP214TAIL forms a hydrophobic interaction with 

NUP88NTD at the 6CD insertion, which was abolished by a combined NUP88NTD LLL 

mutation, analogous to a mutation we had previously shown to abolish the interaction 

between the S. cerevisiae orthologs Nup159TAIL and Nup82NTD (fig. S79) (59). Interestingly, 

this NUP88NTD LLL mutation straddles a naturally occurring D434Y mutation in NUP88 

linked to a fatal disorder called fetal akinesia deformation sequence (FADS), which is 

associated with congenital malformations and impaired fetal movement (fig. S80) (93). 

Given its location, the D434Y mutation is expected to interfere with the NUP214TAIL 

interaction. 
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Combined, our structural and biochemical analysis of NUP88, NUP214, NUP98, 

and their interactions shows that their shape, mode of interaction, and the overall architecture 

of their complexes are evolutionarily conserved from fungi to humans despite primary 

sequence divergence. 

 

Docking of the cytoplasmic filament nup complex into unassigned cluster II 

Following the placement of five NUP358NTD copies into unassigned density cluster I, we 

reasoned that the remaining unassigned density cluster II would represent the CFNC. 

Unassigned density cluster II is composed of two near-perpendicular tube-like segments that 

bisect the NUP75 arms of the distal and proximal Y-shaped CNCs, a globular segment 

lodged between the base of the long tube-like segment and the proximal NUP75 arm, and a 

dumbbell-shaped globular density that projects toward the central transport channel 

(Fig. 6A). Due to the small size and lack of distinctive shape features, the quantitative 

docking of NUP88NTD•NUP98APD, NUP214NTD•DDX19, GLE1CTD•NUP42GBM, 

GLE1CTD•NUP42GBM•DDX19, RAE1•NUP98GLEBS, NUP358RanBD•Ran, NUP358ZnF•Ran, 

and NUP358CTD, into the ~12 Å cryo-ET map of the intact human NPC, from which all the 

hereto explained density had been subtracted, did not result in high confidence solutions 

(fig. S82). We therefore took the less objective approach of manual placement based on 

shape complementarity and biochemical restraints, followed by local rigid body refinement. 

We used the C. thermophilum and X. laevis CNT crystal structures, the latter 

containing NUP62, as a template for the polyalanine model of the coiled‑coil segments 

(CCS) 1 and 2 of the CFNC-hub (10, 11). Remarkably, the CCS1 and CCS2 models based 

on CNT structures matched the shape and dimensions of two near-perpendicular segments 

of tube-like density, suggesting that the CFNC-hub coiled-coil architecture is similar to the 

CNT (Fig. 6, B and C, and fig. S83A). NUP88NTD•NUP98APD fit best at the base of the long 

CCS1 segment, interfacing with the NUP75 arm of the proximal CNC. The tentative 

placement would be consistent with the biochemically mapped interaction between 

NUP88NTD•NUP98APD and NUP214TAIL segment expected to emanate from the C-terminal 

base of the CCS3 segment and thus restrain NUP88NTD•NUP98APD near the CFNC-hub base 

(Fig. 6, B to E). A dumbbell-shaped density interfacing with NUP88NTD•NUP98APD and 
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extending towards the central transport channel is consistent with the shape and size of 

the NUP214NTD•DDX19 crystal structure, although it could also be explained by other more 

transiently tethered components of the nucleocytoplasmic transport machinery or cargo 

(Fig. 6, B and C, and fig. S83A). However, the NUP214NTD•DDX19 complex forms tighter 

interactions when DDX19 is in its ADP-bound state and would therefore be expected to exist 

in the ATP-depleted environment of the purified nuclear envelope (50, 63). The placements 

of the CFNC-hub model and NUP88NTD•NUP98APD were further supported by manual 

docking into an anisotropic ~8 Å region of a composite single particle cryo-EM map of the 

X.laevis cytoplasmic outer ring protomer, though the map masking excluded the region 

comprising the dumbbell-shaped density (fig. S83B) (45). 

Placement of the CFNC-hub into the tube-like density puts CCS1, CCS2, and likely 

the unresolved CCS3, within reach of the ~40 Å r.m.s length of the linker that tethers 

NUP93R1 to the NUP205-bound NUP93R2 (Fig. 6D and fig. S84). In the accompanying 

paper, we demonstrated that the NUP93R1 fragment (residues 2-93), like the orthologous 

C. thermophilum Nic96R1 assembly sensor, binds to the CNT complex of the inner ring (42). 

The proximity of the CFNC-hub coiled-coil segments to the expected NUP93R1 location 

suggested that NUP93R1 might act as assembly sensor for the CFNC-hub, as well. Indeed, 

the NUP93R1 fragment formed stable complexes with the intact CFNC and CFNC-hub 

(Fig. 6F and fig. S85). Strikingly, the NUP93R1 LIL mutation that abolished CNT binding 

(42) also abolished the interaction with the CFNC-hub (Fig. 6, F and G). To ensure we did 

not miss an interaction of the C. thermophilum CFNC (ctCFNC), we tested whether Nic96R1 

could bind the ctCFNC-hub. In fact, Nic96R1 did not bind to ctCFNC-hub, consistent with 

our reconstitution results that identified two distinct assembly sensors for the ctCFNC in the 

CNC (fig. S86). These data indicate that the long elusive assembly sensor anchoring point of 

the human CFNC is not provided by the Y-shaped CNC, but rather by the 

NUP205-positioned NUP93R1, corroborated by the recent finding that NUP93 depletion 

displaces the CFNC nups NUP214, NUP88, and NUP62 from the nuclear envelope (94). 

A second NUP93R1 assembly sensor emanating from the proximal 

NUP205-positioned NUP93R2 represents a potential anchoring site for a second, flexibly 

attached proximal CFNC (fig. S84). The placement of 16 copies of the CFNC on the 
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cytoplasmic face of the NPC, half of which are unresolved in the ~12 Å cryo-ET map, is 

consistent with the previously established stoichiometry (86). Recent in situ ~37Å and ~34 Å 

cryo-ET maps of the dilated human NPC (95, 96) present unexplained elongated density near 

the expected location of the proximal NUP93R1 but could not be further interpreted at the 

current solutions (fig. S87). 

Finally, we tentatively placed the human CF nup GLE1CTD•NUP42GBM crystal 

structure into a region of unexplained density in the ~12 Å cryo-ET map of the intact human 

NPC between the cytoplasmic bridge NUP155 and the cytoplasmic face of the nuclear 

envelope, consistent with our previous analysis (fig. S88) (63). 
 

Steric occlusion is insufficient to explain asymmetric decoration of the NPC 

Having assigned all cytoplasmic density of clusters I and II to NUP358 pentameric bundles 

and CFNCs, respectively, we next wondered whether any structural features prevent 

NUP358 or CFNC mis-localization at the nuclear face of the NPC. We found that 

unexplained nuclear density adjacent to the NUP160 arms of the Y-shaped CNCs could be 

assigned to 16 copies of the structured N-terminal domains of the nuclear basket nup ELYS 

(fig. S89) (25). The ELYS domains did not overlap with nuclear regions equivalent to the 

sites occupied by NUP358 and CFNC on the cytoplasmic face, thereby excluding that steric 

competition with NUP358 or CFNC prevents ELYS mis-localization (Fig. 7, A and B). On 

the contrary, the ~12 Å cryo-ET map revealed rod-shaped unassigned densities atop the 

nuclear outer ring in regions equivalent to NUP358 sites on the cytoplasmic face (Fig. 7C). 

Analogously, we asked if recruitment of the CFNC to the nuclear face was prevented by 

steric hindrance from a nuclear basket component. Although the NUP205-NUP93R2 

attachment site from which NUP93R1 is flexibly projected remains unencumbered, an 

unassigned rod-shaped cryo-ET density present on the nuclear face overlaps with an area 

equivalent to the CFNC-hub docking sites on the cytoplasmic face (Fig. 7C). Together, these 

findings suggest that mechanisms other than steric competition alone, such as active nuclear 

transport of asymmetric nups, as previously indicated for NUP214 and NUP153 (81, 97), are 

key determinants of the asymmetric localization of NUP358, CFNC and ELYS.Together, 

our data complete the near-atomic composite structure of the symmetric and cytoplasmic 

asymmetric portions of the human NPC (Fig. 8 and Movie 6). 
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Conclusions 

Situated on the cytoplasmic face of the NPC, CF nups remodel mRNPs as they emerge from 

the central transport channel, ensuring directional transport of mRNA and preparing it for 

downstream translation. Given this essential cellular function, it is unsurprising that CF nups 

are a hotspot for mutations associated with currently incurable diseases, ranging from 

neurodegenerative and auto-immune disorders to aggressive cancers. Through a 

comprehensive analysis combining in vitro complex reconstitution, crystal structure 

determination, quantitative docking, and in vivo validation, we established a near-atomic 

composite structure of the cytoplasmic face of the human NPC. 

Our biochemical reconstitution highlights the evolutionary conservation of the 

CFNC modular assembly, which consists of a central hetero-trimeric coiled-coil hub that 

tethers two separate mRNP remodeling complexes together. Despite the divergence in 

attachment mechanisms, the anchoring of two copies of the CFNC module to each of the 

eight NPC spokes appears to be an evolutionarily conserved architectural outcome: The 

C. thermophilum NPC presents two distinct assembly sensor motifs for the CFNC-hub in the 

Nup37 and Nup145C subunits of each CNC. The human NPC reuses the NUP93 sensor for 

the assembly and anchoring of the CNT in the inner ring as an anchor for the CFNC in the 

cytoplasmic outer ring by intercalating two NUP205•NUP93 copies among the tandem-

arranged CNCs of each spoke. Previous studies have also shown that the S. cerevisiae NPC 

incorporates a P-shaped CFNC dimer (61) to a single site within each of the eight outer ring 

spokes (40, 41). 

In addition to the CFNC, the asymmetric CF nup decoration of the human NPC 

cytoplasmic face includes NUP358. Conjoined by an oligomerization element, pentameric 

bundles of the uniquely folded NUP358NTD envelop the tandem-arrayed stalks of a CNC pair 

in each of the eight spokes. Each attached NUP358NTD anchors an extensive ~2,400-residue 

C-terminal region that harbors 14 different domains connected by unstructured linkers, 

thereby extending as much as ~60 nm from the outer ring (98). Our placement of the CNC 

and CF nups explains the entirety of the observed cytoplasmic face cryo-ET density, 

accounting for ~23 MDa of structured mass. The more flexibly attached regions of the CF 
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nups that are not captured by the current sub-tomogram averaged cryo-ET map account 

for an additional ~19 MDa of mass. 

In addition to these flexibly attached structured domains, NUP358, NUP214, NUP98, 

and NUP42 contain extended FG-repeat regions emanating from various anchor points at the 

outer ring. The degree to which these regions contribute to the architectural integrity of the 

human NPC, as has been shown for the S. cerevisiae NPC (99), and the NPC’s diffusion 

barrier remain important future questions. 

We found that the interactions between the C. thermophilum CF nups and the CNC 

are modulated by the small molecule IP6, the presence of which is required for mRNA export. 

Future studies need to address the concerted role of post-translational modifications, second 

messengers and other small molecules, and macromolecular factors in regulating the 

assembly and functions of the NPC cytoplasmic face in mRNA export. 

The integral membrane proteins and nuclear basket portions of the NPC represent an 

outstanding challenge for structural determination. Nevertheless, our analysis has already 

identified that competition for binding sites could play a role in the segregation of CF and 

nuclear basket nups to opposite faces of the NPC. However, steric occlusion alone is 

insufficient to deterministically establish NPC polarity, whereby the correct asymmetric nups 

are segregated to either the cytoplasmic or the nuclear face, or the proximal NUP93 and 

NUP205 copies are excluded from the nuclear outer ring. Nuclear and cytoplasmic eviction 

mediated by the nucleocytoplasmic transport machinery is perhaps the most obvious 

candidate for a mechanism that maintains the polar subcellular segregation of asymmetric 

nups. 

The data presented provide a comprehensive biochemical foundation and a structural 

framework for the design of future experiments aimed at elucidating the multiple mechanistic 

steps involved in mRNP export and remodeling. This mechanistic insight will be vital for 

illuminating disease mechanisms associated with CF nup genetic variants and mechanisms 

by which viral virulence factors, e.g. SARS-CoV2 ORF6, hijack the functions of the NPC 

(100). 

Our results represent a significant step towards the complete in vitro reconstitution 

of the NPC and establish a near-atomic composite structure of the entire cytoplasmic face of 



 

 

546 
the human NPC. More broadly, they illustrate the effectiveness of our 

divide-and-conquer approach in successfully elucidating the near-atomic architecture of an 

assembly as large and complex as the NPC, serving as a paradigm for studying similar 

macromolecular machines, which remains a major frontier in structural cell biology. 

 

Methods Summary 

Full details of the Materials and Methods are presented in the Supplementary Materials. 

Briefly, the source of materials and reagents are summarized in Table S1. Bacterial, insect, 

and mammalian cell expression constructs and conditions are described in Tables S2 to S4. 

Proteins were purified using standard chromatography techniques, with purification 

procedures summarized in Table S5. Purified proteins and complex formation were 

characterized by analytical size-exclusion chromatography coupled to inline multi-angle 

light scattering (SEC-MALS), summarized in Table S6. Liquid-liquid phase separation 

(LLPS) of purified protein mixtures was analyzed by centrifugal separation followed by 

SDS-PAGE and Coomassie staining, and by fluorescence microscopy subsequent to N-

terminal amino labeling with fluorescent dyes. Nup-RNA binding interactions were assayed 

by electrophoretic mobility shift assays (EMSAs) employing either 32P-labeled or unlabeled 

nucleic acid probes, visualized by autoradiography or SybrGold-staining, respectively. 

Structures were determined by X-ray crystallography, with crystallization conditions and X-

ray diffraction data collection, processing, and refinement statistics summarized in Tables S7 

to S17. Quantitative docking was performed by randomly placing and scoring densities 

simulated from crystal structures into ~12 Å and ~23 Å cryo-ET maps of the intact human 

NPC (44, 46). Experimental structures used to generate the near-atomic composite structure 

of the intact human NPC are inventoried in Table S18. NUP358 localization, NPC integrity, 

RNA export, and reporter expression levels were assessed in auxin-inducible degron cell 

lines. 

  



 

 

547 
Acknowledgements 

We thank the members of the Hoelz laboratory, Mitchell Guttman, and Shu-ou Shan for 

insightful discussions, Alexander Cohen, Jacqueline Chou, Reeti Gulati, Young Jeon, 

Hannah Margolis, Evelyn Stuwe, Tobias Stuwe, and Jimmy Thai for experimental support, 

Martin Beck for sharing the ~12Å cryo-ET reconstruction of the intact human NPC prior to 

publication, Valerie Doye, Ulrike Kutay, Ed Hurt, and Iain Mattaj for providing material, 

and Valerie Altounian for the preparation of NPC schematics. We acknowledge Jens Kaiser 

and the scientific staff of the Stanford Synchrotron Radiation Laboratory (SSRL) Beamline 

12-2 and the National Institute of General Medical Sciences and National Cancer Institute 

Structural Biology Facility (GM/CA) at the Advanced Photon Source (APS) for their support 

with X-ray diffraction measurements. 

Funding: The Molecular Observatory at the California Institute of Technology (Caltech) 

is supported by Donald and Judith Voet, the Gordon and Betty Moore Foundation, and the 

Beckman Institute. The operations at the SSRL and APS are supported by the U.S. 

Department of Energy and the National Institutes of Health (NIH). GM/CA has been 

funded in whole or in part with federal funds from the National Cancer Institute 

(ACB-12002) and the National Institute of General Medical Sciences (AGM-12006). SP 

and FMH were supported by a Ph.D. fellowship of the Boehringer Ingelheim Fonds. DHL 

was supported by an NIH Research Service Award (5 T32 GM07616) and Amgen 

Graduate Fellowship through the Caltech-Amgen Research Collaboration. SC, SGR and 

MD were supported by National Institute of Child Health and Human Development 

Division of Intramural Research funding ZIAHD001902 and ZIAHD008954. AAK was 

supported by NIH grants R01-GM117372 and P50-GM082545. AH was supported by a 

Camille-Dreyfus Teacher Scholar Award (TC-15-082) and NIH grants R01-GM117360 

and R01-GM111461, is an Investigator of the Heritage Medical Research Institute 

(HMRI-15-09-01), and a Faculty Scholar of the Howard Hughes Medical Institute 

(55108534). 

Author contributions: AH conceived and coordinated the study. CJB, SN, GWM, SP, 

ATG, XL, SM, SH, FMH, DHL, BB, AWT, EJR, ARC, SC, SGR, TAS, CAJ, MD, AP, 



 

 

548 
AFP, AAK, and AH designed research. CJB, SN, GWM, SP, ATG, XL, SM, SH, FMH, 

DHL, BB, AWT, EJR, ARC, SC, SGR, TAS, CAJ, and AH performed research. CJB, SN, 

GWM, SP, ATG, XL, SM, SH, FMH, DHL, BB, AWT, EJR, ARC, SC, SGR, TAS, CAJ, 

MD, AP, AFP, AAK, and AH analyzed data. SM and AAK (synthetic antibodies), and SC, 

SGR, and MD (auxin-degron cell lines) provided new reagents. AP and AFP provided 

reagents and experimental guidance. CJB, SN, GWM, SP, ATG, XL, AP, and AH 

integrated and conceptualized the results. CJB, SN, GWM, SP, AP, and AH wrote and 

revised the manuscript, with contributions from all authors. 

Competing interests: The authors declare no financial conflicts of interest. 

Data and materials availability: Materials generated in this study are available on request 

from the corresponding author. The auxin-inducible AID::NUP358 HCT116, 

AID::NUP358 DLD1, and NUP160::NG AID DLD1 degron cell lines are subject to a 

materials transfer agreement, which is available upon request. The coordinates and 

structure factors have been deposited in the Protein Data Bank with accession codes 7MNJ 

(NUP358145-673), 7MNK (NUP358OE), 7MNI (NUP88NTD•NUP98APD), 7MNL 

(NUP358NTD•sAB-14), 7MNM (NUP358NTD T585M•sAB-14), 7MNN (NUP358NTD 

T653I•sAB-14), 7MNO (NUP358NTD I656V•sAB-14), 7MNP (NUP358ZnF2•Ran(GDP)), 

7MNQ (NUP358ZnF2•Ran(GDP)), 7MNR (NUP358ZnF3•Ran(GDP)), 7MNS 

(NUP358ZnF4•Ran(GDP)), 7MNT (NUP358ZnF5/6•Ran(GDP)), 7MNU 

(NUP358ZnF7•Ran(GDP)), 7MNV (NUP358ZnF8•Ran(GDP)), 7MNW (NUP358RanBD-

I•Ran(GMPPNP)), 7MNX (Nup358RanBD-II•Ran(GMPPNP)), 7MNY (NUP358RanBD-

III•Ran(GMPPNP)), 7MNZ (NUP358RanBD-IV•Ran(GMPPNP)), 7MO0 

(NUP50RanBD•Ran(GMPPNP)), 7MO1 (NUP153ZnF1•Ran(GDP)), 7MO2 

(NUP153ZnF2•Ran(GDP)), 7MO3 (NUP153ZnF3•Ran(GDP), 2.05Å), 7MO4 

(NUP153ZnF3•Ran(GDP), 2.4Å), 7MO5 (NUP153ZnF4•Ran(GDP)). PyMol and Chimera 

sessions containing the composite structures of the constricted and dilated human NPCs 

can be obtained from our webpage (http://ahweb.caltech.edu) and coordinates are 

deposited in the PDB with accession numbers 7TBL and 7TBM, respectively. Quantitative 

docking data, workflow code, PyMol and Chimera sessions were deposited on 

CaltechDATA (101).  



 

 

549 
Figures 

Fig. 1. Reconstitution of a 16-protein C. thermophilum coat-cytoplasmic filament nup 

complex. (A) Cross-sectional schematic of the fungal NPC architecture. (B) Domain 

structures of the coat and cytoplasmic filament nups. (C) Schematic representation 

summarizing our biochemical reconstitution and dissection experiments with purified 

recombinant C. thermophilum nups, illustrating the cytoplasmic filament nup complex 

(CFNC) architecture and its attachment to the coat nup complex (CNC). The CNC harbors 

two assembly sensors, Nup37CTE and Nup145CNTE, each anchoring a CFNC via its central 

hub, with Nup37CTE exhibiting tighter binding than Nup145CNTE. (D-F) SEC-MALS 

interaction analyses, showing the stepwise biochemical reconstitution starting with (D) the 

CFNC (green) from Nup82•Nup159•Nsp1 (blue), Gle2•Nup145N (cyan), and Dbp5 (red), 

(E) CFNC•Gle1•Nup42GBM (green) from CFNC (blue) and Gle1•Nup42GBM (red), and 

culminating with (F) the 16-protein CNC•CFNC•Gle1•Nup42GBM complex (green) from 

CNC (red), CFNC (blue), and Gle1•Nup42GBM (cyan). SDS-PAGE gel strips of peak 

fractions are shown. Measured molecular masses are indicated, with respective theoretical 

masses in parentheses. (G, H) Liquid-liquid phase separation (LLPS) interaction assays, 

assessing (G) CFNC (red) and Gle1•Nup42GBM (cyan) incorporation into CNC-LLPS 

(green), and (H) CFNC incorporation into CNC-LLPS, lacking either one or both Nup37CTE 

and Nup145CNTE assembly sensors. N-terminally fluorescently labeled CNC (Bodipy), 

CFNC (Alexa Fluor 647), and Gle1•Nup42GBM (Coumarin) were visualized by fluorescence 

microscopy. Pelleted CNC condensate phase (P) and soluble (S) fractions were analyzed by 

SDS-PAGE and visualized by Coomassie brilliant blue staining. Scale bars are 10µm. 
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Fig. 2. Conserved modular architecture and RNA binding properties of the human 

CF nups (A) Cross sectional schematic of the human NPC architecture. (B) Domain 

structures of human cytoplasmic filament nups. Nomenclature of H. sapiens and 

C. thermophilum nup orthologs is indicated. (C) Biochemical reconstitution of the ~310 kDa 

hetero-hexameric human CFNC. SEC-MALS interaction analysis of 

NUP88•NUP214•NUP62 (blue), DDX19 (ADP) (red), RAE1•NUP98 (cyan), and their 

preincubation (green). Measured molecular masses are indicated, with theoretical masses in 

parentheses. SDS-PAGE gel strips of peak fractions visualized by Coomassie brilliant blue 

staining are shown. (D) Summary of pairwise SEC-MALS interaction analyses between 

human cytoplasmic filament nups. (E) Schematic summary of the human CFNC architecture 

and the cytoplasmic filament nup interaction network. (F) Human cytoplasmic filament nup 

domains and complexes were assayed for binding to single-stranded (ss) and double-stranded 

(ds) RNA and DNA probes by electrophoretic mobility shift assay (EMSA). Input proteins 

resolved by SDS-PAGE were visualized by Coomassie brilliant blue staining. Qualitative 

assessment of nucleic acid binding is denoted by color-coded boxes. (G, H) EMSAs with 

ssRNA titrated against (G) metazoan-specific NUP358NTD and 

NUP358RanBD-IV•Ran(GMPPNP), and (H) the indicated H. sapiens CFNC subcomplexes and 

their C. thermophilum orthologs. 
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Fig. 3. Structural analysis and biochemical characterization of NUP358. (A) Domain 

structure of NUP358. Black lines indicate the boundaries of the crystallized fragments. 

(B, C) SEC-MALS analysis of the oligomeric behavior of (B) NUP358NTD and 

NUP358NTD�TPR, and (C) NUP358NTD-OE, performed at the indicated protein concentrations. 

Measured molecular masses are indicated, with theoretical masses in parentheses. 

SDS-PAGE gel strips of peak fractions are shown and visualized by Coomassie brilliant blue 

staining. (D) Cartoon representation of the NUP358NTD•sAB-14 co-crystal structure dyad of 

the P6522 lattice, illustrating the NUP358NTD dimer between symmetry-related molecules. 

(E) Schematic of the NUP358NTD structure and structural motifs. (F) TPR of molecule 1 

complements a-helical stacking of the N-terminal solenoid of the symmetry-related 

molecule 2, generating the open conformation of NUP358NTD. (G) SEC-MALS analysis of 

the oligomeric behavior of NUP358OE and the NUP358OE LIQIML mutant performed at the 

indicated protein concentrations. (H) Cartoon representation of the homo-tetrameric 

NUP358OE crystal structure with hydrophobic core residues shown in ball-and-stick 

representation. (I) SEC interaction analysis of NUP358ZnF7 and NUP358ZnF7�NTE binding to 

Ran(GTP). (J) SEC-MALS interaction analysis of NUP358RanBD-IV binding to 

Ran(GMPPNP). (K) Co-crystal structure of NUP358ZnF7•Ran(GDP), shown in cartoon and 

surface representation (left). The inset indicates the location of the magnified and 90º rotated 

view of the Ran hydrophobic pocket (middle). Superposition of the six 

NUP358ZnF•Ran(GDP) and four NUP153ZnF•Ran(GDP) co-crystal structures with the 

Zn2+-coordinating cysteines and Ran-burying NTE hydrophobic residues shown as sticks 

(right). (L) Co-crystal structure of NUP358RanBD-IV•Ran(GMPPNP) with NUP358RanBD-IV 

shown in cartoon and Ran(GMPPNP) shown in cartoon (left) or surface (middle) 

representation. Superposition of Ran(GMPPNP) bound to NUP358RanBD-I, NUP358RanBD-II, 

NUP358RanBD-III, NUP358RanBD-IV, and NUP50RanBD (right). 
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Fig. 4. Docking of NUP358NTD on the cytoplasmic face of the NPC. (A) Overview of 

the NPC cytoplasmic face with isosurface rendering of unexplained density clusters I (red) 

and II (cyan) of the ~12 Å cryo-ET map of the intact human NPC. The inset indicates the 

location of the magnified view showing cartoon representations of five copies of NUP358NTD 

docked in unassigned density cluster I. (B) Comparison of the binding of two NUP358NTD 

copies (cartoon) to distal and proximal CNCs (surface). (C-E) Architecture of the pentameric 

NUP358NTD bundle attachment site on a cytoplasmic outer ring spoke with cartoon- and 

surface-represented structures (left) and schematics (right), sequentially illustrating the 

placement of (C) four copies of NUP358NTD around NUP96 and NUP107 interfaces on the 

stalks of tandem-arranged Y-shaped CNCs, (D) a distal copy of NUP93SOL collocated at the 

center of the NUP358NTD bundle, interfacing with both proximal and distal CNC stalks, and 

(E) the NUP358NTD dome copy interfacing with the stalk-attached NUP358NTD quartet 

beneath. (F) Overview of the entire cytoplasmic face of the NPC in cartoon representation 

and as schematic, illustrating the distribution of 40 NUP358NTD copies anchored as 

pentameric bundles across the eight NPC spokes. (G) Schematic of NUP358 attachment to 

the cytoplasmic outer ring spoke. The NUP358 pentameric bundle is linked together by 

interactions between oligomerization elements (OEs). Anchored by NUP358NTD, the rest of 

NUP358 domains are linked by unstructured linker sequences and are expected to freely 

project from the cytoplasmic face of the NPC. Distal and proximal positions are labeled 

according to the legend in (A). 
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Fig. 5. NUP358 plays a general role in translation of exported mRNA. (A) Subcellular 

localization by immunofluorescent staining of endogenous nups in synchronized 

AID::NUP358 HCT116 cells at the indicated time points following auxin-induced NUP358 

depletion. Cytoplasmic puncta arise from NUP88 overexpression inherent to HCT116 cells. 

(B) Subcellular localization of N-terminally 3×HA-tagged NUP358 variants in 

AID::NUP358 HCT116 cells by immunofluorescence microscopy. mAb414 staining marks 

nuclear envelope rim location. Domain structure of the transfected NUP358 variants is 

shown (above). (C) Schematic illustrating the life cycle of messenger ribonucleoprotein 

particles (mRNPs) from transcription, maturation, export, remodeling at the cytoplasmic face 

of the NPC, to translation. Steps associated with the NPC are highlighted by a red box. (D) 

Time-resolved analysis of RNA nuclear retention in synchronized AID::NUP358 HCT116 

cells upon auxin-induced NUP358 depletion visualizing 5-EU metabolically pulse-labeled 

RNA. Representative images (left) and quantitation (right) of the proportion of cells 

(n>200/timepoint) with nuclear RNA retention are shown with mean values (squares) and 

the respective standard error (shaded area) of triplicate experiments. Quantitation from 

unsynchronized AID::NUP358 DLD1 and NUP160::NG-AID DLD1 cells are also shown. 

(E) Time-resolved Western blot analysis of the expression of C-terminally 3×FLAG-tagged 

reporter proteins in synchronized AID::NUP358 HCT116 cells upon auxin-induced NUP358 

depletion. Quantitated reporter expression in auxin-treated cells was normalized to 

expression in control cells, at the 10-hour timepoint. Experiments performed in triplicate, 

with mean and associated standard error shown. Scale bars are 10�m. Experimental 

timelines are shown above each experiment. 
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Fig. 6. Docking analysis reveals that NUP93 anchors the CFNC to the cytoplasmic outer 

ring. (A) Overview of the NPC cytoplasmic face with isosurface rendering of unexplained 

density cluster II (cyan) of the ~12 Å cryo-ET map of the intact human NPC. The inset 

indicates the location of the magnified view in (B). (B, C) Two views of manually placed 

poly-alanine models of CFNC-hub segments CCS1 and CCS2, as well as of the tentatively 

placed NUP88NTD•NUP98APD and NUP214NTD•DDX19 co-crystal structures shown in 

cartoon representation. (D) Cartoon representation of a cytoplasmic face spoke. The 

root-mean square (r.m.s.) end-to-end length estimate for the NUP93R1-R2 linker defines a 

~40 Å radius for the expected location of the distal NUP93R1 region. (E) Schematic of a 

cytoplasmic face spoke illustrating CFNC-hub anchoring by the distal NUP93R1 positioned 

by the distal NUP205-bound NUP93R2. (F) SEC-MALS interaction analysis showing the 

binding of SUMO-NUP93R1 to the hetero-hexameric CFNC or CFNC-hub and illustrating 

the abolished binding of the SUMO-NUP93R1 LIL mutant to the CFNC-hub. Proteins were 

visualized by Coomassie brilliant blue staining. (G) An alignment of C. thermophilum Nic96 

and H. sapiens NUP93 sequences shows the conservation of residues targeted by the LLLL 

and LIL mutations that abolish binding to the CNT. Residues are colored according to a 

multispecies sequence alignment from white (less than 55% similarity), to yellow (55% 

similarity), to red (100% identity), using the BLOSUM62 weighting algorithm. Domain 

architectures of NUP214, NUP88, NUP62, and NUP93. The location of the NUP93 LIL 

mutation is indicated (red dots). (H) Two views of the NUP88NTD•NUP98APD co-crystal 

structure in cartoon representation. Inset boxes indicate regions of magnified views (right) 

of NUP88NTD FGL-loop interaction with NUP98APD, and of NUP98APD K/R-loop interaction 

with NUP88NTD. Black triangles indicate alanine substitutions in the NUP88NTD EMNY 

mutant. 
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Fig. 7. Comparison of cytoplasmic and nuclear faces of the human NPC. Overall top 

view (left), single spoke protomer with symmetric core nups in surface, docked asymmetric 

nups in cartoon, and unexplained density of the ~12Å cryo-ET map in isosurface 

representation (middle), and schematic (right) of the (A) cytoplasmic and (B) nuclear face of 

the intact human NPC. (C) Superpositions of the overall view (left) and two orthogonal views 

of single spoke protomers (middle and right) of the nuclear and cytoplasmic faces, with 

hypothetical steric clashes between the cytoplasmic filaments in cartoon representation, and 

the unassigned asymmetric nuclear density (cyan), indicated. Distal and proximal positions 

are labeled according to the legend. Inset boxes indicate regions of magnified protomer views 

(right). 
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Fig. 8. Architecture of the human NPC cytoplasmic face. Near-atomic composite 

structure of the human NPC generated by docking individual nup and nup complex crystal 

and cryo-EM structures into a ~12 Å cryo-ET map of the intact human NPC, viewed from 

(A) the cytoplasmic face, and (B) the central transport channel, as a cross-section. Newly 

placed structures include the quantitatively docked NUP358NTD and the manually docked 

NUP88NTD•NUP98APD, NUP214NTD•DDX19, GLE1CTD•NUP42GBM, ELYSNTD, and a 

CFNC-hub model. The nuclear envelope is rendered as a grey isosurface. Nups are shown in 

cartoon representation and colored according to the legend. 
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Materials and Methods 

Materials and reagents 

A detailed summary of materials and reagents is provided in Table S1. 

 

Bacterial expression constructs 

C. thermophilum cDNA was generated using a previously established protocol (102). 

Briefly, C. thermophilum (DSM-1495; gift of Ed Hurt, University of Heidelberg, Germany) 

mycelium was grown in combined-carbon source media (CCM). After harvesting, washing, 

and drying, the mycelium was frozen in liquid nitrogen and lysed in a Retsch mill. Total 

RNA was isolated using the SV Total RNA Isolation System (Promega). cDNA was 

generated using Superscript III Reverse Transcriptase (Invitrogen) and an oligo d(T20) primer 

prior to purification with a QIAquick PCR Purification Kit (QIAGEN). The generation of 

cDNAs encoding Nsp1, Dbp5, Nup145N, Nup42, Nic96, Nup120, Nup37, Elys, Nup85, 

Sec13, Nup145C, Nup84, and Nup133 was previously reported (11, 38, 63). NUP98 cDNA 

was a gift of Beatriz Fontoura (UT Southwestern Medical Center, USA) (103), and cDNAs 

encoding NUP42 and NUP155 were a gift of Susan Wente (Vanderbilt University, USA) 

(104). NUP62 and NUP88 cDNAs were obtained commercially (Open Biosystems). To 

improve bacterial expression of NUP88, the sequence encoding residues 1 to 493 was 

replaced with a synthetic codon-optimized DNA fragment (GenScript). The generation of 

cDNAs encoding NUP358 (76), NUP214 (54), DDX19 (55), GLE1 (63), and RAE1 (57) 

was previously described. 

DNA fragments were amplified by PCR using C. thermophilum and H. sapiens 

cDNA and cloned into either a modified pET28a vector encoding an N-terminal His6-tag 

followed by a PreScission protease cleavage site (pET28a-PreS) (105), a modified pET28a 

vector (Novagen) encoding an N-terminal His6-tag followed by a small ubiquitin-like 

modifier (SUMO) with or without an uncleavable C-terminal His6-tag (pET28a-SUMO) 

(106), a modified pET-Duet1 vector (Novagen) encoding an N-terminal His6-SUMO-tag in 

the first expression site and an untagged protein in the second site (pET-Duet1-SUMO), a 

modified pET-Duet1 vector encoding N-terminal SUMO-tags in both expression sites 
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(pET-Duet1-SUMO2), a modified pET-MCN vector (107) encoding an N-terminal 

His6-tag followed by a PreScission protease cleavage site (pET-MCN-PreS), a modified 

pET-MCN vector encoding an N-terminal His6-tag followed by SUMO (pET-MCN-SUMO) 

(11), an unmodified pET24a vector (Novagen) encoding an uncleavable N-terminal His6-

tagged protein, or pGEX-6P1 vector (GE Healthcare) encoding an N-terminal GST-tag 

followed by a PreScission protease cleavage site. pET28a-SUMO-Avi and pET-Duet1-

SUMO-Avi expression constructs were generated by subsequently cloning an 

Avi-tag-encoding DNA cassette into the BamHI site. pET28a-His6-PreS-Avi-SUMO 

constructs were generated by first cloning DNA encoding proteins to pET28a-SUMO using 

the BamHI and XhoI restriction sites, and subsequently subcloning the SUMO-insert cassette 

using NdeI and BamHI restriction sites into the previously described pET28a-PreS-Avi 

vector (27). The variable complementarity determining region (CDR) of synthetic antibodies 

(sAB) was cloned into the pRH2.2 vector (Sidhu lab, University of Toronto, Canada), using 

the HindIII and SalI restriction sites (108). Mutants were generated by QuikChange 

mutagenesis using PfuUltra II Fusion HotStart DNA Polymerase (Agilent Technologies) and 

confirmed by DNA sequencing. Details of bacterial expression constructs are summarized 

in Table S2. 

 

Bacterial protein expression 

Bacterial protein expression was carried out in E. coli BL21-CodonPlus(DE3)-RIL cells in 

Luria-Bertani (LB) media and induced at an OD 600 of 0.8 with 0.5 mM 

isopropyl-b-D-thiogalactopyranoside (IPTG). Seleno-L-methionine (SeMet)-labeled 

proteins were expressed by a methionine pathway inhibition protocol, as previously 

described (109). For details of the expression times and temperatures, see Table S2. Cells 

were harvested by centrifugation and re-suspended in a buffer containing 20 mM TRIS 

(pH 8.0), 300 mM NaCl (for cells expressing GST-tagged proteins) or 500 mM NaCl (for 

cells expressing His6-tagged proteins), 5 mM 2-mercaptoethanol (b-ME), supplemented with 

complete EDTA-free protease inhibitor cocktail (Roche), 2 µM bovine lung aprotinin 

(Sigma), and 1 mM phenylmethylsulfonyl fluoride (PMSF, Gold Biotechnology). For 

purification, the cell suspensions of all proteins and protein complexes were supplemented 
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with 1 mg DNase I and lysed using a cell disruptor (Avestin). Cell lysates were cleared 

by centrifugation at 30,000 x g for 1 hour. The supernatants were filtered through a 0.45 µm 

filter (Millipore) and purified using standard chromatography methods. 

 

Baculoviral protein expression 

The baculoviral expression constructs of RAE1 and RAE1•NUP98GLEBS were described 

previously (57). Briefly, a DNA fragment encompassing the entire coding region of RAE1 

was cloned into a pFastbac-Dual vector (Gibco), using SmaI and KpnI restriction sites, 

expressing RAE1 with a non-cleavable C-terminal His7-tag. A DNA fragment encoding 

NUP98GLEBS (residues 157-213) with an N-terminal tobacco etch virus (TEV) protease 

cleavable N-terminal GST-tag was cloned into the pFastbac-Dual vector that harbored RAE1 

in the second expression site, using BamHI and EcoRI restriction sites. For C. thermophilum 

Gle2, a DNA fragment encompassing the entire coding region of the protein was cloned into 

the pFastBac-HTB vector (Gibco), using BamHI and XhoI restriction sites, expressing Gle2 

with a TEV-cleavable N-terminal His6-tag. Details of Baculoviral expression constructs are 

summarized in Table S3. Baculoviral stocks were generated using the Bac-to-Bac 

baculovirus expression system (Gibco) according to the manufacturer’s guidelines. Briefly, 

pFastBac vectors were transformed into DH10Bac cells, bacmids were then extracted by 

precipitation in 50% (v/v) isopropanol after cell lysis using the QIAprep miniprep kit 

(QIAGEN). P0 virus was generated by transfection of 10 µl bacmid DNA with 20 µl 

CellFectin-II (Gibco) into 4 ml of 0.6×106/ml S. frugiperda Sf9 cells grown in Sf-900 III 

SFM medium (Gibco) incubated at 27 ºC for 5-6 days until ~25% viability. P1 virus was 

generated by infecting 40 ml of 1.5×106/ml Sf9 cells in suspension with 135 µl of P0 virus 

and incubating at 27 ºC for 3-4 days until ~60% viability. Protein expression was carried out 

in 1 L cultures of 2.5×106/ml T. ni Hi5 cells grown in suspension and infected with 1% (v/v) 

P1 virus to give an approximate multiplicity of infection (MOI) of 1. Hi5 cells were grown 

in ESF 921 insect cell culture medium (Expression systems) at 27 ºC, supplemented after 

24 hours with 1.5% (v/v) production boost additive (Expression systems). The cells were 

harvested 2-3 days post infection at ~80% viability through centrifugation and re-suspended 

in a buffer, containing 20 mM TRIS (pH 8.0), 500 mM NaCl, and 5 mM b-ME, 
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supplemented with Complete EDTA-free protease inhibitor cocktail, 2 µM bovine lung 

aprotinin, and 1 mM PMSF. For purification, the cell suspensions were supplemented with 

1 mg DNase I and lysed using a cell disruptor (Avestin), and 2×30 second cycles of 

sonication. Cell lysates were cleared by centrifugation at 30,000 × g for 1 hour. The 

supernatants were filtered through a 5 µm filter (Millipore) and purified using standard 

chromatography methods. 

 

Protein purification 

A detailed summary of the chromatography steps and associated buffer conditions for all 

protein purifications is provided in Table S5. The purification and reconstitution of protein 

complexes and sABs are detailed below. 

Purification of sABs. The expression of sABs was carried out in E. coli BL21-Gold 

cells (Agilent Technologies) and induced at an OD 600 of 1.0 with 0.5 mM IPTG and grown 

at 37 °C for 3 hours. The lysate was incubated at 65 °C for 30 minutes and then cooled on 

ice for 15 minutes before centrifugation at 30,000 × g for 1 hour. The supernatant was 

filtered through a 0.45 µm filter (Millipore) and loaded onto a 5 ml HiTrap MabSelect SuRe 

column (GE Healthcare), equilibrated in a buffer containing 20 mM TRIS (pH 8.0) and 

500 mM NaCl and eluted using a linear gradient of an elution buffer containing 0.1 M acetic 

acid. The eluted fractions were dialyzed against a buffer containing 20 mM TRIS (pH 8.0) 

and 100 mM NaCl and concentrated to ~10 mg/ml for biochemical interaction experiments, 

complex reconstitution, and crystallization. 

Reconstitution of RAE1•NUP98GLEBS-APD. Purified RAE1 was mixed with a 1.2-fold 

molar excess of NUP98GLEBS-APD and incubated on ice for 30 minutes. The mixture was then 

loaded onto a Superdex 75 10/300 GL gel filtration column (GE Healthcare), equilibrated in 

buffer containing 20 mM TRIS (pH 8.0), 150 mM NaCl, and 5 mM DTT. Peak fractions 

containing a stoichiometric RAE1•NUP98GLEBS-APD complex were pooled and concentrated 

to ~10 mg/ml for biochemical studies. 

Reconstitution of NUP62•NUP88•NUP214•DDX19(ADP)•RAE1•NUP98GLEBS-APD 

(CFNC). Purified NUP62•NUP88•NUP214 was mixed with a 1.5-fold molar excess of 
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purified DDX19(ADP) and RAE1•NUP98GLEBS-APD and incubated on ice for 30 minutes. 

The mixture was then loaded onto a Superose 6 10/300 GL gel filtration column 

(GE Healthcare), equilibrated in a buffer containing 20 mM TRIS (pH 8.0), 100 mM NaCl, 

5 mM DTT, and 5% (v/v) glycerol. Peak fractions containing CFNC were pooled and 

concentrated to ~7 mg/ml for biochemical studies. 

Reconstitution of NUP88NTD•NUP98APD. Purified NUP88NTD was mixed with a 1.2-

fold molar excess of NUP98APD and incubated on ice for 1 hour. The mixture was then loaded 

onto a HiLoad Superdex 200 16/60 PG gel filtration column (GE Healthcare), equilibrated 

in a buffer containing 20 mM TRIS (pH 8.0), 100 mM NaCl, and 5 mM DTT. Peak fractions 

containing a stoichiometric NUP88NTD•NUP98APD complex were pooled and concentrated 

to ~20 mg/ml for biochemical studies and crystallization. 

Purification of NUP358NTD•sAB-14. Purified NUP358NTD was mixed with a 1.5-fold 

molar excess of sAB14 and incubated on ice for 1 hour. The mixture was then loaded onto a 

HiLoad Superdex 200 16/60 PG gel filtration column equilibrated in buffer containing 

20 mM TRIS (pH 8.0), 100 mM NaCl, and 5 mM DTT. Peak fractions containing a 

stoichiometric NUP358NTD•sAB-14 complex were pooled and concentrated to ~10 mg/ml 

for biochemical studies and crystallization. 

Purification of NUP358/NUP50 RanBDs in complex with Ran(GMPPNP). Ran 

nucleotide exchanged from bound GDP to the non-hydrolysable GTP analogue 

5’-guanosine-[b,g-imido]-triphosphate (GMPPNP) was achieved by incubating Ran(GDP) 

with a two-fold excess of GMPPNP and 2.5 units of alkaline phosphatase (Roche) per mg 

protein overnight at 4 °C in buffer containing 20 mM potassium phosphate (pH 7.4), 

200 mM ammonium sulfate, 0.1 mM ZnCl2, and 1 mM DTT, as previously described (110). 

After nucleotide exchange, protein was buffer exchanged using a 5 ml HiTrap Desalting 

column (GE Healthcare), equilibrated in a buffer containing 20 mM TRIS (pH 8.0), 100 mM 

NaCl, 5 mM DTT, and 2 mM MgCl2. The purified RanBD protein was mixed with a 1.5-fold 

molar excess of Ran(GMPPNP) and incubated on ice for 1 hour. The mixture was injected 

onto a 5 ml HiTrap QHP column (GE Healthcare) and eluted via a NaCl gradient 

(100-400 mM). The complex-containing fractions were pooled, concentrated, and further 
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purified by size-exclusion chromatography using a Superdex 200 16/60 PG gel filtration 

column equilibrated in a buffer containing 20 mM TRIS (pH 8.0), 100 mM NaCl, 5 mM 

DTT, and 2 mM MgCl2. For Nup358RanBD-II and Nup50RanBD, the HiTrap QHP column step 

was omitted. Peak fractions containing stoichiometric RanBD•Ran(GMPPNP) complex 

were pooled and concentrated to ~15 mg/ml for biochemical studies and crystallization. 

Reconstitution of Nup82•Nup159•Nsp1•Dpb5•Gle2•Nup145NGLEBS-APD (CFNC). 

Purified Nup82•Nup159•Nsp1 was mixed with a 1.5-fold molar excess of purified Dpb5 and 

Gle2•Nup145NGLEBS-APD and incubated on ice for 1 hour before injection onto a 

Superose 6 10/300 GL gel filtration column equilibrated in a buffer containing 20 mM TRIS 

(pH 8.0), 100 mM NaCl, 5 mM DTT, and 5% (v/v) glycerol. Peak fractions containing 

stoichiometric CFNC were pooled and concentrated to ~10 mg/ml for biochemical studies. 

Reconstitution of Nup120•Nup37•Elys•Nup85•Sec13-Nup145C (CNC-hexamer). 

Purified Nup120•Nup37•Elys•Nup85 hetero-tetramer was mixed with a 1.2-fold molar 

excess of purified Sec13-Nup145C, incubated for 1 hour on ice, and injected onto a 

Superose 6 10/300 GL gel filtration column equilibrated in a buffer containing 20 mM TRIS 

(pH 8.0), 100 mM NaCl, 5 mM DTT, and 5% (v/v) glycerol. Peak fractions containing 

stoichiometric CNC-hexamer were pooled and concentrated to ~10 mg/ml for biochemical 

studies and further reconstitutions. 

Reconstitution of Nup120•Nup37DCTE•Elys•Nup85•Sec13-Nup145C (CNC-

hexamerD37CTE). Purified Nup120•Nup37DCTE•Elys•Nup85 hetero-tetramer was mixed with a 

1.2-fold molar excess of purified Sec13-Nup145C and incubated for 1 hour on ice. The 

mixture was loaded onto a Superose 6 10/300 GL gel filtration column equilibrated in a 

buffer containing 20 mM TRIS (pH 8.0), 100 mM NaCl, 5 mM DTT, and 5% (v/v) glycerol. 

Peak fractions containing stoichiometric CNC-hexamerD37CTE were pooled and concentrated 

to ~10 mg/ml for biochemical studies and further reconstitutions. 

Reconstitution of Nup120•Nup37•Elys•Nup85•Sec13-Nup145C�NTE 

(CNC-hexamerD145CNTE). Purified Nup120•Nup37•Elys•Nup85 hetero-tetramer was mixed 

with a 1.2-fold molar excess of purified Sec13-Nup145CDNTE and incubated for 1 hour on 

ice. The mixture was loaded onto a Superose 6 10/300 GL gel filtration column equilibrated 
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in a buffer containing 20 mM TRIS (pH 8.0), 100 mM NaCl, 5 mM DTT, and 5% (v/v) 

glycerol. Peak fractions containing stoichiometric CNC-hexamerD145CNTE were pooled and 

concentrated to ~10 mg/ml for biochemical studies and further reconstitutions. 

Reconstitution of Nup120•Nup37DCTE•Elys•Nup85•Sec13-Nup145CDNTE 

(CNC-hexamerD37CTED145CNTE). Purified Nup120•Nup37DCTE•Elys•Nup85 hetero-tetramer 

was mixed with a 1.2-fold molar excess of purified Sec13-Nup145CDNTE and incubated for 

1 hour on ice. The mixture was loaded onto a Superose 6 10/300 GL gel filtration column 

equilibrated in a buffer containing 20 mM TRIS (pH 8.0), 100 mM NaCl, 5 mM DTT, and 

5% (v/v) glycerol. Peak fractions containing stoichiometric CNC-hexamerD37CTED145CNTE 

were pooled and concentrated to ~10 mg/ml for biochemical studies and further 

reconstitutions. 

Reconstitution of Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 

(CNC). Purified Nup120•Nup37•Elys•Nup85•Sec13-Nup145C (CNC-hexamer) was mixed 

with a 1.2-fold molar excess of purified Nup84•Nup133DNTE hetero-dimer, incubated for 

1 hour on ice, and injected onto a Superose 6 10/300 GL gel filtration column, equilibrated 

in a buffer containing 20 mM TRIS (pH 8.0), 100 mM NaCl, 5 mM DTT, and 5% (v/v) 

glycerol. Peak fractions containing stoichiometric CNC were pooled and concentrated to 

~10 mg/ml for biochemical studies and further reconstitutions. CNC variants lacking either 

Nup37CTE, Nup145CNTE, or both were reconstituted using the corresponding CNC-hexamer 

variants. 

Reconstitution of Nup82NTD•Nup145NAPD•Nup159TAIL. Purified 

Nup82NTD•Nup159TAIL heterodimer was mixed with a 1.5-fold molar excess of purified 

Nup145NAPD, incubated for 1 hour on ice, and injected onto a HiLoad 

Superdex 200 16/60 PG gel filtration column, equilibrated in a buffer containing 20 mM 

TRIS (pH 8.0), 100 mM NaCl, and 5 mM DTT. Peak fractions containing a stoichiometric 

Nup82NTD•Nup145NAPD•Nup159TAIL were pooled and concentrated to ~30 mg/ml for 

biochemical studies. 

Reconstitution of Nup159NTD• Dbp5. Purified Dbp5 was mixed with a 1.5-fold molar 

excess of Nup159NTD and incubated on ice for 1 hour. The mixture was then loaded onto a 
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HiLoad Superdex 200 16/60 PG gel filtration column, equilibrated in a buffer containing 

20 mM TRIS (pH 8.0), 100 mM NaCl, and 5 mM DTT. Peak fractions containing a 

stoichiometric Nup159NTD•Dbp5 were pooled and concentrated to ~20 mg/ml for 

biochemical studies. 

Reconstitution of Gle2•Nup145GLEBS-APD. Purified Gle2 was mixed with a 1.5-fold 

molar excess of Nup145NGLEBS-APD and incubated on ice for 1 hour. The mixture was then 

loaded onto a HiLoad Superdex 75 16/60 PG gel filtration column, equilibrated in a buffer 

containing 20 mM TRIS (pH 8.0), 100 mM NaCl, and 5 mM DTT. Peak fractions containing 

a stoichiometric Gle2•Nup145NGLEBS-APD were pooled and concentrated to ~10 mg/ml for 

biochemical studies. 

Reconstitution of Gle2•Nup145NGLEBS. Purified Gle2 was mixed with a 1.5-fold 

molar excess of Nup145NGLEBS and incubated on ice for 1 hour. The mixture was then loaded 

onto a HiLoad Superdex 75 16/60 PG gel filtration column equilibrated in a buffer 

containing 20 mM TRIS (pH 8.0), 100 mM NaCl, and 5 mM DTT. Peak fractions containing 

a stoichiometric Gle2•Nup145NGLEBS were pooled and concentrated to ~20 mg/ml for 

biochemical studies. 

 

Multi-angle light scattering coupled to analytical size-exclusion chromatography 

(SEC-MALS) 

Purified proteins and complex formation were characterized by inline multi-angle light 

scattering following separation on Superdex 200 10/300 GL, 

Superdex 200 Increase 10/300 GL, or Superose 6 10/300 GL columns (111). 

C. thermophilum proteins and complexes were primarily analyzed in a buffer containing 

20 mM TRIS (pH 8.0), 100 mM NaCl, 5 mM DTT, and 5% (v/v) glycerol. The stability of 

the CFNC-hub interactions with Nup37CTE and Nup145CNTE was assessed in a series of 

buffers containing 20 mM TRIS (pH 8.0), 5 mM DTT, 5% (v/v) glycerol, and increasing 

NaCl concentrations (100 mM, 200 mM, 300 mM, 500 mM, or 1000 mM). Reconstitution 

of the human CFNC hexamer was also tested in a buffer containing 20 mM TRIS (pH 8.0), 

100 mM NaCl, 5 mM DTT, and 5% (v/v) glycerol. Whereas the human CFNC pairwise 

interaction network was conducted in a buffer containing 20 mM TRIS (pH 8.0), 100 mM 
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NaCl, and 5 mM DTT. The oligomerization behavior of NUP358NTD, NUP358OE, and 

the NUP358NTD-OE LIQIML mutant was analyzed in a 20 mM TRIS (pH 8.0), 5 mM DTT 

buffer, containing either 100 mM or 350 mM NaCl. Because of solubility restrictions, 

NUP358NTD-OE was analyzed exclusively in a buffer containing 350 mM NaCl. The 

chromatography system was connected in series with an 18-angle light scattering detector 

(DAWN HELEOS II, Wyatt Technology), a dynamic light scattering detector 

(DynaPro Nanostar, Wyatt Technology), and a refractive index detector (Optilab t-rEX, 

Wyatt Technology). Data were collected every 1 second at a flow rate of 0.5 ml/min 

(Superdex 200 10/300 GL, Superdex 200 Increase 10/300 GL) or 0.4 ml/min 

(Superose 6 10/300 GL) at 25 ºC and analyzed using ASTRA 6 software, yielding molar 

mass and mass distribution (polydispersity) of the samples. For interaction studies, proteins 

were mixed and incubated on ice for 30 minutes prior to being applied to the gel filtration 

column. Protein-containing fractions were analyzed by SDS-PAGE followed by Coomassie 

brilliant blue staining. Theoretical and experimental masses of all proteins and complexes 

measured by SEC-MALS are listed in Table S6. 

 

Liquid-liquid phase separation (LLPS) protein-protein interaction assay 

Proteins were labeled under conditions that were selective for the N-terminal amino group, 

as previously described (38). Prior to labeling, purified protein complexes at concentrations 

of 10-20 �M were dialyzed in a buffer containing 100 mM sodium bicarbonate (pH 8.0), 

100 mM NaCl, 5% (v/v) glycerol, and 5 mM DTT. For the labeling reactions three 

fluorescent dyes were utilized, Bodipy (boron-dipyrromethene) NHS ester (succinimidyl 

ester; Invitrogen), Coumarin (7-hydroxycoumarin-3-carboxylic acid) NHS ester 

(Sigma-Aldrich), or Alexa Fluor 647 NHS ester (Invitrogen), each dissolved in dimethyl 

sulfoxide (DMSO; Sigma-Aldrich) and added at equimolar ratios to the dialyzed protein 

samples, then incubated for 50 minutes at room temperature. Subsequently, the labeling 

reaction was quenched by buffer exchange using a 5 ml HiTrap Desalting column, 

equilibrated in a buffer containing 25 mM TRIS (pH 8.0), 100 mM NaCl, 5% (v/v) glycerol, 

and 5 mM DTT. Fluorescently labeled proteins were concentrated to 10-20 mg/ml for use in 

LLPS interaction assays. CNC-hexamer variants were labeled with Bodipy, the CFNC and 
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its subcomplexes Dbp5•Nup159NTD, Nup82NTD•Nup145NAPD•Nup159TAIL, 

Gle2•Nup145NGLEBS, and CFNC-hub were labeled with Alexa Fluor 647, and 

Gle1•Nup42GBM, Gle1NTD, and Gle1CTD•Nup42GBM were labeled with Coumarin. 

LLPS droplet formation was analyzed by fluorescence microscopy with a Carl Zeiss 

AxioImagerZ.1 microscope equipped with a Hamamatsu C10600 Orca-R2 camera and a 

63×oil immersion objective. Fluorescently labeled proteins were mixed directly on a glass 

coverslip in a total volume of 10 µl in a buffer containing 25 mM TRIS (pH 8.0), 100 mM 

NaCl, 5% (v/v) glycerol, and 5 mM DTT. CNC-LLPS formation was triggered by combining 

Bodipy-labeled CNC-hexamer with a 1.2-fold molar excess of unlabeled Nup84•Nup133 

with final concentrations of 8 µM and 9.6 µM, respectively. In a stepwise manner, the 

Alexa Fluor 647- and Coumarin-labeled cytoplasmic filament nups were added to the 

CNC-LLPS in 1.2-fold molar excess with final concentrations of 9.6 µM. In a subset of 

experiments, IP6 was added at a 200 µM final concentration. These LLPS mixtures were 

incubated for 10 minutes at room temperature prior to imaging. Analogously, an SDS-PAGE 

analysis of proteins present in the LLPS condensate was conducted with unlabeled proteins. 

The CNC-hexamer at a final concentration of 8 µM was mixed with a 1.1-fold molar excess 

of Nup84•Nup133 and the cytoplasmic filament nups in a total volume of 40 µl. These 

mixtures were incubated on ice for 10 minutes prior to centrifugation at 20,000 × g for 

10 minutes. The pellet was resuspended in 55 µl 1.5×SDS-PAGE loading dye, while the 

soluble fraction was transferred to a fresh tube, to which 15 µl 4×SDS-PAGE loading dye 

was added. Subsequently, the pellet and soluble fractions were analyzed by SDS-PAGE and 

visualized by Coomassie brilliant blue staining. 

 

Biotinylation of Avi-tagged protein 

Biotinylation was carried out with 40 µM purified Avi-tagged proteins in a buffer containing 

50 mM bicine (pH 8.3), 100 mM biotin, 10 mM ATP, 10 mM magnesium acetate, and 30 µg 

biotin ligase (BirA) at 30 °C for 2 hours in a total volume of 2 ml. After labeling, proteins 

were buffer exchanged using a 5 ml HiTrap Desalting column equilibrated in a buffer 

containing 20 mM TRIS (pH 8.0), 100 mM NaCl, and 5 mM DTT. The extent of 
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biotinylation and efficiency of capture were tested by incubating 10 µg protein with 50 µl 

of Streptavidin MagneSphere Paramagnetic Particles (Promega), followed by a single 

washing step with 50 µl buffer containing 20 mM TRIS (pH 8.0), 100 mM NaCl, and 5 mM 

DTT. The bound proteins were resolved by SDS-PAGE and visualizing by Coomassie 

brilliant blue staining. 

 

Streptavidin pulldowns of CFNC-hub with Nup37 and Nup145C assembly sensors 

Streptavidin magnetic beads were prebound with biotinylated Nup37CTE or Nup145CNTE bait 

by incubating 50 µl of resuspended streptavidin beads with 10 µM bait in 50 µl buffer 

containing 20 mM TRIS (pH 8.0), 300 mM NaCl, and 4 mM b-ME for 30 minutes at room 

temperature. Bait-bound streptavidin beads were washed three times with 50 µl buffer, 

discarding the supernatant. Beads were incubated on ice for 30 minutes, with 30 µl of 

clarified lysate for the individually expressed Nup82, Nup159 and Nsp1 coiled-coil segments 

either in isolation, or 10 µl of each lysate mixed together, then diluted to a total volume of 

75 µl with buffer. Beads were washed twice with 50 µl buffer discarding the supernatant and 

then resuspended in 50 µl buffer and supplemented with SDS loading dye. Competition 

experiments were performed by mixing 150 µM unlabeled Nup37CTE or Nup145CNTE into 

lysate before incubation with bait-bound streptavidin magnetic beads. Competitor protein 

was added with an ~10-fold excess relative to prey. Bound proteins were analyzed by 

SDS-PAGE and visualized by Coomassie brilliant blue staining. 

 

In vitro RNA transcription and purification 

U20 single stranded ssRNA (5’-GGGUUUUUUUUUUUUUUUUUUUU-3’), A20 ssRNA 

(5’-GGGAA AAAAAAAAAAAAAAAAAA-3’), double stranded dsRNA 

(5’-GGCCGGGCCCGGTTCGCCGGGCCCGGCC-3’), CTE1/2 RNA 

(5’-GUGACAUUUUUCACUAACCUAAGACAGGAGGGCCGUCAGAGCUACUGCC

UAAUCCAAAGACGGUAAAAGUGAUAAAAAUGUAUCAC-3’) and RNA encoding 

the placental alkaline phosphatase signal sequence coding region (ALPPSSCR, 

5’-GGACCAUGCUGGGGCCCUGCAUGCUGCUGCUGCUGCUGCUGCUGGGCCUG
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AGGCUACAGCCUCGA-3’) were prepared by in vitro transcription using T7 RNA 

polymerase in a 1 ml run-off transcription reaction containing 40 mM TRIS (pH 8.0), 20 mM 

MgCl2, 2 mM spermidine-HCl, 10 mM DTT, 7.5 mM of each NTP, 15 U inorganic 

pyrophosphatase from baker’s yeast (Sigma-Aldrich), 20 U SUPERase-In (Invitrogen) 

RNase inhibitor, and 25 µg PCR generated template. After a 4-hour incubation at 37 °C, the 

RNA was resolved on a 0.5×TBE (44.5 mM TRIS-borate (pH 8.3), 1 mM EDTA), 10% 

denaturing polyacrylamide-urea gel and visualized by UV shadowing. For purification, the 

RNA band was excised and passively eluted overnight at 4 °C in a buffer containing 25 mM 

TRIS (pH 8.0), 300 mM sodium acetate, and 0.5 mM EDTA (pH 8.0), followed by 

extraction with an acid-phenol:chloroform:isoamyl alcohol (125:134:1) mixture (Invitrogen) 

and ethanol precipitation. Pelleted RNA was resuspended in a 10 mM TRIS (pH 8.5) buffer. 

The RNA concentration was measured by UV absorbance at 260 nm. 

 

Radioactive 5’-end labeling of RNA and DNA 

Prior to radiolabeling, 600 ng RNA was dephosphorylated with 5 U calf intestinal alkaline 

phosphatase (New England Biolabs) and 10 U SUPERase-In (Invitrogen) for 1 hour at 37 °C 

in 1×NEB Buffer 4 (New England Biolabs) containing 50 mM potassium acetate, 20 mM 

TRIS-acetate, and 10 mM magnesium acetate (pH 7.9). Following dephosphorylation, RNA 

was extracted twice with an acid-phenol:chloroform:isoamyl alcohol (125:134:1) mixture. 

After ethanol precipitation, the pelleted RNA was resuspended in 25 µl of a 10 mM TRIS 

(pH 8.5) buffer. Radioactive 32P 5’-end labeling of 600 ng of dephosphorylated RNA or 

DNA oligonucleotides was carried out in a 30 µl reaction mixture volume, composed of 

1×PNK buffer (New England Biolabs) containing 70 mM TRIS-HCl (pH 7.6), 10 mM 

MgCl2, and 5 mM DTT, supplemented with 0.5µl g-32P-ATP (3,000 Ci/mmol, 10 µCi/µl; 

Perkin Elmer), 5 U T4 polynucleotide kinase (New England Biolabs), and 10 U 

SUPERase-In, and incubated for 1 hour at 37 °C. Free nucleotide was removed with a 0.5 ml 

Zeba Spin Desalting Column (Thermo Scientific), following the manufacturer’s protocol. 

For future experiments, radiolabeled RNAs and DNAs were stored at -80 °C at a 

concentration of ~5 ng/µl. 
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Electrophoretic mobility shift assay (EMSA) 

Prior to use, U20 ssRNA, A20 ssRNA, dsRNA, CTE1/2 RNA, and ALPPSSCR RNA and 

ssDNA were diluted in 10 mM TRIS (pH8.0) heated to 80 °C for 2 minutes and snap cooled 

on ice and diluted into EMSA buffer containing 20 mM TRIS (pH 8.0), 100 mM NaCl, 

1 mM MgCl2, and 5 mM DTT. A DNA oligonucleotide encoding U1 3’ box 

(5’-ACTTTCTGGAGTTTCAAAAACAGACTGT ACGCCA-3’) was used as a ssDNA 

probe, which was hybridized with a complimentary oligonucleotide 

(5’-TGGCGTACAGTCTGTTTTTGAAACTCCAGAAAGT-3’) to form a dsDNA probe, 

as previously described (112). dsDNA was prepared by heating to 80 °C and slowly cooled 

on the benchtop. Protein was serial diluted in EMSA buffer and mixed with an equal volume 

of 25 nM RNA/DNA or 2.5 nM RNA/DNA for unlabeled and 32P radiolabeled probes, 

respectively. DDX19 binding reactions were supplemented with 5% (v/v) glycerol. The 

protein-RNA/DNA mixture was incubated on ice for 30 minutes and resolved on a pre-run 

0.25×TBE, 5% polyacrylamide gel run at a constant voltage of 10 V/cm for 35 minutes. 

Unlabeled gels were incubated with SYBR Gold (Invitrogen) stain (1:10,000 dilution in 

0.5×TBE) for 3 minutes and imaged on a FluorChem HD2 imager. Radioactive 32P-end 

labeled gels were dried, exposed to storage phosphor screen and imaged on a Typhoon FLA 

9000 (GE Healthcare). 

RAE1•NUP98GLEBS and Gle2•Nup145NGLEBS gel shifts were performed as 

previously described for RAE1•NUP98GLEBS with minor modifications (57). Protein was 

serial diluted in 20 mM TRIS (pH 8.5), 150 mM NaCl, and 1 mM DTT and mixed with an 

equal volume of nucleic acid diluted in the same buffer. The protein-RNA/DNA mixture was 

incubated 5 minutes at room temperature before being loaded on a pre-run 0.5×TBE 

(pH 8.5), 6% polyacrylamide native gel run at a constant voltage of 3 V/cm for 3 hours at 

4 °C. The gel was stained with SYBR Gold for 3 minutes and imaged. 

 

Generation of high affinity synthetic antibodies (sABs) by phage display 

sABs were obtained by phage display selection using library E and a biotinylated NUP358145-

673 bait, following published protocols (77, 113). In the first round, 1 ml of phage library E 

containing 1012-1013 virions was added to streptavidin magnetic beads pre-coated with 
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200 nM of biotinylated NUP358145-673 and incubated for 30 minutes. Beads containing 

bound virions after extensive washing were used to infect freshly grown log-phase E. coli 

XL1-Blue cells (Agilent Technologies). Phages were amplified overnight in 2×YT media 

with 50 µg/ml ampicillin and 109 plaque-forming units/ml M13-KO7 helper phage (New 

England Biolabs). To increase the stringency of selection, three additional rounds of sorting 

were performed, using the amplified pool of virions of the preceding round as the input and 

decreasing the NUP358145-673 concentration to 100 nM, 50 nM and 10 nM in the second, 

third, and fourth rounds, respectively. Sorting from the second to fourth rounds was done on 

a Kingfisher instrument. From the second round onward, a 0.1 M glycine (pH 2.7) buffer 

was used to elute the bound phage from immobilized NUP358145-673. To eliminate potential 

streptavidin binders, the amplified phage pool after each round was negatively selected 

against streptavidin magnetic beads before using as input for the next round. After four 

rounds of selection, the enrichment ratio, defined as phage titer of the NUP358145-673 specific 

binders over the background, was >50. 

A single-point competitive phage ELISA was used to rapidly estimate the affinities 

of the obtained sABs in phage format (114). Colonies of E. coli XL1-Blue harboring 

phagemids were inoculated directly into 500 µl of 2×YT media supplemented with 

100 �g/ml ampicillin and M13-KO7 helper phage. The cultures were grown at 37 °C for 

16-20 hours in a 96 deep-well block plate shaken at 280 rpm. 25 nM biotinylated NUP358145-

673 was immobilized on ELISA plates (Greiner Bio-One) coated with neutravidin 

(ThermoFisher) and blocked with 0.5% (w/v) bovine serum albumin (BSA, Sigma-Aldrich) 

in TRIS-buffered saline (TBS) buffer containing 50 mM TRIS (pH 7.5) and 150 mM NaCl. 

Culture supernatants containing sAB-phage were diluted ten-fold in TBS-T buffer (TBS 

buffer supplemented with 0.05% (v/v) Tween-20) in the absence or presence of 50 nM 

NUP358145-673 protein as soluble competitor in a 96-well plate. After 15-minute incubation 

at room temperature, the mixtures were transferred to ELISA plates, containing the 

immobilized NUP358145-673. The ELISA plates were incubated with the phage-competitor 

mixture for another 15 minutes and then washed with TBS-T buffer. The washed ELISA 

plates were incubated with a mouse monoclonal HRP conjugated anti-M13 phage coat 

protein antibody (Invitrogen, 1:5,000 dilution in TBS-T buffer) for 30 minutes. After a final 
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TBS-T buffer wash, the plates were developed with 3,3′,5,5′-tetramethylbenzidine 

(TMB) substrate (Pierce), quenched with 1.0 M HCl, and the absorbance determined 

spectrophotometrically at 450 nm (A450). For each clone, the ratio of A450 in the presence or 

absence of 50 nM competitor gives the fraction of Fab-phage un-complexed with soluble 

competitor (competition ratio). DNA of the clones with high ELISA signal and low 

competition ratio were sequenced to identify the number of unique binders. For 

Nup358145-673, 62 unique binders were obtained. Binders were ranked on basis of high ELISA 

signal and low competition ratio then reformatted as sAB in the expression vector pRH2.2 

to generate untagged antibody constructs for subsequent expression and purification. 

 

Crystallization and structure determination 

Crystallization trials for all proteins were conducted using hanging drop vapor diffusion at 

21 °C with drops containing 1 µl of protein and 1 µl of reservoir solution. Details regarding 

protein crystallization and cryoprotection conditions are supplied in Table S7. X-ray 

diffraction data were collected at 100 K, on GM/CA-CAT beamlines 23ID-B and 23ID-D at 

the Advanced Photon Source (APS), and beamline BL12-2 at the Stanford Synchrotron 

Radiation Source (SSRL). X-ray diffraction data were either processed in HKL2000 (115), 

or integrated with XDS (116) or DIALS (117) and scaled with AIMLESS (118). Initial 

phases were calculated in PHASER (119) or SHARP (120) by single anomalous dispersion 

(SAD), using anomalous X-ray diffraction data collected at the peak wavelength. The 

positions of the anomalous scatterers were determined using SHELXD (121) or HYSS (122). 

The inclusion of additional native and anomalous inflection and high energy remote 

wavelength X-ray diffraction data in subsequent phase calculations was systematically 

assessed for their ability to help in the identification of anomalous scatterer positions and to 

improve the obtained electron density maps. Solvent flattening and NCS averaging were 

performed in RESOLVE (123) or DM (124), yielding improved phases and electron density 

maps of excellent quality. Initial models were improved by iterative rounds of model building 

and refinement using Coot (125) and PHENIX (126), respectively. The final coordinates of 

all crystal structures exhibit excellent stereochemistry and geometry, as determined by 
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MolProbity (127). Details of data processing and refinement statistics are provided in 

Tables S8 to S17. 

Crystal structure determination of NUP358145-673. NUP358145-673 was crystalized at 

21 °C with the hanging drop method using 1 µl of protein solution (20 mg/ml) and 1 µl of 

reservoir solution, composed of 0.1 M HEPES (pH 7.0), 0.8 M succinic acid (pH 7.0), and 

1% (w/v) PEG 2,000 MME. Crystals were cryoprotected by exchange into reservoir solution 

containing 20% (v/v) ethylene glycol, prior to plunge freezing in liquid nitrogen. Native data 

were integrated with DIALS (117) and scaled with AIMLESS (118) to 3.8 Å resolution. 

Anomalous SeMet X-ray diffraction data were collected at three wavelengths, corresponding 

to the selenium peak, inflection and high energy remote energies, and processed in HKL2000 

to 4.2 Å resolution (115). Initial phases were calculated in SHARP (120) by multiple 

isomorphous replacement with anomalous scattering (MIRAS), identifying 20 selenium sites 

with 3 molecules in the asymmetric unit (ASU). Density modification in DM with solvent 

flattening, non-crystallographic symmetry (NCS) averaging, and histogram matching, 

yielded an electron density map of sufficient quality for de novo building of a complete initial 

model. Iterative rounds of model building and refinement were performed using the 3.8 Å 

resolution native X-ray diffraction data in Coot (125) and PHENIX (126), respectively. 

Refinement was performed with NCS restraints, manually assigned for three sections, 

encompassing residues 148-215, 228-502, and 512-672. The unambiguous assignment of the 

sequence register was achieved by anomalous difference Fourier map calculations using 

anomalous X-ray diffraction data, obtained from a series of SeMet-labeled crystals, each 

harboring methionine substitutions (I169M, I372M, I385M, I401M, I481M, I599M, I615M 

and I652M). The final structure possessed excellent stereochemistry and geometry and was 

refined to 3.8 Å resolution with Rwork and Rfree values of 20.8% and 24.2%, respectively. For 

data processing and refinement statistics, see Tables S8 and S9. 

Crystal structure determination of NUP358NTD•sAB-14. Despite extensive efforts, 

NUP358NTD did not yield well diffracting crystals. This hurdle was overcome by 

systematically employing high affinity, conformation specific, synthetic antibodies (sABs) 

as crystallization chaperones. Crystals of NUP358NTD•sAB-14 were obtained at 21 °C with 
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the hanging drop method using 1 µl of protein solution (5 mg/ml) and 1 µl of reservoir 

solution, composed of 0.1 M sodium citrate (pH 4.6), 0.15 M sodium acetate, and 3% (w/v) 

PEG 4,000. Crystals were cryoprotected by exchange into reservoir solution containing 

25% (v/v) ethylene glycol, prior to plunge freezing in liquid nitrogen. Native data was 

integrated with XDS (116) and scaled with AIMLESS (118) to 3.95 Å resolution. The 

NUP358NTD•sAB-14 structure was determined by molecular replacement with PHASER 

(119), using the coordinates of NUP358TPR (PDB ID 4GA0) (76), sAB-158 (PDB ID 5CWS) 

(11) and NUP358145-673 as search models, identifying two NUP358NTD•sAB-14 complexes 

per ASU. Model building was aided by a single isomorphous replacement anomalous 

scattering (SIRAS) experimental map, combining SeMet-peak SAD measurements with 

native X-ray diffraction data. Refinement was performed using torsion NCS restraints with 

PHENIX (126). The unambiguous assignment of the NUP358NTD sequence register was 

further aided by anomalous difference Fourier map calculations from seventeen distinct 

SeMet mutant NUP358NTD crystals, introducing eighteen additional selenium sites (T92M, 

Q137M, D140M, D152M, D171M, I322M, L401M, I427M, I453M, I539M, I559M, I599M, 

I615M, I626M, I652M, V668M, D693M and N709M), providing a sequence register marker 

for every a-helix in NUP358NTD, apart from the TPR sub-domain, for which we had 

previously determined a 0.95 Å resolution structure (76). The final structure possessed 

excellent stereochemistry and geometry and was refined to 3.95 Å resolution with Rwork and 

Rfree values of 19.2% and 24.1%, respectively. For data processing and refinement statistics, 

see Tables S10 to S12. 

Crystal structure determination of NUP358NTD•sAB-14 ANE1 mutants. Structures of 

NUP358NTD•sAB-14 harboring the ANE1 T585M, T653I or I656V mutant were individually 

determined. The three NUP358NTD•sAB-14 ANE1 mutant complexes were crystallized at 

21 °C with the hanging drop method using 1 µl of protein solution (5 mg/ml) and 1 µl of 

reservoir solution, composed of 0.1 M sodium citrate (pH 4.6), 0.15 M sodium acetate, and 

3.5% (w/v) PEG 4,000. Crystals were cryoprotected by exchange into reservoir solution 

containing 20% (v/v) ethylene glycol, prior to plunge freezing in liquid nitrogen. Native 

X-ray diffraction data were integrated with XDS (116) and scaled with AIMLESS (118) to 
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4.7 Å, 6.7 Å, and 6.7 Å resolution for the NUP358NTD•sAB-14 T585M, T653I, and 

I656V ANE1 mutant, respectively. All three NUP358NTD•sAB-14 ANE1 mutant structures 

were determined by molecular replacement with PHASER (119), using the coordinates of 

wildtype NUP358NTD•sAB-14 as a search model, identifying two complexes per ASU. 

Refinement was performed using torsion NCS restraints with PHENIX (126). The final 

structures possessed excellent stereochemistry and geometry and were refined to Rwork/Rfree 

values of 20.4/25.4% (T585M), 21.7/26.3% (T653I), and 20.5/25.4% (I656). For data 

processing and refinement statistics, see Table S10. 

Crystal structure determination of NUP358OE. NUP358OE was crystalized at 21 °C 

with the hanging drop method using 1 µl of protein solution (20 mg/ml) and 1 µl of reservoir 

solution, composed of 2.0 M ammonium sulfate and 0.1 M citric acid (pH 3.5). Crystals were 

cryoprotected by gradual exchange into reservoir solution containing 20% (v/v) ethylene 

glycol in 5% steps, prior to plunge freezing in liquid nitrogen. The NUP358OE structure was 

solved in PHASER (119) using highly redundant 1.45 Å resolution anomalous sulfur-SAD 

X-ray diffraction data, identifying 19 sulfur sites and four molecules per ASU. An initial 

model was built de novo into the experimental electron density map and was iteratively 

refined using 1.1 Å resolution native X-ray diffraction data in PHENIX (126). The final 

structure possessed ideal stereochemistry and geometry and was refined to 1.1 Å resolution 

with Rwork and Rfree values of 15.5% and 16.7%, respectively. For data processing and 

refinement statistics, see Table S13. 

Crystal structure determination of NUP358ZnF•Ran(GDP) complexes. NUP358ZFD is 

composed of eight ZnF modules, ZnF1 does not bind to Ran and ZnF5 and ZnF6 are identical 

in sequence. Initially, we determined the crystal structures of ZnF2, ZnF3, ZnF4, ZnF5/6, 

ZnF7, and ZnF8 in complex with Ran(GDP), containing an N-terminal His6-thrombin 

cleavage site. Purified NUP358ZnF was mixed with equimolar Ran(GDP) and co-crystallized 

in similar conditions, containing 0.1 M Bis-TRIS (pH 6.4-7.0) and 17-22% (w/v) 

PEG 3,350. Crystals were cryoprotected by exchange into reservoir solution containing 

20% (v/v) glycerol, prior to plunge freezing in liquid nitrogen. X-ray diffraction data were 

collected at the zinc edge, with data integrated using XDS (116) or DIALS (117) and scaled 
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with AIMLESS (118) to resolutions in the range of 1.8-2.45 Å. The 

NUP358ZnF•Ran(GDP) structures were all solved by zinc-SAD using PHASER (119). In the 

NUP358ZnF2•Ran(GDP) structure, the N-terminal His6-thrombin-tag occupied Ran’s 

nucleotide-state independent hydrophobic surface pocket. To structurally characterize 

NUP358ZnF2 interactions at this pocket, we re-crystalized NUP358ZnF2 with Ran(GDP), using 

a Ran construct lacking the N-terminal His6-thrombin-tag, in a reservoir solution, containing 

0.1 M Bis-TRIS (pH 6.4) and 17% (w/v) PEG 3,350. All six NUP358ZnF•Ran(GDP) 

structures were iteratively refined using torsion NCS restraints in PHENIX (126). The final 

structures possess excellent refinement statistics and exhibit excellent geometry. For data 

processing and refinement statistics, see Table S14. 

Crystal structure determination of NUP153ZnF•Ran(GDP) complexes. NUP153ZFD is 

composed of four ZnF modules. We determined NUP153 ZnF1, ZnF2, ZnF3, and ZnF4 in 

complex with Ran(GDP) containing a thrombin cleavable N-terminal His6-tag. Purified 

NUP153ZnF was mixed with equimolar Ran(GDP) and co-crystallized in similar conditions, 

containing 0.1 M Bis-TRIS (pH 7.5) and 19% (w/v) PEG 3,350. Crystals were cryoprotected 

by exchange into reservoir solution, containing 20% (v/v) glycerol, prior to plunge freezing 

in liquid nitrogen. Anomalous X-ray diffraction data were collected at the zinc edge, 

integrated using XDS (116) and scaled with AIMLESS (118) to resolutions between 1.6-

1.9 Å. The NUP153ZnF•Ran(GDP) structures were all solved by zinc-SAD using PHASER 

(119). As previously observed with NUP358ZnF2•Ran(GDP), all four NUP153ZnF•Ran(GDP) 

structures determined exhibited a His6-thrombin-tag bound to Ran’s nucleotide-state 

independent hydrophobic surface pocket. To structurally characterize NUP153ZnF 

interactions with this pocket, we re-crystalized all four NUP153ZnF domains in complex with 

Ran(GDP), using a Ran construct lacking the N-terminal thrombin cleavable His6-tag, in 

reservoir solution, containing 0.1 M Bis-TRIS (pH 6.0-7.0) and 21% (w/v) PEG 3,350. 

Crystals were cryoprotected by exchange into reservoir solution containing 20% (v/v) 

glycerol, prior to plunge freezing in liquid nitrogen. The structures were determined by 

molecular replacement with the equivalent NUP153ZnF•Ran(GDP) structure containing the 

His6-thrombin-tag as a search model using PHASER (119). We report two 

NUP153ZnF3•Ran(GDP) structures, one at 2.05 Å resolution with data completeness of 
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93.2%, where specific flexible regions of the structure could not be modeled accurately, 

and a complete 2.4 Å resolution dataset with additional electron density features. All five 

NUP153ZnF•Ran(GDP) structures were iteratively refined using torsion NCS restraints in 

PHENIX (126). The final structures exhibit excellent refinement statistics and 

stereochemistry. For data processing and refinement statistics, see Table S15. 

Structure determination of NUP50RanBD•Ran(GMPPNP) complex. SeMet-labeled 

Nup50RBD was complexed with nucleotide exchanged Ran(GMPPNP) and crystalized at 

21 °C with the hanging drop method using 1 µl of protein solution (20 mg/ml) and 1 µl of 

reservoir solution, containing 0.1 M HEPES (pH 7.5), 0.2 M ammonium sulfate, and 

20% (w/v) PEG 3,350. Crystals were cryoprotected by exchanging the crystallization buffer 

with reservoir solution containing 20% (v/v) ethylene glycol, prior to plunge freezing in 

liquid nitrogen. Anomalous X-ray diffraction data was collected at the selenium edge and 

processed to 2.45 Å resolution with XDS (116) and AIMLESS (118). The 

NUP50RBD•Ran(GMPPNP) structure was solved by selenium-SAD using PHASER (119), 

identifying 14 selenium sites and two complexes per ASU. Refinement was performed using 

torsion NCS restraints with PHENIX (126). The final structure possessed excellent 

stereochemistry and geometry and was refined to 2.45 Å resolution with Rwork and Rfree values 

of 21.2% and 23.9%, respectively. For data processing and refinement statistics, see 

Table S16. 

Crystal structure determination of NUP358RanBD•Ran(GMPPNP) complexes. 

NUP358 contains four RanBD domains NUP358RanBD-I, NUP358RanBD-II, NUP358RanBD-III, 

and NUP358RanBD-IV. Crystals of NUP358RanBD-I•Ran(GMPPNP) were grown in a reservoir 

solution containing 0.2 M potassium sodium tartrate tetrahydrate and 20% (w/v) PEG 3,350, 

and were cryoprotected by transfer in reservoir solution supplemented with 20% (v/v) 

glycerol. Crystals of NUP358RanBD-II•Ran(GMPPNP) were grown in 125 mM magnesium 

formate and 15% (w/v) PEG 3,350, and were cryoprotected by transfer in reservoir solution 

supplemented with 20% (v/v) ethylene glycol. Crystals of NUP358RanBD-III•Ran(GMPPNP) 

were grown in 0.2 M sodium formate and 20% (w/v) PEG 3,350, and were cryoprotected by 

transfer in reservoir solution supplemented with 25% (v/v) ethylene glycol. All crystals were 
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frozen by plunge freezing in liquid nitrogen. Despite extensive efforts NUP358RanBD-IV 

initially failed to yield well diffracting crystals. A sequence alignment of all NUP358 RanBD 

identified a poorly conserved 8-residue surface loop in NUP358RanBD-IV (residues 2962-2969; 

WHTMKNYY) that was mutated to the corresponding region of NUP358RanBD-III (residues 

2359-2366; QNYDNKQV). The modified NUP358RanBD-IV•Ran(GMPPNP) complex 

crystallized in a reservoir solution, containing 0.1 M HEPES (pH 7.0), 0.1 M ammonium 

sulfate, and 20% (w/v) PEG 3,350. Crystals were cryoprotected by transfer in reservoir 

solution supplemented with 20% (v/v) ethylene glycol, prior to plunge freezing in liquid 

nitrogen. Native X-ray diffraction data was processed with XDS/AIMLESS (116, 118) for 

RanBD-I and RanBD-IV at 2.4 Å and 2.7 Å resolution, and with DIALS/AIMLESS (117, 

118) for RanBD-II and RanBD-III at 2.4 Å and 2.7 Å resolution, respectively. The 

NUP358RanBD•Ran(GMPPNP) structures were determined by molecular replacement using 

the coordinates of NUP50RanBD•Ran(GMPPNP) as a search model in PHASER (119). 

Refinement was performed using torsion NCS restraints with PHENIX (126). The final 

structures possess excellent refinement statistics and exhibit excellent geometry. For data 

processing and refinement statistics, see Table S16. 

Crystal structure determination of NUP88NTD•NUP98APD. NUP88NTD•NUP98APD 

was crystalized at 21 °C by the hanging drop method using 1 µl of protein solution 

(15 mg/ml) and 1 µl of reservoir solution, consisting of 0.1 M TRIS (pH 8.3), 0.22 M NaCl, 

and 20% (w/v) PEG 4,000. Crystals were cryoprotected by exchanging the crystallization 

buffer with paratone-N, prior to plunge freezing in liquid nitrogen. X-ray diffraction data 

were collected at beamline 23ID-B at the Advanced Photon Source (APS). Native data was 

integrated with XDS (116) and scaled with AIMLESS (118) to 2.0 Å resolution. The 

NUP88NTD•NUP98APD structure was determined by molecular replacement using the 

coordinates of the C. thermophilum Nup82NTD (PDB ID 5CWW) (11) and human NUP98APD 

(PDB ID 1KO6) (13) as search models in PHASER (119). Refinement was performed using 

torsion NCS restraints in PHENIX (126). The final model possessed excellent 

stereochemistry and geometry and was refined to 2.0 Å resolution with Rwork and Rfree values 

of 17.5% and 20.8%, respectively. For data processing and refinement statistics, see 

Table S17. 
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Quantitative docking of NUP358NTD into intact human NPC cryo-ET maps 

The open and closed conformations of the NUP358NTD structure were each independently 

quantitively docked in the full map of the ~12 Å cryo-ET reconstruction of the intact human 

NPC (EMD-14322) (46). We used the UCSF Chimera fitmap tool to generate 1 million 

random placements of densities simulated from the NUP358NTD crystal structures 

conservatively low pass filtered close to the resolution of the cryo-ET map, at 15 Å (128). 

Placements were limited to an asymmetric unit of the C8 symmetry-averaged cryo-ET map 

from which nuclear envelope membrane regions had been eliminated by segmentation with 

the UCSF Chimera Segger tool (128), and a volume overlap cutoff of 20% was employed to 

limit the random placements to the cryo-ET map density. To prevent missing any unique 

placements, we assessed the number of random initial placements in our docking procedure 

and established 1 million random initial placements as at least 100-fold saturating. To 

evaluate the docking within a statistical framework, we performed an analysis similar to 

previous approaches in docking residue-level resolution structures into lower resolution 

cryo-ET maps (30). After local rigid body optimization of the randomly placed simulated 

volumes’ fit to the cryo-ET map, calculated correlations about the mean (Pearson 

correlations) were Fisher z-transformed and normalized. The hereby obtained distribution of 

Fisher z-transformed Pearson correlations was modeled by a normal distribution. Because 

correct placements are rare events relative to the bulk of random placements, we used the 

Fisher z-score distribution as a null distribution from which to calculate one-tailed p-values 

for the top-scoring placements. 

Five copies of the NUP358NTD open conformation were identified as top scoring 

placements per human NPC spoke, for a total of 40 copies per NPC. Whereas the 1st, 3rd, 

4th, and 5th highest scoring solutions corresponded to NUP358NTD copies that wrap around 

the stalk of the Y-shaped CNCs, the 2nd highest scoring solution identified the dome 

NUP358NTD copy that sits on top of the other four NUP358NTD copies. All docking solutions 

identified for the NUP358NTD closed conformation fell below the Pearson correlation score 

and p-value of the accepted NUP358NTD open conformation placements. Importantly, visual 

inspection of the top scoring placements in both the human NPC cryo-ET map (fig. S56) and 

a higher resolution ~7 Å region of the cryo-ET map of the X. laevis NPC cytoplasmic face 
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protomer (45), which displays emergent secondary structure features (figs. S58 and S59), 

corroborates the placement of the open over the closed NUP358NTD conformation by clearly 

establishing the correspondence of the cryo-ET and cryo-EM density with the open 

conformation of the NUP358 N-terminal TPR sub-domain (residues 1-145). 

This analysis, enabled by our novel residue level resolution crystal structures, 

allowed us to rectify an incorrect assignment of density previously referred to as the 

‘U-domain’ and the ‘bridge domain’ of the ‘NUP358 complex’ (45) to the dome copy of 

NUP358NTD and the distal copy of NUP93SOL, respectively. Considering the unusual triple 

a-helical solenoid architecture of NUP358NTD, it is unsurprising that de novo atomic model 

building and chain tracing in a distorted anisotropic map led to incorrect density 

interpretation (fig. S59). 

For reference, we performed an equivalent quantitative docking analysis of the 

NUP358NTD open conformation, whose simulated volume was low pass filtered to 25 Å, into 

a previously available ~23 Å cryo-ET map of an intact human NPC (44) (fig. S57A). 

NUP358NTD placements from the docking in the ~12 Å cryo-ET map corresponded to top 

scoring solutions (1st, 3rd, 4th, and 5th), except for the placement at the proximal inner 

position, which was scored 53rd highest. Overall, the confidence of placement estimated by 

p-values was lower for the NUP358NTD open conformation docked in the ~23 Å cryo-ET 

map than the NUP358NTD open conformation docked in the ~12 Å cryo-ET map. As for the 

~12 Å cryo-ET map, all docking solutions identified for the NUP358NTD closed 

conformation in the ~23 Å cryo-ET map fell below the Pearson correlation score and p-value 

of the NUP358NTD open conformation placements (fig. S57B). 

 

Placement of remaining cytoplasmic filament nups into the intact human NPC cryo-ET map 

After quantitatively docking five NUP358NTD copies into the unexplained density cluster I 

of the ~12 Å cryo-ET map of the intact human NPC, we attempted to explain leftover 

unexplained density cluster II by quantitatively docking the following cytoplasmic filament 

nup complex structures into a ~12 Å cryo-ET map of the intact human NPC from which the 

hereto explained density corresponding to NUP358NTD and the symmetric core nups, whose 
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docking is outlined in the accompanying manuscript (42), had been subtracted: 

NUP88NTD•NUP98APD, NUP214NTD•DDX19 (PDB ID 3FMO) (55), GLE1CTD•NUP42GBM 

(PDB ID 6B4F) (63), RAE1•NUP98GLEBS (PDB ID 3MMY) (57) , 

NUP358RanBD-II•Ran(GMPPNP), NUP358ZnF3•Ran(GTP), and NUP358CTD (PDB ID 4I9Y) 

(129). As in the quantitative docking of NUP358NTD, we used the UCSF Chimera fitmap tool 

to perform 1 million random initial placements of densities simulated from the crystal 

structures and low pass filtered to 15 Å in the subtracted cryo-ET map, followed by local 

rigid-body fitting and correlation-based scoring. However, due to their small size and 

featureless globular shape, the available cytoplasmic filament structures could not be 

confidently assigned to specific locations in the leftover cryo-ET density. Instead, we 

proceeded to interpret unexplained density cluster II and the rest of the leftover cryo-ET 

density by manually docking and locally rigid-body fitting cytoplasmic filament structures. 

First, we explained the two nearly perpendicular segments of tube-shaped density by 

manually placing individual coiled-coil segments of a poly-alanine model derived from the 

X. laevis NUP54•NUP58•NUP62 (PDB ID 5C3L) (10) and C. thermophilum 

Nup49•Nup57•Nsp1•Nic96 (PDB ID 5CWS) (11) complexes, in lieu of an experimental 

structure of the CFNC-hub. Second, based on shape complementarity and the distance 

restraint imposed by its interaction with NUP214TAIL, we placed the NUP88NTD•NUP98APD 

into the disk-shaped density at the base of the long tube-like density assigned to the N-

terminal segment of the CFNC-hub coiled-coil and adjacent to the NUP75 arm of the 

proximal CNC. Third, we placed the NUP214NTD•DDX19 crystal structure into the 

dumbbell-shaped density that protrudes into the central transport channel, thus tentatively 

explaining all the density in the unexplained density cluster II. Last, we identified 

unexplained density between the cytoplasmic bridge NUP155 and the cytoplasmic face of 

the nuclear envelope that could accommodate the GLE1CTD•NUP42GBM crystal structure 

(PDB ID 6B4F) (fig. S88) (63). The placement is supported by the proximity of a mutually 

exclusive binding site for NUP98R3 and GLE1NTD on the bridge NUP155 surface (63). All 

docked structures were locally rigid body fit into the cryo-ET density, but the accuracy of 

the orientation is inherently limited by the lack of shape features in the structures and the 

resolution of the cryo-ET map. 
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Estimation of the root-mean square length of flexible NUP93 linker 

The linker spanning the region between the NUP205-binding NUP93R2 region and the 

CFNC-hub-binding NUP93R1 region is ~45 residues in length and predicted to be devoid of 

secondary structure. To estimate the expected distance at which the NUP93R1 region is found, 

we calculated the root-mean square (r.m.s) end-to-end length of a linear polymer chain 

according to the Gaussian chain model developed by Flory, with a characteristic ratio 

parameter of ~3, typical for unstructured polypeptide linkers (130, 131). 

 

Placement of ELYS into the ~12 Å cryo-ET map of the intact human NPC 

Due to the small size and lack of distinct shape features, the quantitative docking of the 

M. musculus ELYSNTD domain (PDB ID 4I0O) (25) into the ~12 Å cryo-ET map of the intact 

human NPC after all the hereto explained density has been subtracted did not result in high 

confidence placements (fig. S89B). Nevertheless, we identified unexplained density in the 

shape of a crescent with a disk at the base in the nuclear outer rings alongside NUP160. We 

assigned ELYSNTD b-propeller domains in the disk-like shape, seemingly interfacing with 

the nuclear envelope at the base of proximal and distal NUP160 copies (fig. S89C). The 

crescent-like densities are consistent with the a-solenoid ELYS domain (residues 495-1018) 

(fig. S89D). The anchoring of 32 copies of ELYS by binding to NUP160 in the nuclear outer 

ring of the human NPC is supported by biochemical and in vivo evidence of interaction 

between ELYS and NUP160 homologs from different species (24, 25, 132). 

 

Docking into the anisotropic single particle cryo-EM map of the X. laevis cytoplasmic outer 

ring 

As in the accompanying manuscript, the anisotropic 5.5-7.9 Å composite single particle 

cryo-EM map of the X. laevis cytoplasmic outer ring protomer (EMD-0909) (45) was 

superposed to the ~12 Å cryo-ET map of the intact human NPC (EMD-14322) (fig. S58) 

(46). A cytoplasmic outer ring protomer composite structure was then further refined by 

rigid-body fitting the individual nup and nup complex structures into the 5.5-7.9 Å composite 

single particle cryo-EM map of the X. laevis cytoplasmic outer ring protomer. The map did 

not include regions corresponding to the proximal copy of NUP93SOL•NUP53R2 and 
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NUP214NTD•DDX19, presumably due to omission by the masking applied during map 

processing. 

 

Docking into the dilated ~37 Å in situ cryo-ET map of the human NPC 

As in the accompanying manuscript, the anisotropic 5.5-7.9 Å composite single particle 

cryo-EM map of the X. laevis cytoplasmic outer ring protomer (EMD-0909) (45) was 

superposed to the ~12 Å cryo-ET map of the intact human NPC (EMD-14322) (46). A 

cytoplasmic outer ring protomer composite structure was then further refined by rigid-body 

fitting the individual nup and nup complex structures into the 5.5-7.9 Å composite single 

particle cryo-EM map of the X. laevis cytoplasmic outer ring protomer. The map did not 

include regions corresponding to the proximal copy of NUP93SOL•NUP53R2 and 

NUP214NTD•DDX19, presumably due to omission by the masking applied during map 

processing. 

 

Plasmid construction for AID-tagged NUP358 and NUP160 

The CRISPR/Cas9 gene-editing technique was utilized to tag the N-terminus of NUP358 and 

the C-terminus of NUP160 at the endogenous loci. HCT116 and DLD1 cells were selected 

for their amenability to subcellular imaging and stable diploid karyotype (133, 134). Two 

gRNA plasmids were generated per construct and integrated into pX330 vectors, as 

previously described (135). Guide RNAs were selected using CRISPR Design Tools (135). 

For AID-tagged NUP358, the guide RNA primers: 5ʹ-caccgCCACCCCGTCGCCTCGAC-

3ʹ, 5ʹ-aaacGTCGAGGCGACGGG GTGGc-3ʹ, 5ʹ-caccgAGCAAGGCTGACGTGGAG-3ʹ, 

5ʹ-aaacCT CCACCAGCCTTGCTc-3ʹ were used. To induce the desired DNA sequence into 

CRISPR/Cas9-cleaved genomic regions via homology-mediated recombination, the donor 

vector, pCassette-Hyg-P2A-microAID-NUP358 was built from pCassette (136). Briefly, the 

homology arms are amplified from genomic DNA extract from HCT116 and DLD1 cells. 

The DNA sequences of hygromycin, P2A, and micro-AID degron encoding residues 71-114 

from plant AID sequence were cloned into pCassette vector between Asc1 and Sbf1 

restriction sites. For AID-tagged NUP160, the gRNA plasmids were generated, as previously 

described (94). The donor vector pCassette-NUP160-NeonGreen-AID-P2A-Hyg was built 
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from pCassette (94). The sequences of homology arms were amplified from genomic 

DNA extracted from DLD1 cells. The DNA sequence of NeonGreen fluorescent protein, 

hygromycin, P2A, and three copies of reduced AID tag (65-132 amino acids) were used. All 

PCR reactions were performed using Platinum SuperFi DNA Polymerase (ThermoFisher). 

 

Construction of cell lines 

Ten thousand cells per well were plated in 24-well plates one day before transfection. 

Plasmids for transfection were purified using the NucleoSpin buffer set (Clontech) and 

Nucleic acid miniprep columns (VitaScientifc). Plasmids were not linearized before 

transfection. Cells were transfected with 500 ng of donor and sgRNA plasmids in ratio 1:1 

using ViaFect (Promega) transfection reagent according to the manufacturer’s instructions. 

Cells were seeded on 100 mm cell culture dishes with the selective antibiotics (hygromycin 

200 �g/ml) in complete medium after 72 hours post-transfection and cultured until clones 

were visualized on a plate. Clones were picked and propagated in regular complete media 

without selective antibiotics. AID::NUP358 HCT116, AID::NUP358 DLD1, and 

NUP160::NG-AID DLD1 cell lines were generated by CRISPR/Cas9. The insertion of the 

microAID tag was verified by genomic PCR using oligos: 5ʹ-TGTGGT 

CTTTTTCATTATGCAGTTC-3ʹ and 5ʹ-AACTGGCCCCAAATACCCAG-3ʹ. The 

insertion of plant E3 ubiquitin ligase, TIR1, in the AID::NUP358 HCT116, AID::NUP358 

DLD1, and NUP160::NG-AID DLD1 cell lines was confirmed, as previously described 

(136). Briefly, using CRISPR/Cas9, C-terminus of RCC1 was tagged with sequences 

encoding infra-red fluorescent protein (iRFP670) and TIR1-9Myc, separated by a P2A 

sequence. The fusion protein is cleaved during translation to yield RCC1iRFP670 and 

TIR1-9myc. Localization and expression of targeted NUP358 and NUP160 were validated 

using immunofluorescence microscopy and Western blot. 

 

Cell culture and synchronization 

AID::NUP358 HCT116 cells were grown in McCoy’s 5A medium containing 10% fetal 

bovine serum (FBS), 100 U/ml penicillin, and 100 µg/ml streptomycin. AID::NUP358 

DLD1 and NUP160::NG-AID DLD1 cells were grown in Dulbecco’s Modified Eagle 
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Medium (DMEM) containing 10% FBS, 100 U/ml penicillin, and 100 �g/ml 

streptomycin. Cells were cultured in 100 mm cell culture dishes at 37 °C in 5% CO2/95% 

humidified incubator. Cell cultures were passaged every 3-4 days using a 0.25% trypsin and 

0.05% EDTA solution in phosphate buffered saline (PBS), containing 137 mM NaCl, 

2.7 mM KCl, 8 mM sodium hydrogen phosphate and 2 mM potassium dihydrogen 

phosphate. For NUP358 and NUP160 depletion, the media was supplemented with 1 mM 3-

indoleacetic acid (auxin; Sigma-Aldrich), added from a 250 mM auxin-solution in PBS. For 

synchronization, AID::NUP358 HCT116 cells were seeded in 24-well plates and grown to 

~25% confluency. Nocodazole (Sigma-Aldrich) was then supplemented to the cells with a 

final concentration of 50 ng/ml. Following 12 hours of incubation, nocodazole-containing 

medium was replaced with fresh 37 °C prewarmed medium. Cell populations at this point 

were mitotically enriched. 

 

Immunofluorescence microscopy 

For NUP358 variants localization analysis, different NUP358 variants were cloned into a 

modified pcDNA3.1 vector (Invitrogen) containing an N-terminal 3×HA-tag using BamHI 

and NotI restriction sites. For a summary of all mammalian expression constructs, see 

Table S4. AID::NUP358 HCT116 cells were grown on Poly-L-lysine coated slides until 

~50% confluency. Transfection was performed with Lipofectamine 2000 transfection 

reagent (Invitrogen) according to the manufacturer’s instructions. After 10 hours, the media 

was removed, and cells are washed in PBS, and fixed in PBS supplemented with 2% (w/v) 

paraformaldehyde (PFA) for 5 minutes at room temperature. After two washes with PBS, the 

cells were permeabilized with PBS containing 0.1% (v/v) TritonX-100 (Sigma-Aldrich) for 

10 minutes at room temperature. The cells were then washed in PBS and blocked in PBS 

supplemented with 10% (v/v) FBS for 20 minutes at room temperature. For nuclear envelope 

staining, the cells were incubated with a 1:1,000 dilution of the monoclonal antibody 

mAb414 in PBS buffer, supplemented with 0.1% (w/v) saponin and 10% (v/v) FBS for 

1 hour at room temperature, followed by three washes with PBS supplemented with 

10% (v/v) FBS for 10 minutes at room temperature. Secondary antibody incubation was 

performed with a 1:3,000 dilution of Alexa Fluor 568-labeled goat anti-mouse antibody 
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(Invitrogen) in PBS, supplemented with 0.1% (w/v) saponin and 10% (v/v) FBS for 

1 hour at room temperature, followed by three washes with PBS supplemented with 

10% (v/v) FBS for 10 minutes at room temperature. For detection of the HA-tagged proteins, 

the cells were incubated with a mouse monoclonal anti-HA Fluor488 conjugate antibody 

(Invitrogen) at 1:2,000 dilution for 16 hours at 4°C, followed by three washes with PBS 

supplemented with 10% (v/v) FBS for 10 minutes at room temperature. The cells were 

mounted onto coverslips with ProLong Gold Antifade reagent with DAPI (Invitrogen). 

Slides were examined by fluorescence microscopy on a Carl Zeiss AxioImagerZ.1 equipped 

with an AxioCamMRm camera. For localization analysis in the absence of endogenous 

NUP358, NUP358 depletion was induced by an additional 3-hour incubation with 1 mM 

auxin-containing media, prior to fixation. 

For validation of auxin-induced NUP358 depletion, synchronized AID::NUP358 

HCT116 or unsynchronized AID::NUP358 DLD1 cells were treated with 1 mM auxin at 

37 °C. The localization of NUP358 was examined by immunofluorescence after 0, 1, 2, 3, 4, 

5, 6, 7, 8, 9, 10, and 24 hours, with a rabbit polyclonal anti-NUP358 antibody (Bethyl 

Laboratories; 1:500 dilution). Secondary antibody incubation was performed with an 

Alexa Fluor 488-labeled donkey anti-rabbit antibody (Invitrogen, 1:3,000 dilution). For 

nuclear envelope staining, the cells were incubated with a 1:1,000 dilution of the monoclonal 

antibody mAb414 in PBS buffer, supplemented with 0.1% (w/v) saponin and 10% (v/v) FBS 

for 1 hour at room temperature, followed by three washes with PBS supplemented with 

10% (v/v) FBS for 10 minutes at room temperature. Cell handling, fixation, 

permeabilization, mounting, and fluorescence microscopy analysis were carried out as 

described above. 

For validation of auxin-induced NUP160 depletion, unsynchronized NUP160::NG-

AID DLD1 cells were treated with 1 mM auxin at 37 °C. The localization of NUP160 was 

examined by immunofluorescence after 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 24 hours, with a 

rabbit polyclonal anti-NUP160 antibody (St John’s Lab; 1:500 dilution). Secondary antibody 

incubation was performed with an Alexa Fluor 488-labeled donkey anti-rabbit antibody 

(Invitrogen, 1:3,000 dilution). For nuclear envelope staining, the cells were incubated with a 

1:1,000 dilution of the monoclonal antibody mAb414 in PBS buffer, supplemented with 
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0.1% (w/v) saponin and 10% (v/v) FBS for 1 hour at room temperature, followed by three 

washes with PBS supplemented with 10% (v/v) FBS for 10 minutes at room temperature. 

Cell handling, fixation, permeabilization, mounting, and fluorescence microscopy analysis 

were carried out as described above, apart from NUP160 antibody staining, for which fixing 

and permeabilization were carried out in a single 15-minute incubation step with -20 °C 

100% (v/v) methanol. 

The localization of different endogenous nups upon NUP358 depletion was also 

examined by immunofluorescence microscopy. The synchronized AID::NUP358 HCT116 

cells were treated with 1 mM auxin and fixed after 0, 2, 4, 6, 8, 10, and 24 hours. Cell 

handling, fixation, permeabilization, and mounting were carried out as described above. The 

immunofluorescence microscopy analysis was performed with a rabbit polyclonal 

anti-NUP358 antibody (Bethyl Laboratories; 1:500 dilution), a rabbit polyclonal anti-

NUP214 antibody (Abcam; 1:1,000 dilution), a mouse monoclonal anti-NUP88 antibody 

(Santa Cruz; 1:250 dilution), a rat monoclonal anti-NUP98 antibody (Abcam; 1:500 

dilution), a rabbit polyclonal anti-GLE1 antibody (Abcam; 1:500 dilution), a mouse 

monoclonal mAb414 antibody (BioLegend; 1:1,000 dilution), a rabbit polyclonal anti-

NUP160 antibody (St John’s Lab; 1:500 dilution), a rabbit polyclonal anti-NUP96 antibody 

(Bethyl; 1:500 dilution), a rabbit polyclonal anti-NUP133 antibody (Bethyl; 1:500 dilution), 

and a mouse monoclonal anti-NUP93 antibody (Santa Cruz; 1:200 dilution). Secondary 

antibody incubation was performed with an Alexa Fluor 488-labeled donkey anti-rabbit 

antibody (Invitrogen, 1:3,000 dilution), an Alexa Fluor 568-labeled goat anti-mouse 

antibody (Invitrogen, 1:3,000 dilution), or an Alexa Fluor 488-labeled goat anti-rat antibody 

(Invitrogen, 1:3,000 dilution). 

 

Cell fractionation 

Synchronized AID::NUP358 HCT116 cells were treated with 1 mM auxin at 37 °C and after 

0, 2, 4, 6, 8, 10 and 24 hours cells were trypsinized, washed twice with cold PBS, and 

harvested by centrifugation at 400 × g for 5 minutes at 4 ºC. 5×105 cells were pelleted and 

resuspended in 35 mL lysis buffer, containing 10 mM TRIS (pH 8.0), 320 mM sucrose, 

3 mM calcium chloride, 2 mM magnesium acetate, 0.1 mM EDTA, 0.05% Triton X-100, 
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1 mM DTT, and Complete protease inhibitor cocktail for 15 minutes on ice and spun at 

500 × g for 5 minutes at 4 ºC. The supernatant was kept as the cytoplasmic fraction and then 

spun at 30,000 × g for 15 minutes to clarify, diluted with SDS-PAGE loading dye. Pelleted 

nuclei were washed with a buffer containing 10 mM TRIS (pH 8.0), 320 mM sucrose, 3 mM 

calcium chloride, 2 mM magnesium acetate, 0.1 mM EDTA, 1 mM DTT, and Complete 

protease inhibitor cocktail and spun at 500 × g for 5 minutes at 4 ºC. The supernatant was 

aspirated, and the pelleted nuclei were resuspended in SDS-PAGE loading dye. Cytoplasmic 

and nuclear fractions were boiled at 95 °C for 10 minutes before SDS-PAGE analysis. 

 

Reporter expression analysis 

The generation of cDNAs encoding insulin, green fluorescence protein (GFP), and histone 

1B (H1B) was previously described (89). The cDNAs encoding anti-inflammatory cytokine 

interleukin-10 (IL-10), pro-inflammatory cytokine IL-6, tumor necrosis factor alpha (TNFa), 

membrane-bound alkaline phosphatase placental (ALPP), and large ribosomal subunit 

protein 26 (RPL26) were obtained commercially (DNASU, Arizona State University; 

Horizon Discovery Biosciences). DNA fragments encompassing the entire coding regions of 

insulin, GFP, H1B, IL-10, IL-6, TNFa, ALPP, and RPL26 were amplified by PCR and 

cloned into a modified pcDNA3.1 vector (Invitrogen) containing a C-terminal 3×FLAG-tag 

using the KpnI restriction site (137). To avoid transfection differences arising from auxin 

treatment, we transfected reporter constructs prior to auxin induced degradation of NUP358. 

Specifically, four hours after release from mitotic arrest synchronized AID::NUP358 

HCT116 cells were transfected with reporter constructs using Lipofectamine 2000, 

according to the manufacturer’s instructions. After 10 hours, the cells were treated with 

1 mM auxin in fresh media at 37 °C. After 0, 2, 4, 6, 8, 10, or 24 hours, cells were trypsinized, 

washed twice with cold PBS, and harvested by centrifugation at 400 × g for 5 minutes at 

4 ºC. Cell pellets were resuspended in 2×SDS-PAGE loading dye and boiled at 95 °C for 

10 minutes prior to loading on an SDS-PAGE gel. The relative expression of reporter from 

auxin treated or untreated cells was quantitated at the 10-hour time point. Bands were 

quantitated in Fiji and plotted as a percentage against untreated cells (138). The statistical 
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analysis was carried out using three sets of independent experiments for every analyzed 

sample. Error bars represent standard error. 

 

Western blot analysis 

Expression levels of 3×HA-NUP358, and C-terminal 3×FLAG tagged reporter constructs 

were assessed by Western blot analysis. To collect the whole cell lysates, the transfected cells 

were trypsinized, washed twice with cold PBS, and harvested by centrifugation at 400 × g 

for 5 minutes at 4 ºC. Cell pellets were resuspended in 2×SDS-PAGE loading dye and boiled 

at 95 °C for 10 minutes prior to loading on an SDS-PAGE gel. Western blot analyses were 

performed with a mouse monoclonal anti-g-tubulin (Sigma-Aldrich; 1:5,000 dilution), a 

mouse monoclonal anti-HA (Covance, 1:4,000 dilution), and a mouse monoclonal 

anti-FLAG (Sigma-Aldrich, 1:4,000 dilution) antibodies, then visualized with and a goat 

anti-mouse antibody fused to an IR800 fluorescent protein (Licor, 1:5,000 dilution). The 

imaging was carried out with an IR imager (Li-Cor Odyssey) using the 800 nm channels in 

a single scan at 169 �m resolution and a scan intensity of 5. Antibodies were diluted in 

Superblock-PBS blocking buffer (Thermo Fisher) and washes were carried out in PBS 

supplemented with 0.05% (v/v) Tween-20 (PBS-T). 

For validation of auxin-induced NUP358/NUP160 depletion, the expression levels 

of NUP358/NUP160 were also examined by Western blot analysis. The synchronized 

AID::NUP358 HCT116 cells, and unsynchronized AID::NUP358 DLD1 or 

NUP160::NG-AID DLD1 cells were treated with 1 mM auxin at 37 °C. After 0, 1, 2, 3, 4, 5, 

6, 7, 8, 9, 10, and 24 hours, the whole cell lysates were collected, as described above. The 

primary antibodies, including a rabbit polyclonal anti-NUP358 (Bethyl Laboratories; 1:1,000 

dilution), a rabbit polyclonal anti-NUP160 (St John’s Lab; 1:500 dilution), a mouse 

monoclonal mAb414 (BioLegend; 1:3,000 dilution), a mouse polyclonal anti-NUP93 (Santa 

Cruz; 1:200 dilution), a rabbit polyclonal anti-NUP96 (Bethyl; 1: 1,000 dilution), and a 

mouse monoclonal anti-g-tubulin (Sigma-Aldrich; 1:5,000 dilution), were used. Then a goat 

anti-mouse or anti-rabbit fused to an IR800 fluorescent protein (Licor, 1:5,000 dilution) 

secondary antibodies were used. 
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Both cytoplasmic and nuclear fractions were sampled from auxin treated 

synchronized AID::NUP358 HCT116 cells at different times, as described above. The 

expression levels of different nups were examined by Western blot, using a rabbit polyclonal 

anti-NUP358 (Bethyl Laboratories; 1:1,000 dilution), a rabbit polyclonal anti-NUP214 

(Abcam; 1:2,000 dilution), a mouse monoclonal anti-NUP88 (Santa Cruz; 1:500 dilution), a 

rat monoclonal anti-NUP98 (Abcam; 1:1,000 dilution), a rabbit anti-GLE1 (Abcam; 1:1,000 

dilution), a mouse monoclonal mAb414 (BioLegend; 1:3,000 dilution), a rabbit polyclonal 

anti-NUP160 (St John’s Lab; 1:500 dilution), a rabbit polyclonal anti-NUP96 (Bethyl; 

1:1,000 dilution), a rabbit polyclonal anti-NUP133 (Bethyl; 1:1,000 dilution), a rabbit 

polyclonal anti-NUP43 (gift of Valerie Doye, CRNS Paris, France; 1:1,000 dilution), a rabbit 

polyclonal anti-ELYS (gift of Iain Mattaj, EMBL Heidelberg, Germany; 1:3,000 dilution), a 

rabbit polyclonal anti-NUP205 (gift of Ulrike Kutay, ETH Zurich, Switzerland; 1:2,000 

dilution), a mouse polyclonal anti-NUP93 (Santa Cruz; 1:200 dilution), a rabbit polyclonal 

anti-LaminA/C (Abcam; 1:5,000 dilution), a rabbit polyclonal anti-TBP (Abcam; 1:1,000 

dilution), and a mouse monoclonal anti-g-tubulin (Sigma-Aldrich; 1:5,000 dilution) 

antibodies, visualized with goat anti-mouse, goat anti-rabbit, and goat anti-rat secondary 

antibodies fused to an IR800 fluorescent protein (Licor, 1:5,000 dilution). Antibodies were 

diluted in Superblock-PBS and washes were carried out in PBS-T. 

 

Pulse-chase RNA export assay 

For NUP358/NUP160 depletion, the media of synchronized AID::NUP358 HCT116, and 

unsynchronized AID::NUP358 DLD1 or NUP160::NG-AID DLD1 cells was supplemented 

with 1 mM auxin, added from a 250 mM auxin-solution in PBS. Control cells were 

supplemented with PBS buffer only. After 3 hours, the media was exchanged for DMEM-

10% (v/v) FBS, supplemented with 0.5 mM 5-ethynyl uridine (5-EU; Invitrogen) and 1 mM 

auxin. After 1-hour pulse-labeling of newly synthesized RNA, the media was exchanged for 

fresh DMEM-10% (v/v) FBS, supplemented with auxin, and either fixed immediately, using 

a 4% (w/v) PFA solution in PBS, or fixed after an additional 1-, 2-, 3-, 4-, or 5-hour chase. 

The fixed cells were washed with PBS and permeabilized using 0.1% (v/v) Triton X-100 for 

15 minutes at room temperature. 5-EU labeling of cells was visualized according to the 
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manufacturer’s instructions (Invitrogen, Click-iT RNA imaging kits). Briefly, the 

samples were incubated for 30 minutes at room temperature with a 1×Click-iT reaction 

cocktail, containing Alexa Fluor 594 azide and copper sulfate. After removal of the reaction 

cocktail, cells were washed once with Click-iT reaction rinse buffer. After this step, samples 

were processed further for NUP358 or NUP160 antibody staining. The statistical analysis 

was carried out using three sets of independent images with at least 200 cells each for every 

analyzed sample. Error bars represent standard error. 

 

Thermosolubility pelleting assay 

10 µg of purified NUP358NTD, wildtype or harboring ANE1 mutations, were incubated in a 

total volume of 50 µl for 20 minutes at 30-43 ºC, increased in 1 ºC increments. An additional 

titration was performed for NUP358NTD ANE1 W681C and wildtype protein from 15-33 ºC, 

increased in 3 ºC increments. Soluble and pellet fractions were separated by centrifugation 

at 30,000 × g for 15 minutes at 4 ºC, resolved by SDS-PAGE, and visualized by Coomassie 

brilliant blue staining. Bands were quantitated in Fiji and plotted as a percentage of the 

soluble fraction per temperature point (138). 

 

Illustrations and figures 

Gel filtration profiles and MALS graphs were generated in IGOR (WaveMetrics) and 

assembled in Illustrator (Adobe). Sequence alignments were generated using ClustalX (139) 

and colored with ALSCRIPT (140). Electrostatic potentials were calculated with APBS 

(Adaptive Poisson-Blotzmann Solver) software (141). Structure figures were generated with 

PyMOL (www.pymol.org). 

  



 

 

599 
Supplementary text 

Modular architecture of the evolutionarily conserved 6-protein cytoplasmic filament nup 

complex 

Although pair-wise interactions between selected CF nups had previously been reported, 

comprehensive knowledge on the entire CF nup interaction network has remained 

unavailable to date (11, 47-64). We had previously found that nups from the thermophilic 

fungus C. thermophilum exhibit superior biochemical stability, allowing us to overcome 

long-standing technical challenges and elucidate the interaction network of the seventeen 

symmetric core nups (38). We therefore first sought to establish the protein-protein 

interaction network and complex stoichiometry of the eight evolutionarily conserved 

C. thermophilum CF nups Nup82, Nup159, Nsp1, Nup145N, Gle2, Dbp5, Gle1, and Nup42 

(Fig. 1B and fig. S1) (2). Most CF nups contain both structured and unstructured regions that 

can harbor multiple distinct binding sites and FG repeats (Fig. 1B). We established 

expression and purification protocols for the C. thermophilum CF nups, omitting FG-repeat 

regions as well as an unstructured linker region in Nup145N to improve solubility, and 

analyzed their binding by size-exclusion chromatography coupled with multiangle light 

scattering (SEC-MALS) (figs. S1 to S3 and tables S1 to S5). 

Nup82 and Nup159 both contain N-terminal b-propeller domains and C-terminal 

tripartite coiled-coil segments (CCS1-3), which have previously been shown to complex with 

the similarly built C-terminal coiled-coil region of Nsp1 (49, 142). Another complex has 

previously been shown to be formed between the Gle2 b-propeller and the Gle2-binding 

sequence (GLEBS) motif of Nup145N (48, 57). Mixing of the Nup82•Nup159•Nsp1 and 

Gle2•Nup145N complexes with the DEAD-box RNA helicase Dbp5 resulted in the 

stoichiometric hetero-hexameric CFNC (Fig. 1, C and D and fig. S4A and table S6). To 

further map CF nup interactions within this complex, we systematically removed individual 

fragments and domains from the CFNC and probed for remaining interactions (fig. S4). 

Consistent with previous characterizations of isolated CF nup dimers and trimers (11, 47-64), 

this analysis established that the Nup82 N-terminal b-propeller domain binds an a-helical 

TAIL segment in Nup159 and the Nup145N autoproteolytic domain (APD), which in turn 
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recruits Gle2 (Fig. 1C and fig. S4). Analogously, the Nup159 N-terminal b-propeller 

domain provides the binding site for Dbp5 (Fig. 1C and fig. S4). These results suggested that 

the CFNC must be held together by the C-terminal coiled-coil regions of Nup82, Nup159, 

and Nsp1. Indeed, when the CFNC is divided into four distinct stable subcomplexes, the 

Nup82•Nup159•Nsp1 C-terminal coiled-coil hetero-trimer, 

Nup82NTD•Nup159TAIL•Nup145NAPD, Nup159NTD•Dbp5, and Gle2•Nup145NGLEBS, their 

mixing did not result in any additional interactions and the four subcomplexes did not bind 

each other, demonstrating that the entire CFNC is held together by interactions in the 

Nup82•Nup159•Nsp1 C-terminal coiled-coil heterotrimer (fig. S5). In addition to the CFNC, 

Nsp1 is also an essential part of the hetero-trimeric CNT, where it forms a parallel array of 

three coiled-coil segments together with Nup49 and Nup57 (10, 11). Given these similarities, 

we wondered whether the coiled-coil segments of Nup82•Nup159•Nsp1 also formed a 

parallel coiled-coil domain. Indeed, we were able to reconstitute separate stochiometric 

complexes of the CCS1 and the CCS2-3 coiled-coil regions of Nup82•Nup159•Nsp1, 

consistent with the CCS1-3 coiled-coil regions of Nup82, Nup159, and Nsp1 forming a 

CFNC-hub similar to the CNT (fig. S6). 

Having characterized the protein-protein interactions within the CFNC, we next 

tested whether the reconstituted complex was capable of binding to the hetero-octameric 

CNC (Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133�NTE), its neighbor in 

the intact NPC (fig. S7). Indeed, the reconstituted CFNC and CNC formed a stoichiometric 

1:1 complex that was dependent on the CFNC-hub (fig. S8). Because the structurally related 

CNT is recruited to NPCs through a 39-residue a-helical assembly sensor supplied by Nic96 

(11), we next asked whether the CNC harbors equivalent assembly sensors for the 

CFNC-hub. Among the CNC subunits, Nup133, Nup145C, Nup85, and Nup37 each have N- 

or C-terminal primarily unstructured extensions (NTEs, CTEs) that could potentially contain 

assembly sensors and were tested for binding to the CFNC-hub. This systematic analysis 

identified Nup37CTE and Nup145CNTE as binding partners (fig. S9). Deletion of the CTE from 

Nup37 abolished its binding to the CFNC-hub, showing that Nup37CTE is both necessary and 

sufficient for binding (fig. S10). Moreover, removal of Nup37CTE from the intact CNC 

substantially reduced its interactions with the CFNC (fig. S11A). While the removal of 
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Nup145CNTE alone from the CNC had no detectable effect, simultaneous elimination of 

both Nup37CTE and Nup145CNTE almost completely abolished the interaction with CFNC 

(fig. S11, B and C). Preferential CFNC-hub recruitment by Nup37CTE persisted when the 

CNC was dissected into its three subcomplexes, with weak and stoichiometric interactions 

formed with Sec13•Nup145C and Nup120•Nup37•Elys•Nup85, respectively (fig. S12). 

Vestigial CFNC binding to a CNC lacking both Nup37CTE and Nup145CNTE was mapped to 

a weak CNC-interaction with Gle2-Nup145NGLEBS (fig. S13). 

In the CNT•Nic96 crystal structure, the 39-residue Nic96 assembly sensor forms two 

~10-residue a-helical segments joined by an ~15-residue linker, with the C-terminal helix 

being necessary and sufficient for CNT binding (11). Secondary structure predictions for 

both Nup37CTE and Nup145CNTE suggest comparable arrangements of two shorter a-helices 

separated by a linker from a longer a-helix. Moreover, Nup145CNTE interactions have 

previously been mapped to an equivalent region, encompassing the C-terminal helix 

followed by a short unstructured segment (62). Through systematic truncation of Nup37CTE, 

we mapped its minimal CFNC-hub binding site to the predicted C-terminal helix and a short 

unstructured region (fig S14). This demonstrates that the predicted C-terminal a-helix in 

both Nup37CTE and Nup145CNTE assembly sensors is necessary and sufficient for CFNC-hub 

binding, whereas the N-terminal helices likely adopt an organizational role in stabilizing a 

specific tertiary structure of the three coiled-coil segments, as previously observed for the 

CNT-Nic96 interaction (11). 

Next, we asked whether Nup145CNTE and Nup37CTE function as bona fide assembly 

sensors for the CFNC-hub by recognizing intact hetero-trimeric coiled-coils but not isolated 

CFNC-hub constituents. Pulldown experiments probing Nup37CTE or Nup145CNTE with 

bacterial lysates containing individual CFNC-hub components or a mixture of all three, 

revealed that both fragments bound exclusively to the assembled hetero-trimeric CFNC-hub, 

but failed to recognize individual component nups (fig. S15, A and B). Moreover, splitting 

the CFNC-hub into CCS1 and CCS2-3 portions revealed that both Nup37CTE and 

Nup145CNTE bind preferentially to CCS2-3, albeit weaker than to the intact CFNC-hub 

CCS1-3 (figs. S6 and S15C). 
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Because our SEC-MALS analysis indicated that the CNC only binds to a single 

CFNC copy, we investigated whether Nup37CTE and Nup145CNTE can simultaneously bind 

to the CFNC-hub. We found that Nup37CTE and Nup145CNTE bind the CFNC-hub in a 

mutually exclusive manner, via a hydrophobic interface stable in a high salt (1 M NaCl) 

buffer (figs. S15D and S16). In fact, Nup37CTE outcompetes Nup145CNTE for CFNC-hub 

binding, consistent with both our intact CNC and CFNC interaction experiments (figs. S12 

and S17). Although we conducted our SEC-MALS analyses at the highest feasible 

concentrations, we acknowledge the apparent discrepancy arising from the detection of a 

single CFNC binding to an intact CNC that harbored two assembly sensor binding sites, yet 

at permissible concentrations Nup145CNTE interactions are unstable. 

In addition to the hetero-hexameric CFNC analyzed thus far, Gle1 and Nup42 locate 

to the cytoplasmic face of the NPC, where they are involved in the export and remodeling of 

mRNPs (63). Gle1 can interact with Dbp5 in an IP6-dependent manner and also binds Nup42 

at its Gle1-binding motif (GBM) (53, 58, 63, 65). To further characterize nup complex 

interactions at the cytoplasmic NPC side, we tested for incorporation of Gle1•Nup42GBM into 

the CFNC or CNC. Despite binding only weakly to its known interaction partner Dbp5 in 

isolation, Gle1•Nup42GBM formed a stable, stochiometric, hetero-octameric complex with 

the CFNC that cannot be mapped to any of its sub-complexes, indicating a distributed 

binding site (Fig. 1E and figs. S18 to S21). Furthermore, Gle1•Nup42GBM alone does not 

interact with the CNC, but it can be incorporated into the CNC•CFNC complex, forming a 

stoichiometric ~1.2 MDa 16-protein nup assembly (Fig. 1F and figs. S22 and S23A). 

Because the Gle1-Dbp5 interaction is IP6-dependent (53, 65), we carried out all SEC-MALS 

interaction experiments involving Gle1•Nup42GBM in the presence of IP6. However, when 

Gle1•Nup42GBM, CNC, and CFNC were mixed in the absence of IP6, the resulting complex 

displayed a molecular mass of ~2.0 MDa, consistent with the formation of a stochiometric 

dimer of the 16-protein complex (fig. S23B). We systematically mapped this biochemical 

behavior and identified a novel interaction between Gle1CTD•Nup42GBM and the CNC, 

establishing that the CNC-CF nup interaction network can be remodeled by IP6 (figs. S23 to 

S25). 
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For the Y-shaped CNC, we had previously observed liquid-liquid phase 

separation (LLPS) when subcomplexes representing its upper arms 

(Nup120•Nup37•Elys•Nup85•Sec13•Nup145C, CNC-hexamer) and base (Nup84•Nup133) 

were mixed (38). This LLPS formation depended on the N-terminal extension (NTE) of 

Nup133, which mediates head-to-tail trans-interactions between CNCs (21). In fact, 

interaction analyses involving CNCs by SEC-MALS require prevention of LLPS formation 

by removal of Nup133NTE and are also limited by an inherent CNC solubility limit of 8 µM. 

To rule out having missed interactions between coat and CF nups in our SEC-MALS 

analyses because of these limitations, we re-tested binding behaviors by measuring the 

incorporation of the respective CF nup complexes into a CNC LLPS condensate. 

Importantly, these interaction analyses performed at higher concentrations corroborated all 

of our SEC-MALS findings (Fig. 1, G and H, and fig. S26). 

Given the special importance of the CF nups for human disease, we next tested 

whether the molecular architecture of the CFNC is evolutionarily conserved from 

C. thermophilum to humans. The human CFNC is comprised of NUP88 (ctNup82), NUP214 

(ctNup159), NUP62 (ctNsp1), DDX19 (ctDbp5), RAE1 (ctGle2), and NUP98 (ctNup145N). 

Apart from a rearrangement of the FG-repeat and coiled-coil regions in NUP214, the domain 

organization of the human CFNC nups is identical to that of the C. thermophilum orthologs 

(Fig. 2, A and B and fig. S27). As in C. thermophilum, we developed expression and 

purification protocols omitting FG-repeat and unstructured regions and analyzed CFNC nup 

interactions by SEC-MALS. Indeed, mixing of the NUP88•NUP214•NUP62 hetero-trimer 

with RAE1•NUP98 and DDX19 resulted in a monodisperse stoichiometric ~337 kDa 

H. sapiens CFNC hetero-hexamer (Fig. 2C and figs. S28 and S29). To establish whether the 

hsCFNC adopts the same modular architecture as in C. thermophilum, we dissected the 

human CF nups to generate CFNC sub-complexes and carried out a systematic pairwise 

SEC-MALS interaction analysis (Fig. 2D and figs. S30 to S39). Showing complete 

evolutionary conservation, the human CFNC could be divided into the same four 

subcomplexes we found in our analysis of the C. thermophilum CF nups: 

NUP88NTD•NUP98APD•NUP214TAIL, NUP214NTD•DDX19, RAE1•NUP98GLEBS, and the 

NUP88•NUP214•NUP62 coiled-coil complex (hsCFNC-hub) (Fig. 2D and figs. S30 to 
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S39). Because the identified Nup37 and Nup145C coat nup assembly sensors for the 

intact CFNC in C. thermophilum each contain ~60-residue regions with three short a-helices, 

we conducted secondary structure predictions of all ten human coat nups. This analysis 

confirmed the presence of extended unstructured regions in NUP96, NUP107, and NUP133, 

yet analogous assembly sensor motifs could not be identified. 

Together, our data establish that the CF nups form an evolutionarily conserved six-

protein complex that is held together by an extensive parallel coiled-coil hub generated by 

the C-terminal regions of Nup82/NUP88, Nup159/NUP214 and Nsp1/NUP62, which shares 

architectural similarities with the heterotrimeric 

Nsp1/NUP62•Nup49/NUP58•Nup57/NUP54 CNT (11). The Nup82/NUP88 N-terminal 

b-propeller domain is attached by an interaction between the C-terminal a-helical TAIL 

fragment of Nup159/NUP214 and provides a binding site for the Nup145N/NUP98 APD, 

which in turn recruits Gle2/RAE1 to the NPC. Analogously, the Nup159/NUP214 

N-terminal b-propeller domain provides a binding site for the DEAD-box helicase 

Dbp5/DDX19. In C. thermophilum, the CFNC-hub is anchored to the CNC by two distinct 

assembly sensors in Nup37CTE and Nup145CNTE, similar to the anchoring of the CNT by the 

Nic96R1/NUP93R1 assembly sensor in the inner ring. In contrast, the human CNC lacks 

comparable assembly sensor motifs, suggesting alternative mechanisms for anchoring CF 

nups at the cytoplasmic face of the human NPC. 

 

RNA interactions of human cytoplasmic filament nups 

Taking advantage of our complete set of purified human CF nup domains and sub-

complexes, we carried out a comprehensive electrophoretic mobility shift assay (EMSA) 

screen to systematically assess binding against a consistent set of ss/dsRNA probes (Fig. 2F). 

We selected a 12 bp GC-rich stem loop capped by a UUCG tetraloop dsRNA and U20 ssRNA 

as generic probes. Positive RNA interactions were subsequently validated by titrating the 

protein concentration in EMSAs to establish approximate apparent binding constants (KDs) 

(fig. S40). Additionally, to establish whether the observed binding was RNA-specific, we 
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tested all CF nups for binding to ss/dsDNA using a U1 3’-box ssDNA oligonucleotide in 

the absence and presence of a complimentary ssDNA oligonucleotide. 

First, we assayed the CFNC nups for nucleic acid binding. Both RAE1•NUP98GLEBS 

and DDX19 bound ss/dsRNA, as previously shown (fig. S40, B and C) (50, 57). We 

discovered moderate binding of NUP88NTD and GLE1CTD•NUP42GBM to ssRNA (Fig. 2H 

and fig. S40A). In the context of the NUP88NTD•NUP98APD•NUP214TAIL complex, 

NUP88NTD binding was specifically enhanced to ssRNA, exhibiting a KD≈150 nM compared 

to KDs >5 µM for dsRNA and ss/dsDNA probes (fig. S40A). In contrast, 

GLE1CTD•NUP42GBM bound both ssRNA and ssDNA weakly with KDs >2 µM. We found 

that the orthologous C. thermophilum Nup82NTD•Nup145CAPD•Nup159TAIL, 

Gle1CTD•Nup42GBM, and Gle2•Nup145CGLEBS complexes bound ssRNA, demonstrating that 

RNA binding is an evolutionarily conserved feature of CFNC nups (Fig. 2H and fig. S40D). 

Next, we analyzed the RNA-binding properties of the metazoan-specific NUP358, 

taking advantage of structurally well-defined domain boundaries for the N-terminal domain 

(NTD), oligomerization element (OE), four distinct Ran-binding domains (RanBDs), a zinc-

finger domain (ZFD) comprising eight C4-type zinc-finger motifs (ZnF) arranged in tandem, 

and the C-terminal prolyl isomerase domain (CTD) (see below) (71, 72, 110, 129). 

Previously, NUP358ZFD was shown to bind to a 63 nt RNA fragment encoding the signal 

sequence coding region (SSCR) of insulin, an interaction that was abolished in the presence 

of Ran(GDP/GTP) (89). Using our four nucleic acid probes, we did not detect RNA binding 

for NUP358OE, NUP358ZFD, or NUP358CTD at the assayed concentrations (Fig. 2F). 

However, we detected moderate RNA and DNA binding for NUP358NTD (Fig. 2G and 

fig. S40G). Because the previously identified insulin SSCR RNA binding partner for 

NUP358 was sensitive to degradation, we systematically tested RNAs encoding the SSCRs 

of other secretory proteins. This analysis identified the 63 nt placental alkaline phosphatase 

(ALPP) SSCR RNA as most amenable to biochemical studies (fig. S40I). Whereas we only 

observed an insubstantial shift of ALPPSSCR RNA with NUP358ZFD, NUP358NTD robustly 

bound to ALPPSSCR RNA with a KD≈150 nM, ~4-fold tighter than our generic ssRNA or 

dsRNA probes (fig. S40I). Unexpectedly, we also found that the four 
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NUP358RanBD•Ran(GMPPNP) complexes preferentially bound ssRNA, with a 

KD≈500 nM, over dsRNA and ss/dsDNA (Fig. 2G and fig. S40E). To test whether RNA 

binding is a general property of RanBDs when bound to Ran, we assayed the related nuclear 

basket NUP50RanBD•Ran(GMPPNP) complex, but detected weaker binding to RNA and 

DNA (fig. S40, E and F). 

Together, our systematic CF nup analysis confirmed previously established RNA 

binding sites in DDX19, p15•TAP, and RAE1•NUP98GLEBS, whilst uncovering novel sites 

in NUP88NTD•NUP214TAIL•NUP98APD, GLE1CTD•NUP42GBM, NUP358NTD, and the four 

NUP358 RanBD•Ran(GMPPNP) complexes. 

 

Ran interactions with human asymmetric nups 

Nucleocytoplasmic transport depends on Karyopherin transport factors (Kaps) and a gradient 

in the state of the small GTPase Ran from the Ran(GDP)-high cytoplasm to the 

Ran(GTP)-high nucleus (2, 7, 9). Import Kap•cargo complexes assembled in the cytoplasm 

enter the central transport channel of the NPC and are disassembled upon arrival in the 

nucleus by Kap binding to Ran(GTP), which triggers the release of the bound cargo. 

Conversely, Ran(GTP) is an obligate component of nuclear export Kap•cargo complexes, 

which are disassembled upon activation of Ran’s GTPase activity at the cytoplasmic face of 

the NPC (7). Multiple Ran binding sites are distributed among the asymmetric nups at the 

cytoplasmic and nuclear sides of the NPC in the form of distinct Ran-binding domains 

(RanBDs) and Zn2+-finger (ZnF) modules. On the cytoplasmic face, NUP358 contains four 

dispersed RanBDs and a central zinc finger domain (ZFD) with a tandem array of eight ZnFs 

(Fig. 3A) (80). On the nuclear side, NUP153 and NUP50 contain a central ZFD with four 

ZnFs and a solitary C-terminal RanBD, respectively (fig. S51) (81, 82). 

Testing the Ran(GDP/GTP)-binding activity of all 17 domains by SEC-MALS, we 

confirmed that all domains bound to Ran as expected except for NUP358ZnF1 (Fig. 3, I and 

J, and figs. S51 to S55). Consistent with previous reports, the RanBDs of NUP358 and 

NUP50 only bound Ran(GTP), whereas the ZnFs in NUP358 and NUP153 bound Ran in 

both nucleotide states but showed a preference for Ran(GDP) (figs. S52 and S54) (80, 

83-85). To clarify the molecular basis for the differential binding behaviors, we determined 
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the co-crystal structures of all 16 domains bound to Ran in their preferred nucleotide-

bound state at 1.8 Å-2.45 Å resolutions (tables S14 to S16 and figs. S51 and S55). 

All eleven NUP358/NUP153 ZnFs form small, ~36-residue spherical domains 

stabilized by a central Zn2+ ion coordinated by the sulfhydryl groups of four conserved 

cysteines (Fig. 3K and fig. S51). The primary interface between the ZnFs and Ran(GDP) is 

a flat hydrophobic composite surface formed by Ran’s switch-I and -II regions, as previously 

described (Fig. 3K and fig. S51) (84, 85). However, an additional ZnF-Ran interaction was 

also observed in all structures, which was formed between a phenylalanine or leucine in a 

~10-residue unstructured extension N-terminal to the ZnF module and a nucleotide 

state-independent hydrophobic pocket on the Ran surface (Fig. 3K, fig. S51, and Movie 3). 

Removal of this extension from ZnFs eliminated Ran(GTP)-binding, showing that the 

secondary interaction we observed is responsible for the weak Ran(GTP)-binding capacity 

of NUP358/NUP153 ZnFs (fig. S52). Structural elucidation of the ZnF-Ran interfaces also 

showed that NUP358ZnF1 harbors sequence variations at important sites, explaining its 

weakened Ran(GDP) binding we observed biochemically (figs. S51 and S52). Furthermore, 

the NUP358 ZnF structures revealed an absence of conserved residues mediating canonical 

RNA binding, providing a molecular explanation for the surprising lack of RNA binding we 

observed biochemically contrary to previous reports (Fig. 2F and fig. S53) (89, 143, 144). 

The crystal structures of the five NUP358/NUP50 RanBD•Ran(GMPPNP) 

complexes show that they have the same architecture as previously observed for the 

NUP358RanBD-I•Ran complex (Fig. 3L and fig. S55 and table S16) (110). In addition to the 

previously described interactions between the pleckstrin-homology-fold of RanBDs and 

Ran(GMPPNP), we observed an extensive positively charged surface patch in all five 

RanBDs that sequesters Ran’s acidic C-terminal DEDDDL motif and is necessary for tight 

binding (145). Ran’s C-terminal a-helix binds to a conserved groove on the surface of all 

five RanBDs, but shows some plasticity in the exact molecular interactions (fig. S55E). 

Interestingly, the same hydrophobic Ran pocket bound by ZnF N-terminal extensions 

(NTEs) in the ZnF•Ran(GDP) complex structures is occupied by a proline or leucine residue 
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in the ~20-residue NTEs of all four NUP358 RanBDs, but not the NUP50 RanBD 

(fig. S55C and Movie 4). 

Together, our data establish that the human CF and nuclear basket nups NUP358, 

NUP153, and NUP50 harbor a total of 16 distinct Ran binding sites that, considering their 

stoichiometry in the NPC, could together recruit up to several hundred Ran molecules. 

Considering the substantial size difference between metazoan and S. cerevisiae cells, it is 

conceivable that additional Ran binding sites provided by the metazoan-specific asymmetric 

nups NUP358 and NUP153 help ensure high enough Ran-concentrations in the NPC vicinity 

to enable nucleocytoplasmic transport, as has been previously suggested (85). 

 

Structural and biochemical analysis of NUP88NTD•NUP98APD•NUP214TAIL 

NUP88NTD forms a seven-bladed b-propeller domain, which is extensively decorated by a 

series of extended loops and insertions, with NUP98APD bound to the fourth and fifth blades 

(fig. S74, A and B). NUP88NTD and NUP98APD form a bipartite interaction through a cross-

handshake exchange of loops. NUP98APD extends the K/R loop to present residue K814 to 

hydrogen bond with the NUP88NTD 4D5A loop backbone carbonyls of N273 and G308 

(Fig. 6H). The tight K814 coordination forms a robust interaction, which is dependent on the 

conformation of NUP88NTD 4D5A loop. Indeed, severing requires an aggressive combination 

mutant of four 4D5A loop residues (E275A, M299A, N306A, and Y307A; EMNY) 

(fig. S74, D and E). The FGL loop of NUP88NTD reaches over to bind into a hydrophobic 

groove of NUP98APD (Fig. 6H). Removal of the FGL loop leads to weakened interactions 

between NUP88NTD and NUP98APD (fig. S74F). Despite low sequence homology, the overall 

architecture of the NUP88NTD•NUP98APD complex is conserved from fungi to humans, 

although the orientation of NUP98APD relative to NUP88NTD varies between the co-crystal 

structures of human and fungal orthologs by as much as ~20° (figs. S75 to S77, and Movie 5) 

(11, 59). 

Because the NUP214TAIL-NUP88NTD interaction was crystallographically intractable, 

we mapped a minimal NUP88NTD-binding region spanning NUP214 residues 938-955 by 

systematic truncation (figs. S78 and S79). NUP214TAIL forms a hydrophobic interaction with 
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NUP88NTD at the 6CD insertion, which was abolished by a combined NUP88NTD LLL 

mutation (L424A, L428A, and L438A), analogous to a mutation we had previously shown 

to abolish the interaction between the S. cerevisiae orthologs Nup159TAIL and Nup82NTD 

(fig. S79E) (59). Interestingly, this NUP88 LLL mutation straddles a naturally occurring 

D434Y mutation in NUP88 linked to a fatal disorder called fetal akinesia deformation 

sequence (FADS), which is associated with congenital malformations and impaired fetal 

movement (fig. S80) (93). Given its location, the D434Y mutation is expected to interfere 

with the NUP214TAIL interaction. 

Complementing our earlier NUP358NTD surface mutagenesis, we also performed 

structure-driven mutagenesis of NUP88NTD to identify the NUP358NTD binding site, focusing 

on acidic surface residues expected to bind to the basic NUP358NTD concave surface. Indeed, 

we identified several alanine substitutions of acidic residues at the tip of the 6CD insertion 

and in the adjacent 5C5D extended loop that abolished NUP358NTD binding (fig. S81). 

Combined, our structural and biochemical data reveal the molecular details of the 

interactions between NUP88, NUP214, and NUP98, uncovering that despite the divergence 

of individual nup sequences, their shape, mode of interaction, and the overall architecture of 

the nup complex they give rise to are evolutionarily conserved from fungi to humans. 
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Supplementary figures 

Fig. S1. C. thermophilum nucleoporin fragments. Domain architectures of the 

C. thermophilum coat and cytoplasmic filament nups. Domains are drawn as horizontal 

boxes with residue numbers indicated and their observed or predicted folds colored according 

to the legend. The black lines indicate the fragments used throughout the text. Dashed lines 

indicate regions excluded from expression constructs. As a reference, schematics of nup 

complexes are shown on the right. 
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Fig. S2. Purification of the C. thermophilum Nup82•Nup159•Nsp1 hetero-trimer. 

(A) Domain boundaries of the purified nups are shown with black lines indicating the 

construct boundaries of Nup82, Nup159, and Nsp1 in our bacterial expression constructs. 

The dashed line indicates a central FG-repeat region in Nup159 that was excluded. (B) 

Nup82•Nup159•Nsp1 hetero-trimer purification. Sequential chromatography purification 

steps are shown from top to bottom with the employed columns indicated. The gray boxes 

indicate fractions that were resolved on SDS-PAGE gels and visualized by Coomassie 

staining. Pooled fractions are indicated with a black bar below the SDS-PAGE gels. For 

details of the buffer conditions see Table S5. 
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Fig. S3. Biochemical dissection of the CFNC architecture. Summary of the 

SEC-MALS interaction analyses of the indicated figure panels. Each box in the flow chart 

represents a SEC-MALS interaction experiment, involving individually purified CFNC sub-

complexes that were tested for their ability to form stochiometric complexes, colored by the 

experimental outcome; strong interaction (green), no interaction (red). The inset schematics 

are colored to indicate the CFNC sub-complexes of each SEC-MALS interaction experiment. 
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Fig. S4. Reconstitution of the CFNC and elucidation of the Dbp5 and Gle2•Nup145N 

binding sites. (A) SEC-MALS interaction analysis showing the biochemical reconstitution 

of the ~290 kDa hetero-hexameric CFNC from Nup82•Nup159•Nsp1, Gle2•Nup145N, and 

Dbp5 (corresponding to Fig. 1D). (B, C) SEC-MALS interaction analyses probing the 

interaction of Dbp5 with (B) Nup82DNTD•Nup159DTAIL•Nsp1 and (C) 

Nup82•Nup159DNTD•Nsp1 truncated CFNC variants. (D, E) SEC-MALS interaction 

analyses probing the interaction of Gle2•Nup145NGLEBS-APD with (D) 

Nup82•Nup159DNTD•Nsp1 and (E) Nup82DNTD•Nup159DTAIL•Nsp1 truncated CFNC variants. 

SEC-MALS profiles of nup complexes are shown individually (red, blue, and cyan) and after 

preincubation (green). SEC profiles were obtained using a Superose 6 10/300 GL column. 

Measured molecular masses are indicated, with the respective theoretical masses shown in 

parentheses. Inset schematics display tested protein samples colored to match the 

corresponding chromatogram trace. Gray boxes indicate fractions resolved on SDS-PAGE 

gels and visualized by Coomassie brilliant blue staining. 
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Fig. S5. Biochemical dissection of the CFNC into four distinct non-interacting 

sub-complexes. SEC-MALS interaction analysis of the Nup82•Nup159•Nsp1 CCS1-3 

(CFNC-hub) with (A) Nup159NTD•Dbp5, (B) Gle2•Nup145NGLEBS, (C) 

Nup82NTD•Nup145NAPD•Nup159TAIL, and (D) a mixture of all four subcomplexes. SEC-

MALS profiles of nup complexes are shown individually (red, blue, purple and orange) and 

after preincubation (green). SEC profiles were obtained using a 

Superdex 200 Increase 10/300 GL column. Measured molecular masses are indicated, with 

the respective theoretical masses shown in parentheses. Inset schematics display tested 

protein samples colored to match the corresponding chromatogram trace. Gray boxes 

indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue 

staining.
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Fig. S6. Biochemical analysis of the Nup37/Nup145C-CFNC-hub interaction. (A, B) 

SEC interaction analyses of Nup82•Nup159•Nsp1 CCS1 with (A) SUMO-Nup37CTE and (B) 

Nup145CNTE, showing that neither form a stable complex. (C, D) SEC interaction analyses 

of Nup82•Nup159•Nsp1 CCS2-3 with (C) SUMO-Nup37CTE and (D) Nup145CNTE, 

demonstrating that both form stable interactions. SEC profiles of nup complexes are shown 

individually (red, blue) and after preincubation (green). SEC profiles were obtained using a 

Superdex 200 Increase 10/300 GL column. Inset schematics display tested protein samples 

colored to match the corresponding chromatogram trace. Gray boxes indicate fractions 

resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue staining. 
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Fig. S7. Reconstitution and dissection strategy for the 14-protein CNC•CFNC 

complex. Flow chart detailing reconstitution and biochemical dissection of the 14-protein 

C. thermophilum CNC•CFNC complex. Each box in the flow chart represents a SEC-MALS 

interaction experiment, involving individually purified CNC and CFNC sub-complexes that 

were tested for their ability to form stochiometric complexes, colored by the experimental 

outcome; strong interaction (green), weak interaction (orange), no interaction (red). The inset 

schematics are colored to indicate the CNC and CFNC sub-complexes of each SEC-MALS 

interaction experiment, gray regions stipulate proteins omitted from each analysis. 
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Fig. S8. Reconstitution and dissection of the 14-protein CNC-CFNC interaction. 

(A) SEC-MALS interaction analysis of the Nup120•Nup37•Elys•Nup85•Sec13-Nup145C• 

•Nup84•Nup133DNTE (CNC) with the intact CFNC, demonstrating the formation of a 

~1,016 kDa monodisperse, stochiometric 14-protein CNC•CFNC complex. (B-E) SEC-

MALS interaction analysis of the intact CNC with (B) Nup159NTD•Dbp5, (C) 

Gle2•Nup145NGLEBS, (D) Nup82NTD•Nup145NAPD•Nup159TAIL, and (E) CFNC-hub, 

showing that of the four distinct CFNC subcomplexes only the CFNC-hub forms a stable 

interaction with the CNC. SEC-MALS profiles of nup complexes are shown individually 

(red, blue) and after preincubation (green). SEC profiles were obtained using a 

Superose 6 10/300 GL column. Measured molecular masses are indicated, with the 

respective theoretical masses shown in parentheses. Inset schematics display tested protein 

samples colored to match the corresponding chromatogram trace. Gray boxes indicate 

fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue staining. 



 

 

626 



 

 

627 
Fig. S9. Anchoring of the CFNC-hub to the CNC is mediated by Nup145CNTE and 

Nup37CTE. SEC-MALS interaction analyses of CFNC-hub with (A) Nup133NTE, (B) 

Nup85NTE, (C) Nup145CNTE, and (D) SUMO-Nup37CTE, showing that Nup145C and Nup37 

bind to the CFNC-hub. SEC-MALS profiles of nup complexes are shown individually (red, 

blue) and after preincubation (green). SEC profiles were obtained using a 

Superdex 200 Increase 10/300 GL column. Measured molecular masses are indicated, with 

the respective theoretical masses shown in parentheses. Inset schematics display tested 

protein samples colored to match the corresponding chromatogram trace. Gray boxes 

indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue 

staining. 
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Fig. S10. Nup37CTE is necessary and sufficient for CFNC-hub binding. SEC-MALS 

interaction analysis of CFNC-hub with (A) Nup37, (B) Nup37DCTE, (C) Nup120•Nup37DCTE• 

•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE (CNCD37CTE). SEC-MALS profiles of 

nup complexes are shown individually (red, blue) and after preincubation (green). SEC 

profiles were obtained using (A, B) Superose 6 10/300 GL and (C) Superdex 200 10/300 GL 

columns. Measured molecular masses are indicated, with the respective theoretical masses 

shown in parentheses. Inset schematics display tested protein samples colored to match the 

corresponding chromatogram trace. Gray boxes indicate fractions resolved on SDS-PAGE 

gels and visualized by Coomassie brilliant blue staining. 
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Fig. S11. Each intact CNC contains two distinct CFNC binding sites. SEC-MALS 

interaction analysis of intact CFNC with (A) CNCD37CTE, (B) CNCD145CNTE, and 

(C) CNCD37CTED145CNTE, showing that the simultaneous removal of both Nup37CTE and 

Nup145CNTE disrupts the CFNC interaction, whereas their individual removal only weakens 

the CNC-CFNC interaction. The mildly sub-stochiometric Dbp5 incorporation in the 

CNC-CFNC complex results from the concentration limitation of the CNC. SEC-MALS 

profiles of nup complexes are shown individually (red, blue) and after preincubation (green). 

SEC profiles were obtained using a Superose 6 10/300 GL column. Measured molecular 

masses are indicated, with the respective theoretical masses shown in parentheses. Inset 

schematics display tested protein samples colored to match the corresponding chromatogram 

trace. Gray boxes indicate fractions resolved on SDS-PAGE gels and visualized by 

Coomassie brilliant blue staining. 
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Fig. S12. Two CNC sub-complexes bind the CFNC-hub. SEC-MALS interaction 

analysis of CFNC-hub with (A) Nup120•Nup37•Elys•Nup85, (B) Sec13-Nup145C, 

(C) Nup84•Nup133DNTE, and (D) Sec13-Nup145CDNTE. SEC-MALS profiles of nup 

complexes are shown individually (red, blue) and after preincubation (green). SEC profiles 

were obtained using a Superose 6 10/300 GL column. Measured molecular masses are 

indicated, with the respective theoretical masses shown in parentheses. Inset schematics 

display tested protein samples colored to match the corresponding chromatogram trace. Gray 

boxes indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant 

blue staining. 
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Fig. S13. Gle2•Nup145N contributes weakly to the CNC-CFNC interaction. 

SEC-MALS interaction analysis of CNCD37CTED145CNTE with (A) Nup82•Nup159•Nsp1, 

(B) Nup82•Nup159•Nsp1 and Dbp5, (C) Nup82•Nup159•Nsp1 and Nup145NAPD, and 

(D) Nup82•Nup159•Nsp1 and Gle2•Nup145NGLEBS-APD, showing that in the absence of both 

Nup37CTE and Nup145CNTE CFNC binding sites, residual CNC binding is 

Gle2•Nup145NGLEBS-dependent. SEC-MALS profiles of nup complexes are shown 

individually (red, blue, cyan) and after preincubation (green). SEC profiles were obtained 

using a Superose 6 10/300 GL column. Measured molecular masses are indicated, with the 

respective theoretical masses shown in parentheses. Inset schematics display tested protein 

samples colored to match the corresponding chromatogram trace. Gray boxes indicate 

fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue staining. 
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Fig. S14. Identification of a minimal Nup37CTE CFNC-hub binding region. 

(A) Primary sequence of Nup37CTE with predicted secondary structure elements. Colored 

lines indicate Nup37CTE N- and C-terminal truncation fragments that were systematically 

tested for their ability to interact with the CFNC-hub, colored in green and red to indicate 

binding and no binding, respectively. Secondary structure predictions were conducted using 

Jpred4 (141). (B-C) SEC interaction analyses of CFNC-hub with (B) N-terminal SUMO-

Nup37CTE truncations, or (C) C-terminal SUMO-Nup37CTE truncations, mapping a minimal 

binding site to residues 723-741. SEC profiles of nup complexes are shown individually 

(blue, gray) and after preincubation (black, red and green). SEC profiles were obtained using 

a Superdex 200 10/300 GL column. Gray boxes indicate fractions resolved on SDS-PAGE 

gels and visualized by Coomassie brilliant blue staining. 
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Fig. S15. Nup37CTE and Nup145CNTE encode assembly sensors for the CFNC-hub. 

(A) Domain architectures of Nup159, Nup82, Nsp1, Nup37, and Nup145C. Domains are 

drawn as horizontal boxes with residue numbers indicated and their observed or predicted 

folds colored. The black lines indicate the fragments used in the pull-down analysis. 

(B-D) Streptavidin pulldowns using Bio-Avi-SUMO-Nup37CTE or 

Bio-Avi-SUMO-Nup145CNTE baits with (B) bacterial lysates, containing either Nup82, 

Nup159, and Nsp1 CCS1-3 fragments individually or a mixture of all three, demonstrating 

exclusive binding to the hetero-trimeric CFNC-hub, (C) bacterial lysates containing either 

the Nup82•Nup159•Nsp1 CCS1-3 (CFNC-hub), or hetero-trimeric CCS1 and CCS2-3 

segments, demonstrating binding to CCS2-3 albeit to a lesser extent, and (D) bacterial lysates 

containing CFNC-hub and a ~10 fold excess of purified SUMO-Nup37CTE or Nup145CNTE 

competitor, demonstrating mutually exclusive binding events. SDS-PAGE gels are 

visualized by Coomassie brilliant blue staining. 
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Fig. S16. Nup37CTE and Nup145CNTE bind CFNC-hub in a mutually exclusive 

fashion. SEC-MALS interaction analysis of the CFNC-hub with (A) SUMO-Nup37CTE and 

(B) Nup145CNTE across increasing buffer NaCl concentrations, establishing the hydrophobic 

nature of both interactions. (C) SEC-MALS competition analysis of SUMO-Nup37CTE and 

Nup145CNTE binding to CFNC-hub, establishing mutually exclusive overlapping binding 

sites. SEC-MALS profiles of nup complexes are shown individually (red, blue, cyan, and 

black) and after preincubation (green). SEC profiles were obtained using a 

Superdex 200 Increase 10/300 GL column. Measured molecular masses are indicated, with 

the respective theoretical masses shown in parentheses. Inset schematics display tested 

protein samples colored to match the corresponding chromatogram trace. Gray boxes 

indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue 

staining. 
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Fig. S17. Nup37CTE and Nup145CNTE bind the intact CFNC hetero-hexamer. 

SEC-MALS interaction analysis of CFNC with (A) SUMO-Nup37CTE and (B) Nup145CNTE. 

SEC-MALS profiles of nup complexes are shown individually (red, blue) and after 

preincubation (green). SEC profiles were obtained using a Superose 6 10/300 GL column. 

Measured molecular masses are indicated, with the respective theoretical masses shown in 

parentheses. Inset schematics display tested protein samples colored to match the 

corresponding chromatogram trace. Gray boxes indicate fractions resolved on SDS-PAGE 

gels and visualized by Coomassie brilliant blue staining. 
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Fig. S18. Reconstitution and dissection strategy for the CFNC•Gle1•Nup42GBM 

hetero-octamer. Summary of the SEC-MALS interaction analyses of the indicated figure 

panels. Each box in the flow chart represents a SEC-MALS interaction experiment, involving 

individually purified Gle1•Nup42GBM and CFNC sub-complexes that were tested for their 

ability to form stochiometric complexes, colored by the experimental outcome; strong 

interaction (green), weak interaction (orange), no interaction (red). The inset schematics are 

colored to indicate the individually purified Gle1•Nup42GBM and CFNC sub-complexes of 

each SEC-MALS interaction experiment. Gray regions stipulate proteins omitted from each 

analysis and the presence and absence of IP6 in the interaction analyses are indicated. 
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Fig. S19. Gle1•Nup42GBM binds the CFNC via a distributed binding site. (A, B) 

SEC-MALS interaction analysis of Gle1•Nup42GBM and CFNC in the (A) presence and (B) 

absence of IP6, demonstrating that formation of a stable stoichiometric 

CFNC•Gle1•Nup42GBM hetero-octamer is IP6-dependent (corresponding to Fig. 1E). 

(C, D) SEC-MALS interaction analyses of CFNC in the absence of IP6 with (C) Gle1NTD and 

(D) Gle1CTD•Nup42GBM, demonstrating that Gle1NTD contributes to CFNC binding. 

(E) SEC-MALS interaction analysis of CFNC in the presence of IP6 with 

Gle1CTD•Nup42GBM, showing that Gle1CTD is insufficient for CFNC binding. SEC-MALS 

profiles of nup complexes are shown individually (red and blue) and after preincubation 

(green). SEC profiles were obtained using a Superose 6 10/300 GL column. Measured 

molecular masses are indicated, with the respective theoretical masses shown in parentheses. 

Inset schematics display tested protein samples colored to match the corresponding 

chromatogram trace. Gray boxes indicate fractions resolved on SDS-PAGE gels and 

visualized by Coomassie brilliant blue staining. 
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Fig. S20. Both Nup159NTD and Gle1NTD are dispensable for the 

Gle1•Nup42GBM-Dbp5 interaction. (A, B) SEC-MALS interaction analyses of 

Gle1•Nup42GBM in the presence of IP6 with (A) Dbp5 and (B) Nup159NTD•Dbp5, showing 

that Nup159NTD is dispensable for the Gle1•Nup42GBM-Dbp5 interaction. (C, D) SEC-

MALS interaction analyses of Gle1CTD•Nup42GBM in the presence of IP6 with (C) Dbp5 and 

(D) Nup159NTD•Dbp5, showing that Gle1NTD is dispensable for the Gle1•Nup42GBM-Dbp5 

interaction. SEC-MALS profiles of nup complexes are shown individually (red, blue) and 

after preincubation (green). SEC profiles were obtained using a 

Superdex 200 Increase 10/300 GL column. Measured molecular masses are indicated, with 

the respective theoretical masses shown in parentheses. Inset schematics display tested 

protein samples colored to match the corresponding chromatogram trace. Gray boxes 

indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue 

staining.
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Fig. S21. A distributed CFNC binding site mediates the Gle1•Nup42GBM interaction. 

(A-E) SEC-MALS interaction analyses of Gle1•Nup42GBM in the absence of IP6 with (A) 

Nup159NTD•Dbp5, (B) Gle2•Nup145NGLEBS, (C) Nup82NTD•Nup145NAPD•Nup159TAIL, (D) 

CFNC-hub, and (E) a mixture of all four CFNC subcomplexes, demonstrating that none of 

the four CFNC sub-complexes recapitulates the binding of intact CFNC. SEC-MALS 

profiles of nup complexes are shown individually (red, blue, purple and yellow) and after 

preincubation (green). SEC profiles were obtained using a 

Superdex 200 Increase 10/300 GL column. Measured molecular masses are indicated, with 

the respective theoretical masses shown in parentheses. Inset schematics display tested 

protein samples colored to match the corresponding chromatogram trace. Gray boxes 

indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue 

staining. 
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Fig. S22. Reconstitution and dissection strategy for the 16-protein 

CNC•CFNC•Gle1•Nup42GBM. Summary of the SEC-MALS interaction analyses of the 

indicated figure panels. Each box in the flow chart represents a SEC-MALS interaction 

experiment, involving individually purified Gle1•Nup42GBM, CFNC, and CNC 

sub-complexes that were tested for their ability to form stochiometric complexes, colored by 

the experimental outcome; strong interaction (green), weak interaction (orange), no 

interaction (red). The inset schematics are colored to indicate the individually purified 

Gle1•Nup42GBM, CFNC, and CNC sub-complexes of each SEC-MALS interaction 

experiment. Gray regions stipulate proteins omitted from each analysis and the presence and 

absence of IP6 in the interaction analyses are indicated. 
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Fig. S23. Reconstitution of a 16-protein coat-cytoplasmic filament nup complex. 

(A) SEC-MALS interaction analysis of CNC, CFNC, and Gle1•Nup42GBM in the presence 

of IP6, demonstrating the formation of an ~1,163 kDa monodisperse, stoichiometric 

16-protein CNC•CFNC complex (corresponding to Fig. 1F). (B) SEC-MALS interaction 

analysis of CNC, CFNC, and Gle1•Nup42GBM in the absence of IP6, demonstrating the 

formation of a peak corresponding to a monomeric and a dimeric assembly state of the 16-

protein CNC•CFNC complex with molecular masses ranging from ~2,002 to ~1,273 kDa. 

(C, D) SEC-MALS analysis of the CNC•CFNC interaction with (C) Gle1CTD•Nup42GBM and 

(D) Gle1NTD in the absence of IP6, demonstrating Gle1CTD• Nup42GBM incorporation into the 

CNC-CFNC complex and partial dimer formation, whereas the Gle1NTD exhibits barely 

detectable binding. SEC-MALS profiles of nup complexes are shown individually (red, blue 

and cyan) and after preincubation (green). SEC profiles were obtained using a 

Superose 6 10/300 GL column. Measured molecular masses are indicated, with the 

respective theoretical masses shown in parentheses. Inset schematics display tested protein 

samples colored to match the corresponding chromatogram trace. Gray boxes indicate 

fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue staining. 
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Fig. S24. Gle1•Nup42GBM binds to the CNC in an IP6-dependent fashion. (A, B) 

SEC-MALS analyses of the interaction between Gle1•Nup42GBM and CNC (A) in the 

absence and (B) presence of IP6, demonstrating the formation of a stoichiometric 

monodisperse ~822 kDa Gle1•Nup42GBM•CNC complex exclusively in the absence of IP6. 

SEC-MALS profiles of nup complexes are shown individually (red, blue) and after 

preincubation (green). SEC profiles were obtained using a Superose 6 10/300 GL column. 

Measured molecular masses are indicated, with the respective theoretical masses shown in 

parentheses. Inset schematics display tested protein samples colored to match the 

corresponding chromatogram trace. Gray boxes indicate fractions resolved on SDS-PAGE 

gels and visualized by Coomassie brilliant blue staining. 
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Fig. S25. Gle1NTD is dispensable for the Gle1•Nup42GBM-CNC interaction. 

(A, B) SEC-MALS interaction analyses of the CNC in the absence of IP6 with (A) Gle1NTD 

and (B) Gle1CTD•Nup42GBM, showing that Gle1CTD•Nup42GBM binds the CNC, whereas no 

binding is detected for Gle1NTD. (C) SEC-MALS interaction analysis of the CNC in the 

presence of IP6 with Gle1CTD•Nup42GBM, demonstrating that the presence of IP6 prevents 

binding of Gle1CTD•Nup42 GBM to CNC. SEC-MALS profiles of nup complexes are shown 

individually (red, blue) and after preincubation (green). SEC profiles were obtained using a 

Superose 6 10/300 GL column. Measured molecular masses are indicated, with the 

respective theoretical masses shown in parentheses. Inset schematics display tested protein 

samples colored to match the corresponding chromatogram trace. Gray boxes indicate 

fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue staining. 
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Fig. S26. Liquid-liquid phase separation analysis of coat-cytoplasmic filament nup 

interactions. (A) SEC-MALS interaction analysis of Nup120•Nup37•Elys•Nup85• 

•Sec13-Nup145C (CNC-hexamer; red) with Nup84•Nup133DNTE (blue), and their 

preincubation (green), showing the formation of a stoichiometric monodisperse CNC 

complex in the absence of Nup133NTE. SEC profiles were obtained using a 

Superose 6 10/300 GL column. Measured molecular masses are indicated, with the 

respective theoretical masses shown in parentheses. SDS-PAGE gels strips of the peak 

fractions are shown. (B) Mixing CNC-hexamer (green) with Nup84•Nup133 (red) results in 

formation of liquid-liquid phase separation (LLPS) condensates, dependent on the presence 

of Nup133NTE. (C) LLPS interaction assay, assessing the incorporation of the four CFNC 

subcomplexes (CFNC-hub, Dbp5•Nup159NTD, Nup82NTD•Nup145NAPD•Nup159TAIL, and 

Gle2•Nup145NGLEBS) into the CNC-LLPS condensate, identifying that only CFNC-hub 

enters. (D) LLPS interaction assay, assessing CFNC-hub incorporation into LLPS 

condensates, generated by CNC variants lacking either Nup37CTE, Nup145CNTE, or both 

assembly sensors, demonstrating that CFNC-hub entry is dependent on both assembly 

sensors. (E) LLPS interaction assay, assessing the incorporation of Gle1•Nup42GBM, 

Gle1NTD, and Gle1CTD•Nup42GBM, into the CNC-LLPS condensate. Whereas Gle1NTD fails 

to incorporate, both Gle1•Nup42GBM and Gle1CTD•Nup42GBM enter the condensate, but only 

in the absence of IP6. (F) LLPS interaction assay, assessing Gle1NTD and Gle1CTD•Nup42GBM 

incorporation into CNC-CFNC-LLPS condensates. As for the CNC-LLPS, Gle1NTD fails to 

incorporate, whereas the condensate incorporation of Gle1CTD•Nup42GBM occurs only in the 

absence of IP6. These results establish that the CFNC-CNC interaction is mediated by the 

Nup37CTE and Nup145CNTE assembly sensors and show that Gle1•Nup42GMB incorporation 

requires both Gle1NTD and Gle1CTD•Nup42GMB in the presence of IP6. The fluorescence 

microscopy analyses utilized dye labeled proteins, CNC-hexamer and its variants (Bodipy; 

green), CFNC and its sub-complexes (Alexa Fluor 647; red), and Gle1•Nup42GBM and its 

fragments (Coumarin; cyan). Pelleted CNC condensate phase (P) and soluble (S) fractions 

were analyzed by SDS-PAGE and visualized by Coomassie brilliant blue staining. All 

experiments were repeated at least three times. Scale bars are 10 µm. 
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Fig. S27. H. sapiens nucleoporin fragments. Domain architectures of the human 

cytoplasmic filament nups. Domains are drawn as horizontal boxes with residue numbers 

indicated and their observed or predicted folds colored according to the legend. The black 

lines indicate the fragments used throughout the text. Dashed lines indicate regions excluded 

from expression constructs. As a reference, schematics of nup complexes are shown on the 

right. 
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Fig. S28. Purification of the human NUP88•NUP214•NUP62 hetero-trimer. 

(A) Domain boundaries of the purified nups are shown with black lines indicating the 

construct boundaries of NUP88, NUP214, and NUP62 in our bacterial expression constructs. 

The dashed line indicates a central unstructured region in NUP214 that was excluded. 

(B) NUP88•NUP214•NUP62 hetero-trimer purification. Sequential chromatography 

purification steps are shown from top to bottom with the employed columns indicated. The 

gray boxes indicate fractions that were resolved on SDS-PAGE gels and visualized by 

Coomassie staining. Pooled fractions are indicated with a black bar below the SDS-PAGE 

gels. For details of the buffer conditions see Table S5. 
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Fig. S29. Reconstitution of the evolutionarily conserved human CFNC hetero-

hexamer. (A) SEC-MALS interaction analysis showing the biochemical reconstitution of 

the ~330 kDa hetero-hexameric CFNC (green) from NUP62•NUP88•NUP214 (blue), 

RAE1•NUP98 (cyan), and DDX19(ADP) (red) (corresponding to Fig. 2C). SEC profiles 

were obtained on a Superose 6 10/300 GL column. (B) SEC-MALS analysis of the hetero-

trimeric NUP62•NUP88•NUP214 CCS1-3 complex (CFNC-hub). SEC profile was obtained 

on a Superdex 200 10/300 GL column. Measured molecular masses are indicated, with the 

respective theoretical masses shown in parentheses. The inset schematics are colored to 

indicate the CFNC sub-complexes of each SEC-MALS interaction experiment, with gray 

domains and regions omitted from the experiment. Gray boxes indicate fractions resolved on 

SDS-PAGE gels and visualized by Coomassie brilliant blue staining. 
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Fig. S30. Systematic interaction analyses of NUP358NTD with human CF nup 

fragments. SEC-MALS interaction analyses of NUP358NTD with (A) Nup88NTD, 

(B) NUP88NTD•NUP98APD, (C) NUP88NTD•NUP98APD•NUP214TAIL, (D) NUP88NTD• 

•NUP214TAIL, (E) NUP98APD, (F) SUMO-NUP214TAIL, (G) NUP214NTD, (H) CFNC-hub, 

(I) DDX19 (ADP), (J) DDX19 E243Q (AMPPNP), (K) GLE1CTD•NUP42, 

(L) SUMO-NUP42ZnF, (M) RAE1•NUP98GLEBS, and (N) NUP358OE. Interactions were 

observed between Nup358NTD and Nup88NTD, Nup88NTD-Nup98APD, and Nup88NTD-

Nup98APD-Nup214TAIL. SEC-MALS profiles of nup complexes are shown individually (red 

and blue) and after preincubation (green). SEC profiles were obtained using a 

Superdex 200 10/300 GL column. Measured molecular masses are indicated, with the 

respective theoretical masses shown in parentheses. Inset schematics display tested protein 

samples colored to match the corresponding chromatogram trace. Gray boxes indicate 

fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue staining. 
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Fig. S31. Systematic interaction analyses of NUP358OE with human CF nup 

fragments. SEC-MALS interaction analyses of NUP358OE with (A) Nup88NTD, 

(B) NUP98APD, (C) SUMO-NUP214TAIL, (D) NUP214NTD, (E) CFNC-hub, 

(F) DDX19(ADP), (G) DDX19(AMPPNP) E243Q, (H) GLE1CTD•NUP42, 

(I) SUMO-NUP42ZnF, and (J) RAE1•NUP98GLEBS. SEC-MALS profiles of nup complexes 

are shown individually (red and blue) and after preincubation (green). SEC profiles were 

obtained using a Superdex 200 10/300 GL column. Measured molecular masses are 

indicated, with the respective theoretical masses shown in parentheses. Inset schematics 

display tested protein samples colored to match the corresponding chromatogram trace. Gray 

boxes indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant 

blue staining. 
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Fig. S32 Systematic interaction analyses of NUP88NTD with human CF nup 

fragments. SEC-MALS interaction analyses of NUP88NTD with (A) NUP98APD, 

(B) SUMO-NUP214TAIL, (C) NUP214NTD, (D) CFNC-hub, (E) DDX19(ADP), 

(F) DDX19(AMPPNP) E243Q, (G) GLE1CTD•NUP42, (H) SUMO-NUP42ZnF, and 

(I) RAE1•NUP98GLEBS. SEC-MALS profiles of nup complexes are shown individually (red 

and blue) and after preincubation (green). SEC profiles were obtained using a 

Superdex 200 10/300 GL column. Measured molecular masses are indicated, with the 

respective theoretical masses shown in parentheses. Inset schematics display tested protein 

samples colored to match the corresponding chromatogram trace. Gray boxes indicate 

fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue staining. 
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Fig. S33 Systematic interaction analyses of NUP98APD with human CF nup 

fragments. SEC-MALS interaction analyses of NUP98APD with (A) SUMO-NUP214TAIL, 

(B) NUP214NTD, (C) CFNC-hub, (D) DDX19(ADP), (E) DDX19(AMPPNP) E243Q, 

(F) GLE1CTD•NUP42, (G) SUMO-NUP42ZnF, and (H) RAE1•NUP98GLEBS. SEC-MALS 

profiles of nup complexes are shown individually (red and blue) and after preincubation 

(green). SEC profiles were obtained using a Superdex 200 10/300 GL column. Measured 

molecular masses are indicated, with the respective theoretical masses shown in parentheses. 

Inset schematics display tested protein samples colored to match the corresponding 

chromatogram trace. Gray boxes indicate fractions resolved on SDS-PAGE gels and 

visualized by Coomassie brilliant blue staining. 
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Fig. S34. Systematic interaction analyses of NUP214TAIL with human CF nup 

fragments. SEC-MALS interaction analyses of SUMO-NUP214TAIL with (A) NUP214NTD, 

(B) CFNC-hub, (C) DDX19(ADP), (D) DDX19(AMPPNP) E243Q, (E) GLE1CTD•NUP42, 

(F) SUMO-NUP42ZnF, and (G) RAE1•NUP98GLEBS. SEC-MALS profiles of nup complexes 

are shown individually (red and blue) and after preincubation (green). SEC profiles were 

obtained using a Superdex 200 10/300 GL column. Measured molecular masses are 

indicated, with the respective theoretical masses shown in parentheses. Inset schematics 

display tested protein samples colored to match the corresponding chromatogram trace. Gray 

boxes indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant 

blue staining. 
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Fig. S35. Systematic interaction analyses of NUP214TAIL with human CF nup 

fragments. SEC-MALS interaction analyses of NUP214NTD with (A) CFNC-hub, 

(B) DDX19(ADP), (C) DDX19(AMPPNP) E243Q, (D) GLE1CTD•NUP42, 

(E) SUMO-NUP42ZnF, and (F) RAE1•NUP98GLEBS. SEC-MALS profiles of nup complexes 

are shown individually (red and blue) and after preincubation (green). SEC profiles were 

obtained using a Superdex 200 10/300 GL column. Measured molecular masses are 

indicated, with the respective theoretical masses shown in parentheses. Inset schematics 

display tested protein samples colored to match the corresponding chromatogram trace. Gray 

boxes indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant 

blue staining. 
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Fig. S36. Systematic interaction analyses of NUP214TAIL with human CF nup 

fragments. SEC-MALS interaction analyses of CFNC-hub with (A) DDX19 (ADP), 

(B) DDX19(AMPPNP) E243Q, (C) GLE1CTD•NUP42, (D) SUMO-NUP42ZnF, and 

(E) RAE1•NUP98GLEBS. SEC-MALS profiles of nups complexes are shown individually 

(red and blue) and after preincubation (green). SEC profiles were obtained using a 

Superdex 200 10/300 GL column. Measured molecular masses are indicated, with the 

respective theoretical masses shown in parentheses. Inset schematics display tested protein 

samples colored to match the corresponding chromatogram trace. Gray boxes indicate 

fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue staining. 
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Fig. S37. Systematic interaction analyses of DDX19 with human CF nup fragments. 

SEC-MALS interaction analyses of DDX19 (ADP) or DDX19(AMPPNP) E243Q with 

(A, B) GLE1CTD•NUP42, (C, D) SUMO-NUP42ZnF, and (E, F) RAE1•NUP98GLEBS. 

SEC-MALS profiles of nup complexes are shown individually (red and blue) and after 

preincubation (green). SEC profiles were obtained using a Superdex 200 10/300 GL column. 

Measured molecular masses are indicated, with the respective theoretical masses shown in 

parentheses. Inset schematics display tested protein samples colored to match the 

corresponding chromatogram trace. Gray boxes indicate fractions resolved on SDS-PAGE 

gels and visualized by Coomassie brilliant blue staining. 
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Fig. S38. Systematic interaction analyses of GLE1CTD•NUP42 with human CF nup 

fragments. SEC-MALS interaction analyses of GLE1CTD•NUP42 with 

(A) SUMO-NUP42ZnF, and (B) RAE1•NUP98GLEBS. SEC-MALS profiles of nup complexes 

are shown individually (red and blue) and after preincubation (green). SEC profiles were 

obtained using a Superdex 200 10/300 GL column. Measured molecular masses are 

indicated, with the respective theoretical masses shown in parentheses. Inset schematics 

display tested protein samples colored to match the corresponding chromatogram trace. Gray 

boxes indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant 

blue staining. 
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Fig. S39. Systematic interaction analyses of NUP42ZnF and RAE1•NUP98GLEBS with 

human CF nup fragments. SEC-MALS interaction analysis of SUMO-NUP42ZnF with 

(A) RAE1•NUP98GLEBS. SEC-MALS profiles of SUMO-NUP42ZnF and RAE1•NUP98GLEBS 

are shown individually (blue and red, respectively) and after preincubation (green). SEC 

profiles were obtained using a Superdex 200 10/300 GL column. Measured molecular 

masses are indicated, with the respective theoretical masses shown in parentheses. Inset 

schematics display tested protein samples colored to match the corresponding chromatogram 

trace. Gray boxes indicate fractions resolved on SDS-PAGE gels and visualized by 

Coomassie brilliant blue staining. 
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Fig. S40. Evolutionary conservation of cytoplasmic filament nup RNA binding 

properties. Cytoplasmic filament nup domains and complexes were assayed for binding to 

single stranded (ss) and double stranded (ds) RNA and DNA probes by electrophoretic 

mobility shift assay (EMSA); ssRNA (U20), dsRNA (28-nt hairpin), ssDNA (34-nt DNA 

oligonucleotide), dsDNA (34-bp hybridized DNA oligonucleotides) and ssRNA (A20). Final 

concentrations of protein and complexes are indicated. EMSA titration of (A-C) human 

CFNC nup domains and subcomplexes, (D) C. thermophilum CFNC subcomplexes, 

(E) NUP358 and NUP50 RanBDs pre-complexed with Ran(GMPPNP), 

(F) Ran(GMPPMP), and (G) NUP358NTD. (H) EMSA titration of mRNA export complex 

P15•TAP with ss/ds RNA and DNA and CTE1/2 RNA, a commonly used viral RNA probe 

for P15•TAP. (I) EMSA titrations of NUP358NTD and NUP358ZFD with ALPPSSCR RNA. 
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Fig. S41. Biochemical analysis of oligomerization properties of NUP358 fragments. 

(A) SEC-MALS analysis of NUP358NTD-OE at the indicated increasing protein 

concentrations. The measured molecular masses increase from ~400 kDa to ~450 kDa, 

indicating the formation of a concentration-dependent oligomer, ranging from a 

homo-tetramer or -pentamer. (B, C) SEC-MALS oligomerization analyses of NUP358NTD at 

the indicated increasing protein concentrations and buffer conditions. NUP358NTD forms a 

concentration-dependent monomer-dimer mixture that is interrupted by 350 mM NaCl. 

(D, E) SEC-MALS oligomerization analyses of NUP358NTDDTPR at the indicated increasing 

protein concentrations and buffer conditions. NUP358NTDDTPR is monomeric in all buffer 

conditions tested, establishing that NUP358TPR contributes to NUP358NTD dimerization. 

Measured molecular masses are indicated, with the respective theoretical masses shown in 

parentheses. Gray boxes indicate fractions resolved on SDS-PAGE gels and visualized by 

Coomassie brilliant blue staining. 



 

 

704 

 



 

 

705 
Fig. S42. Structural and biochemical characterization of NUP358OE. 

(A) Experimental electron density map after density modification of NUP358OE phased with 

the sulfur-SAD anomalous X-ray diffraction data, contoured at 1.0 s. (B, C) SEC-MALS 

oligomerization analysis of NUP358OE, at the indicated increasing protein concentrations and 

buffer conditions. NUP358OE forms oligomeric states ranging from homo-dimer to -tetramer 

independent of the buffer condition. (D, E) SEC-MALS oligomerization analysis of 

NUP358OE LIQIML mutant (L811A, I814A, Q817A, I821A, M825A, and L828A), at the 

indicated increasing protein concentrations and buffer conditions. The measured molecular 

masses at all proteins concentrations and both buffer conditions correspond to a monomeric 

species, demonstrating that the LIQIML mutation abolishes the oligomeric behavior of 

NUP358OE. (F, G) SEC-MALS oligomerization analysis of NUP358NTD-OE LIQIML mutant, 

at the indicated increasing protein concentrations and buffer conditions. The LIQIML 

mutation abolishes the homo-tetramer or -pentamer formation, yielding a dynamic 

monomer-dimer equilibrium, as observed for NUP358NTD. In the 350 mM NaCl buffer, the 

NUP358NTD-OE LIQIML mutant is a monodisperse monomer at all protein concentrations 

tested. SEC profiles were obtained using a Superdex 200 10/300 GL column. Measured 

molecular masses are indicated, with the respective theoretical masses shown in parentheses. 

Gray boxes indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie 

brilliant blue staining. 
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Fig. 43. Determination of the NUP358NTD•sAB-14 crystal structure and sequence 

assignment. (A) The NUP358NTD•sAB-14 structure is shown in coil representation and 

overlayed with anomalous difference Fourier maps (contoured at 3.5 s), calculated from 

SeMet-SAD X-ray diffraction data obtained from SeMet-labeled crystals of 17 different 

methionine mutants. Together with the endogenous methionines of the wildtype complex, 

this analysis identified a total of 26 selenium positions, providing a marker for the 

unambiguous assignment of the NUP358NTD sequence register. A 90º-rotated view is shown 

on the right. For clarity, the second NUP358NTD•sAB-14 copy in the asymmetric unit is 

omitted. (B) Final 2|Fo|-|Fc| electron density map contoured at 1.0 s. 
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Fig. S44. Crystal structure of NUP358NTD bound by sAB-14. (A) Domain structure of 

NUP358 and sAB-14 light and heavy chains drawn as horizontal boxes with residue numbers 

indicated. Black lines indicate the boundaries of the crystallized fragments. (B) Cartoon 

representation of the NUP358NTD•sAB-14 co-crystal structure dyad of the P6522 lattice, 

illustrating the swap of the N-terminal TPR subdomain between symmetry related 

NUP358NTD molecules. A 90°-rotated view highlights sAB-14 binding to the convex surface 

of NUP358NTD. (C) Comparison of open and closed conformations of NUP358NTD. The 

crystallographic dimer reveals two alternative conformations of NUP358NTD, in which 

NUP358TPR either forms a continuous solenoid (open), or folds back, separating TPR4 and 

forming electrostatic interactions with HEAT repeats 5-7 of the N-terminal solenoid (closed). 

The open conformation adopts an overall S-shaped architecture, whereas the closed 

conformation is a compact particle. (D) Cartoon representation colored to indicate the three 

a-helical solenoids that compose the NUP358NTD giving rise to an overall S-shape molecule; 

N-terminal a-helical solenoid (red), a-helical wedge (blue), C-terminal a-helical solenoid 

(green). 
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Fig. S45. Multispecies sequence alignment of NUP358NTD. Sequences of nine 

metazoan species were aligned and colored according to similarity using the BLOSUM62 

matrix from white (less than 40% similarity), through yellow (60% similarity), to red (100% 

identity). The numbering is according to the H. sapiens protein. The secondary structure is 

indicated above the sequences as rectangles (a-helices) and lines (unstructured regions), 

residues unresolved in the crystal structure are indicated by gray dots. Yellow dots indicate 

residues found in sequence variants associated with acute necrotizing encephalopathy 1 

(ANE1). Red dots indicate the seven residues that are substituted by alanine in the 2R5K 

mutation that abolishes the NUP88NTD and ALPPSSCR RNA interactions. 
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Fig. S46. Surface properties of NUP358NTD. (A) Cartoon representation of NUP358NTD 

with N-terminal a-helical solenoid in red, a-helical wedge domain in blue, and C-terminal 

a-helical solenoid in green. (B) Surface representation of NUP358NTD colored as in (A). 

Residues mutated to alanine in the 2R5K mutation are indicated in yellow (C) Surface 

representation colored according to electrostatic potential from red (-10 kBT/e) to blue (+10 

kBT/e). (D) Surface representation colored according to sequence conservation based on 

alignment in fig. S45. The NUP358NTD structure is shown from four different orientations 

related by 90° rotations around the vertical axis. 
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Fig. S47. Biochemical characterization of the NUP358NTD-NUP88NTD interaction. 

(A-C) SEC interaction analyses of NUP88NTD with (A) NUP358NTDDTPR, (B) NUP358TPR, 

and (C) NUP3581-673, demonstrating that NUP358TPR is necessary but insufficient for 

NUP88NTD binding. (D) SEC analysis of NUP88NTD with NUP358NTD in a buffer containing 

200 mM NaCl, revealing the salt-sensitive nature of the interaction. SEC profiles of 

NUP358NTD variants (blue) and NUP88NTD (red) are shown individually and after their 

preincubation (green). SEC profiles were obtained using a Superdex 200 10/300 GL column. 

Gray boxes indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie 

brilliant blue staining. 
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Fig. S48. Biochemical characterization of the NUP358NTD-ALPPSSCR RNA 

interaction. (A-D) SEC interaction analyses of ALPPSSCR RNA with (A) NUP358NTD, 

(B) NUP358NTDDTPR, (C) NUP358TPR, and (D) NUP3581-673, demonstrating that NUP358TPR 

is necessary but insufficient for ALPPSSCR RNA binding. (E) SEC analysis of ALPPSSCR 

RNA with NUP358NTD in a buffer containing 200 mM NaCl, revealing the salt-sensitive 

nature of the interaction. SEC profiles of NUP358 variants (blue) and ALPPSSCR RNA (red) 

are shown individually and after their preincubation (green). SEC profiles were obtained 

using a Superdex 200 10/300 GL column. Gray boxes indicate fractions resolved on 

SDS-PAGE and 0.5X TBE urea-PAGE denaturing gels and visualized by Coomassie 

brilliant blue and SYBR Gold staining, respectively. (F) EMSA titrations against ALPPSSCR 

RNA are shown for each NUP358 variant used in (A-D), corroborating the SEC interaction 

results. (G) Quantitation of RNA binding of three independent experiment and plotted 

against protein concentration. Error bars represent standard error. 
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Fig. S49. Identification of NUP88NTD and ALPPSSCR RNA binding sites on the 

NUP358NTD surface. (A) Cartoon representation of NUP358NTD. (B) 106 NUP358NTD 

surface mutants were tested for their interaction with NUP88NTD and ALPPSSCR RNA by 

SEC and EMSA, respectively. SDS-PAGE gel strips from each NUP358NTD mutant, 

corresponding to the peak fraction from the wildtype SEC interaction, were visualized by 

Coomassie brilliant blue staining. EMSA gel strips for each NUP358NTD mutant at 625 nM 

concentration, were visualized by SYBR Gold staining. The colored dots indicate the effect 

on binding of the mutations. (C) Surface representations of NUP358NTD with saturating 

mutagenesis residues colored according to their effect on NUP88NTD and ALPPSSCR RNA 

binding. Red triangles indicate residues of the 2R5K combination mutant, which abolishes 

the interactions with both NUP88NTD and ALPPSSCR RNA. (D) SEC profiles of NUP88NTD 

interactions with NUP358NTD mutants are overlayed and colored according to their effect on 

NUP88NTD binding. Gray boxes indicate fractions resolved on SDS-PAGE gels for 

representative interactions in each category of binding. (E) Full EMSA titrations are shown 

for representative interactions in each category of binding. Dashed lines indicate SDS-PAGE 

and EMSA lanes shown in panel (B). Combination mutations are referred to as 2R5K (K34A, 

K40A, R58A, K61A, R64A, K500A, and K502A), 2R4K (K40A, R58A, K61A, R64A, 

K500A, and K502A), 2R3K (K34A, K40A, R58A, K61A, and R64A), and 2R2K (K40A, 

R58A, K61A, and R64A). 
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Fig. S50. NUP358NTD 2R5K combination mutant abolishes NUP88NTD binding. 

(A, B) SEC interaction analysis of NUP88NTD with (A) NUP358NTD and (B) the 

NUP358NTD 2R5K combination mutant (K34A, K40A, R58A, K61A, R64A, K500A, and 

K502A). The 2R5K combination mutation abolishes the NUP358NTD-NUP88NTD interaction. 

SEC profiles of NUP358NTD variants (blue) and NUP88NTD (red) are shown individually and 

after their preincubation (green). SEC profiles were obtained using a 

Superdex 200 10/300 GL column. Gray boxes indicate fractions resolved on SDS-PAGE 

gels and visualized by Coomassie brilliant blue staining. 
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Fig. S51. Crystal structures of NUP358ZnF•Ran(GDP) and NUP153ZnF•Ran(GDP) 

complexes. (A) Domain structures of NUP358 and NUP153 drawn as horizontal boxes with 

residue numbers indicated. (B) Sequence alignment of the eight NUP358 and four 

R. norvegicus rnNUP153 ZnFs colored according to the BLOSUM62 weighting algorithm 

from white (less than 40% similarity), through yellow (60% similarity), to red (100% 

identity). (C) Surface representation of Ran(GMPPNP) from the NUP358RanBD-IV•Ran 

crystal structure, highlighting the switch I (yellow), switch II (orange), and the nucleotide-

independent hydrophobic pocket (cyan). (D) Co-crystal structures of six 

NUP358ZnF•Ran(GDP) and four rnNUP153ZnF•Ran(GDP) complexes are shown. The ZnFs 

and Ran(GDP) are shown in cartoon and surface representation, respectively. In all 

structures, a hydrophobic residue of each NTE occupies Ran’s nucleotide-independent 

hydrophobic pocket. (E) Magnified views of NUP358ZnF4•Ran(GDP) illustrating Ran’s 

interactions with the ZnF motif and NTE. 
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Fig. S52. Biochemical analysis of the Ran interaction with NUP358/NUP153 ZnF 

modules. (A) Summary of the Ran(GDP) binding properties of the twelve NUP358/NUP153 

ZnF modules. Apart from NUP358ZnF1, for which no binding is detected, the remaining 

eleven ZnF modules bind Ran(GDP) irrespective of the presence of the NTE. (B) 

Representative SEC interaction analysis of RAN(GDP) with NUP358ZnF7 in the absence or 

presence of the NTE. (C) Summary of the Ran(GTP) binding properties of the twelve 

NUP358/NUP153 ZnF modules. Apart from NUP358ZnF1, for which no binding is detected, 

Ran(GTP) binding of the remaining eleven ZnF modules is dependent on the presence of the 

NTE. (D) SEC interaction analyses of NUP358ZnF1 with Ran(GDP) and Ran(GTP), showing 

no binding irrespective of the presence of the NTE. 
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Fig. S53. NUP358 ZFD does not bind to single- or double-stranded RNA. 

(A) Sequence alignment of the twelve NUP358/NUP153 ZnF modules with representative 

members of the RanBP2 ZnF family with established RNA or protein binding properties, 

colored according to the BLOSUM62 weighting algorithm from white (less than 40% 

similarity) through yellow (60% similarity) to red (100% identity). Essential RNA binding 

residues are highlighted by a black box. RanBP2-type zinc finger motif residues are indicated 

by green dots. (B) Structures of NUP358ZnF7, ZRANB2ZnF•ssRNA (PDB ID 3G9Y) (143), 

and FUSZnF•ssRNA (PDB ID 6G99) (144) are shown, illustrating the absence of residues 

required for RNA binding. Inset indicates NUP358ZnF7 orientation in comparison to 

Ran(GDP). (C) EMSA titration of NUP358ZFD with ssRNA and dsRNA visualized with 

SYBR Gold stain, demonstrating the absence of RNA binding properties. 
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Fig. S54. Biochemical analysis of the Ran interaction with NUP358/NUP50 RanBDs. 

(A-E) SEC-MALS interaction analyses of Ran(GMPPNP) with (A) NUP358RanBD-I, 

(B) NUP358RanBD-II, (C) NUP358RanBD-III, (D) NUP358RanBD-IV, and (E) NUP50RanBD. SEC 

profiles of RanBDs (blue) and Ran(GMPPNP) red are shown individually and after their 

preincubation (green). Measured molecular masses are indicated, with the respective 

theoretical masses shown in parentheses. Gray boxes indicate fractions resolved on 

SDS-PAGE gels and visualized by Coomassie brilliant blue staining. Asterisks indicate 

oligomeric Ran species, arising from boiling in SDS-loading dye 
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Fig. S55. Crystal structures of NUP358/NUP50RanBD•Ran(GMPPNP). (A) Sequence 

alignment of the NUP358/NUP50 RanBD, colored according to the BLOSUM62 weighting 

algorithm from white (less than 40% similarity), through yellow (60% similarity), to red 

(100% identity). The secondary structure is indicated above the sequences as rectangles 

(a-helices), arrows (b-strands), and lines (unstructured regions). (B) Co-crystal structures of 

the five NUP358/NUP50RanBD•Ran(GMPPNP) complexes shown in cartoon representation. 

(C) 90º-rotated views of all five complexes illustrating the location of Ran’s 

nucleotide-independent hydrophobic pocket that accommodates a hydrophobic residue of all 

four NUP358RanBD, an interaction not observed in the NUP50RanBD complex. (D) 180º-rotated 

views of all five complexes highlighting the interaction of the DEDDDL motif of Ran with 

the basic patch found on each RanBD. The RanBD surface representation is colored 

according to electrostatic potential from red (-10 kBT/e) to blue (+10 kBT/e). 
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Fig. S56. Docking of the NUP358NTD structure into an ~12 Å cryo-ET map of the 

intact human NPC. (A) The open conformation NUP358NTD crystal structure was 

quantitatively docked into the ~12 Å sub-tomogram averaged cryo-ET map of the intact 

human NPC (46). Placed unique solutions are shown in cartoon representation with their 

rank indicated, whereas the cryo-ET map is rendered as a transparent isosurface. Solutions 

are viewed from a central cross-section of the intact NPC (left), from a closeup view from 

above the cytoplasmic face (right), or individually (bottom). Isosurfaces of the nuclear 

envelope and the NPC are colored dark and light gray, respectively. Rug plots (blue) and 

histograms (light blue) of Pearson correlation scores and derived Fisher z scores, fit with a 

normalized Gaussian curve (black), from a global search with 1 million random initial 

placements, are shown. Arrows and corresponding numbers indicate the rank of accepted 

solutions. A table summary of the accepted solutions fitting statistics, along with one-tailed 

p-values calculated from the Fisher z score distribution, is shown. (B) The same analysis as 

in (A) was applied to the closed conformation NUP358NTD crystal structure. Unlike with the 

open conformation, the docking solutions identified for the closed conformation of 

NUP358NTD crystal structure did not segregate to high confidence. 
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Fig. S57. Docking of the NUP358NTD structure into an ~23 Å cryo-ET map of the 

intact human NPC. (A)The open conformation NUP358NTD crystal structure was 

quantitatively docked into the ~23 Å sub-tomogram averaged cryo-ET map of the intact 

human NPC (44). Placed unique solutions are shown in cartoon representation with their 

rank indicated, whereas the cryo-ET map is rendered as a transparent isosurface. Solutions 

are viewed from a central cross-section of the intact NPC (left), from a closeup view from 

above the cytoplasmic face (right), or individually (bottom). Isosurfaces of the nuclear 

envelope and the NPC are colored dark and light gray, respectively. Rug plots (blue) and 

histograms (light blue) of Pearson correlation scores and derived Fisher z scores, fit with a 

normalized Gaussian curve (black), from a global search with 1 million random initial 

placements, are shown. Arrows and corresponding numbers indicate the rank of accepted 

solutions. A table summary of the accepted solutions fitting statistics, along with one-tailed 

p-values calculated from the Fisher z score distribution, is shown. (B) The same analysis as 

in (A) was applied to the closed conformation NUP358NTD crystal structure. Unlike with the 

open conformation, the docking solutions identified for the closed conformation of 

NUP358NTD crystal structure did not segregate to high confidence. 
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Fig. S58. Docking of the CF nups into the anisotropic composite single particle cryo-

EM map of the X. laevis cytoplasmic face protomer. (A) An anisotropic ~8 Å composite 

single particle cryo-EM map of the X. laevis cytoplasmic face protomer (light cyan; 

EMD-0909) (45) was superposed to the ~12 Å cryo-ET map of the intact human NPC 

(wheat; EMD-14322) (46). Maps and nuclear envelope (gray) are rendered as isosurfaces. 

(B) The superposition of the two maps placed the docked cytoplasmic outer ring and 

cytoplasmic face asymmetric nup structures, shown in cartoon representation, into the 

composite single particle cryo-EM map of the X. laevis cytoplasmic face protomer (left). The 

fit of the structures was subsequently locally optimized against the fully explained X. laevis 

cryo-EM map (right). 
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Fig. S59. Identifying five NUP358NTD copies in the X. laevis cytoplasmic face 

protomer. The The NUP358NTD open conformation crystal structure was globally placed by 

superposition of the ~12 Å cryo-ET map of the intact human NPC and locally rigid body 

refined at five positions (left) in the ~7 Å region of an anisotropic composite single particle 

cryo-EM map of the X. laevis cytoplasmic face protomer (light cyan; EMD-0909) (45). Two 

orthogonal views (middle and right) of carved out cryo-EM density rendered as transparent 

isosurfaces are shown superposed to NUP358NTD structures in cartoon representation. 
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Fig. S60. Validation of auxin-induced NUP358 degradation in AID::NUP358 

HCT116 cells. (A) Experimental timeline. (B) Schematic representation of CRISPR/Cas9-

mediated genomic tagging of nup358 alleles. (C) Time-resolved subcellular localization 

analysis of AID-tagged NUP358 by immunofluorescence microscopy upon auxin treatment. 

The mAb414 antibody (red) and DAPI (blue) staining were used as a reference for the 

nuclear envelope and nucleus, respectively. Scale bars are 10 µm. (D) Time-resolved 

Western blot analysis of AID-tagged NUP358 expression levels upon auxin treatment. The 

specificity of auxin induced NUP358 depletion was assessed by the indicated antibodies. 

Asterisks indicate a nonspecific band detected by the anti-NUP160 antibody. Control cells 

were not treated with auxin. 
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Fig. S61. Time-resolved localization analysis of endogenous nups in AID::NUP358 

HCT116 cells. (A) Experimental timeline. (B) Time-resolved subcellular localization 

analysis by immunofluorescence microscopy of endogenous nups in synchronized 

AID::NUP358 HCT116 cells without auxin treatment, as a control for Fig. 5A. (C) Western 

blot analysis of nup levels in cytoplasmic and nuclear fractions of synchronized 

AID::NUP358 HCT116 cells upon auxin-induced NUP358 depletion, according to the 

experimental timeline outlined in (A). Control cells were not treated with auxin. A whole 

cell extract (WC) control is included in the first lane of each blot. Colored regions in the 

schematics indicate nup locations within the NPC (left). Asterisk indicates a non-specific 

band. mAb414 antibody recognizes nups containing FG repeats including NUP62, NUP153, 

NUP214, and NUP358. Scale bars are 10 µm. 



 

 

744 

 



 

 

745 
Fig. S62. Expression levels of 3×HA-tagged NUP358 variants in AID::NUP358 

HCT116 cells. (A) Schematics indicating the domain boundaries of the transfected 

N-terminally 3×HA-tagged NUP358 variants. (B) Western blot expression analysis of the 

3×HA-NUP358 variants in AID::NUP358 HCT116 cells (corresponding to localization in 

Fig. 5B). 
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Fig. S63. Localization analysis of 3×HA-tagged NUP358 variants in NUP358 

depleted cells. (A) Schematics indicating the domain boundaries of the transfected 

N-terminally 3×HA-tagged NUP358 variants. (B) Immunofluorescence microscopy 

localization analysis of 3×HA-NUP358 variants in AID::NUP358 HCT116 cells after 3 hours 

of auxin treatment. mAb414 antibody staining was used as reference for the nuclear 

envelope. Scale bars are 10 µm. (C) Western blot expression analysis of 3×HA-tagged 

NUP358 variants in AID::NUP358 HCT116 cells after 3 hours of auxin treatment. 
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Fig. S64. Analysis of the cell cycle in nocodazole synchronized AID::NUP358 

HCT116 cells. (A) Experimental timeline. (B) Time resolved Western blot analysis of the 

indicated cell cycle markers in AID::NUP358 HCT116 cells post release from nocodazole 

block, establishing an ~14 hour cell cycle. Histone H3 serves as a loading control. 
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Fig. S65. Accessibility of sAB-14 and RNA/NUP88NTD binding sites in NPC-attached 

NUP358NTD. (A) Top view of the cytoplasmic face of the human NPC with NUP358NTD 

docked (left). A closeup view of the region from the inset indicates a single spoke protomer 

with tandem-arranged CNCs (distal, gold; proximal, pale yellow), and distal NUP93SOL (pale 

green) shown in surface representation, as well as five NUP358NTD copies (salmon, red, and 

purple) shown as cartoons (middle). An equivalent protomer is shown with 

NUP358NTD•sAB-14 crystal structures superposed to the docked NUP358NTD copies. The 

sAB-14 heavy chain (light gray) and light chain (dark gray) are shown in surface 

representation. White stars indicate potential clashes that would occur if sAB-14 bound to a 

given NPC-attached NUP358NTD. Schematics are shown to facilitate the interpretation of the 

rendered cartoons and surfaces. Distal and proximal positions are labeled according to the 

legend. (B) Two side views orthogonal to the cytoplasmic face protomer superposed with 

NUP358NTD•sAB-14 in (A). (C) Three views of a surface representation of the cytoplasmic 

face protomer with closeup views of the regions in the insets. Residues identified as involved 

in RNA and NUP88NTD binding by surface mutagenesis of NUP358NTD are colored cyan. 

(D) Surface representation (gray) of NUP358NTD with RNA/NUP88NTD-binding residues 

colored cyan (left). Five NUP358NTD copies found at the five unique positions in the 

cytoplasmic face protomer and colored accordingly (salmon, red, and purple) are shown in 

the same orientation, with RNA/NUP88NTD-binding residues colored cyan, and surface 

patches colored according to the color assigned to the interfacing nup. 
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Fig. S66. Validation of auxin-induced NUP358 degradation in AID::NUP358 DLD1 

cells. (A) Experimental timeline. (B) Schematic representation of CRISPR/Cas9-mediated 

genomic tagging of nup358 alleles. (C) Time-resolved subcellular localization analysis of 

AID-tagged NUP358 by immunofluorescence microscopy upon auxin treatment. The 

mAb414 antibody (red) and DAPI (blue) staining were used as a reference for the nuclear 

envelope and nucleus, respectively. Scale bars are 10 µm. (D) Time-resolved Western blot 

analysis of AID-tagged NUP358 expression levels upon auxin treatment. The specificity of 

auxin induced NUP358 depletion was assessed by the indicated antibodies. Asterisks 

indicate a nonspecific band detected by the anti-NUP160 antibody. Control cells were not 

treated with auxin. 
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Fig. S67. Validation of auxin-induced NUP160 degradation in NUP160::NG-AID 

DLD1 cells. (A) Experimental timeline. (B) Schematic representation of CRISPR/Cas9-

mediated genomic tagging of nup160 alleles. (C) Time-resolved subcellular localization 

analysis of NeonGreen (NG)-AID-tagged NUP160 by immunofluorescence microscopy 

upon auxin treatment. The NG-AID-tagged NUP160 was detected by an anti-NUP160 

antibody (green) or NeonGreen fluorescence (green). The mAb414 antibody (red) and DAPI 

(blue) staining were used as a reference for the nuclear envelope and nucleus, respectively. 

Scale bars are 10 µm. (D) Time-resolved Western blot analysis of NG-AID-tagged NUP160 

expression levels upon auxin treatment. The specificity of auxin induced NUP160 depletion 

was assessed by the indicated antibodies. Asterisks indicate a nonspecific band detected by 

the anti-NUP160 antibody. Control cells were not treated with auxin. 
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Fig. S68. Time-resolved analysis of nuclear RNA retention in NUP160/NUP358 

depleted DLD1 cells. (A) Experimental timeline. (B, C) Time-resolved fluorescence 

microscopy analysis of RNA nuclear retention in (B) NUP160::NG-AID or 

(C) AID::NUP358 DLD1 cells upon auxin treatment. Nascent RNA was metabolically 

pulse-labeled with 5-ethynyl uridine (5-EU) and its subcellular localization determined by 

Alexa Fluor 594 azide conjugation and fluorescence microscopy at the indicated time points. 

Scale bars are 10 µm. 
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Fig. S69. Depletion of NUP358 reduces reporter protein expression. (A) 

Experimental timeline. (B) Domain structures of the transfected C-terminally 

3×FLAG-tagged reporters. (C) Time-resolved Western blot expression analysis of the 

3×FLAG-tagged reporter proteins in synchronized AID::NUP358 HCT116 cells upon 

auxin-induced NUP358 depletion. Control cells were not treated with auxin. Quantitated 

reporter expression in auxin-treated cells was normalized to expression in control cells, at 

the 10-hour timepoint. Experiments were performed in triplicate, and the mean with the 

associated standard error reported. Asterisks indicate degradation bands detected by the 

anti-FLAG antibody. 
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Fig. S70. Structural analysis of NUP358NTD containing ANE1 mutations 

(A) NUP358NTD domain architecture with location of ANE1 mutations indicated. (B) 

Structures of wildtype NUP358NTD and three distinct ANE1 mutants (T585M, T653I, or 

I656V) shown individually and (C) superposed in cartoon representation. A magnified view 

of the inset region shows the local environment of the four ANE1-associated mutation sites 

(right). 
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Fig. S71. Characterization of NUP358 ANE1 mutants localization and interaction 

analysis with NUP88NTD and ALPPSSCR RNA. (A) Subcellular localization analysis by 

immunofluorescence microscopy of N-terminally 3×HA-tagged NUP358 ANE1 mutants in 

AID::NUP358 HCT116 cells. The mAb414 antibody (red) staining was used as a reference 

for the nuclear envelope. Scale bars are 10 µm. Expression of NUP358 mutants was verified 

by Western blot of whole cell extracts. (B) EMSA titrations of NUP358NTD variants against 

ALPPSSCR RNA visualized with SYBR Gold stain. Representative titrations of triplicate are 

shown. Triplicate EMSA experiments are plotted with mean values and standard errors. 

Apparent dissociation constants (KD) were estimated by fitting single-site binding models to 

the data. (C-F) SEC interaction analysis of NUP88NTD with (C) NUP358NTD T585M, 

(D) NUP358NTD T653I, (E) NUP358NTD I656V, (F) and NUP358NTD W681C. SEC profiles 

of NUP358NTD variants (red) and NUP88NTD (blue) are shown individually and after their 

preincubation (green). Preincubation with wildtype NUP358NTD shown in black for 

reference. SEC profiles were obtained using a Superdex 200 10/300 GL column. Gray boxes 

indicate fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue 

staining.  
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Fig. S72. Thermosolubility assay of NUP358 harboring ANE1 mutants. (A) Wildtype 

and NUP358NTD mutants associated with ANE1 (T585M, T653I, I656V, and W681C) were 

incubated for 20 minutes at the indicated temperatures prior to centrifugation. Pelleted (P) 

and soluble (S) fractions were analyzed by SDS-PAGE and visualized by Coomassie brilliant 

blue staining. (B) Lower temperature range thermosolubility pelleting assay for highly 

unstable NUP358NTD W681C and wildtype Nup358NTD. Red arrows indicate 50% solubility 

temperature for NUP358NTD ANE1 mutants. For reference, a yellow arrow indicates 

50% solubility temperature of wildtype NUP358NTD. (C) Quantitation of thermosolubility 

pelleting assay of wildtype and ANE1 mutant purified NUP358NTD, ratio of soluble over total 

protein is plotted for each temperature. 
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Fig. S73. Thermosolubility of NUP358NTD ANE1 mutations is increased by sAB-14 

binding. (A) Thermosolubility assay of NUP358 harboring ANE1 mutants (T585M, T653I, 

I656V) in the presence of sAB-14. Wildtype NUP358NTD and mutants associated with ANE1 

were pre-complexed with sAB-14 and purified by SEC prior to performing the protein 

thermosolubility pelleting assay. Complexes were incubated at the indicated temperatures 

for 20 minutes prior to centrifugation. Pelleted (P) and soluble (S) fractions were analyzed 

by SDS-PAGE and visualized by Coomassie brilliant blue staining. The 50% solubility 

temperature for proteins in isolation and in presence of sAB-14 are indicated by blue and red 

arrows, respectively. (B) sAB-14 structure shown in cartoon representation. The sequences 

of the four complementarity determining region (CDR) loops are provided and their location 

in the structure indicated. (C) Structure of NUP358NTD•sAB-14 shown in carton 

representation. The sAB-14 binding site is located on the convex surface of NUP358NTD at 

the interface between the N-terminal solenoid and central wedge domain. The inset indicates 

the region magnified in panels (D) and (E). (D) Magnified view of the sAB-14-NUP358NTD 

interface, illustrating the tight interactions formed by the four sAB-14 CDR loops with an 

exposed hydrophobic patch on the NUP358NTD surface. (E) Magnified view as (D) with 

NUP358NTD shown in surface representation highlighting the shape complementarity of the 

sAB-14 CDR loops. 
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Fig. S74. Mutational analysis of the NUP88NTD-Nup98APD interaction. (A) Cartoon 

representation of the NUP88NTD•NUP98APD crystal structure. (B) Schematic of the 

seven-bladed NUP88NTD b-propeller domain, indicating prominent loop insertions. 

(C-F) SEC interaction analyses of NUP98APD with (C) wildtype NUP88NTD, (D) the 

NUP88NTD M2999A/N306A/Y307A mutant, (E) the NUP88NTD 

E275A/M2999A/N306A/Y307A mutant, and (F) the NUP88NTD DFGL-loop mutant. SEC 

profiles of wildtype and mutant NUP88NTD (blue) and NUP98APD (red) are shown 

individually and after their preincubation (green). SEC profiles were obtained using a 

Superdex 200 10/300 GL column. Gray boxes indicate fractions resolved on SDS-PAGE 

gels and visualized by Coomassie brilliant blue staining. 
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Fig. S75. Multispecies sequence alignment of NUP88. Sequences of NUP88 from six 

species were aligned and colored according to similarity using the BLOSUM62 matrix from 

white (less than 40% similarity), through yellow (60% similarity), to red (100% identity). 

The numbering is according to the H. sapiens protein. For NUP88NTD, the secondary 

structure is indicated above the sequences as rectangles (a-helices), arrows (b-strands), and 

lines (unstructured regions). Unresolved residues are indicated by gray dots. For NUP88CTD, 

the secondary structure elements were predicted by JPred4 (146). Residues of sequence 

variations associated with fetal akinesia deformation sequence disease (93) are indicated by 

yellow dots. Residues substituted by alanine in the NUP88NTD 5E3D, LLL, and EMNY 

combination mutants are indicated by red, magenta, and cyan dots, respectively. Residues 

removed in the DFGL loop mutation are indicated by blue dots. 
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Fig. S76. Surface properties of NUP88NTD. (A) Cartoon representation of the 

NUP88NTD•NUP98APD crystal structure. (B) Surface representation of NUP88NTD colored as 

in (A). The binding site of NUP98 (green) and the approximate location of the residues of 

the 2R5K combination mutant (yellow), which are located in the unresolved 5CD loop and 

abolish NUP358NTD binding, are indicated. (C) Surface representation colored according 

to electrostatic potential from red (-10 kBT/e) to blue (+10 kBT/e). (D) Surface representation 

colored according to sequence identity based on the alignment in fig. S75.The NUP98APD 

binding site is strongly negatively charged. 
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Fig. S77. Evolutionary conservation of the NUP88NTD•NUP98APD•NUP214TAIL 

architecture. (A) Cartoon representations of the NUP88NTD•NUP98APD co-crystal structure 

and the previously determined crystal structures of S. cerevisiae 

Nup82NTD•Nup116CTD•Nup159TAIL (PDB ID 3PBP) (59) and C. thermophilum 

Nup82NTD•Nup145NAPD•Nup159TAIL (PDB ID 5CWW) (11), illustrating the evolutionary 

conservation of the NUP88/Nup82 FGL, 6CD, and 4AB/4CD loops and the 

NUP98/Nup116/Nup145N K/R loop (top). 90º-rotated views of all three complexes 

illustrating the location of the NUP88/Nup82NTD 6CD, and 4AB/4CD loop insertions that 

form the evolutionarily conserved binding site for NUP214/Nup159TAIL (bottom). 

(D) Superposition of H. sapiens and S. cerevisiae structures indicating the ~20° rotation of 

NUP98APD/Nup116CTD. 
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Fig. S78. Multispecies sequence alignment of NUP214. Sequences of NUP214 from 

eight species were aligned and colored according to similarity using the BLOSUM62 matrix 

from white (less than 40% similarity), through yellow (60% similarity), to red (100% 

identity). The numbering is according to the H. sapiens protein. For NUP214NTD, the 

secondary structure is indicated above the sequences as rectangles (a-helices, magenta), 

arrows (b-strands, magenta), and lines (unstructured regions, gray) and was derived from the 

previously reported crystal structure (PDB ID 2OIT) (54). The secondary structure elements 

of the structurally uncharacterized C-terminal coiled-coil region is indicated as rectangles 

(a-helices, blue) and was determined with JPred4 (146). The C-terminal ~1,100-residue 

FG-repeat region was omitted. 
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Fig. S79. Evolutionary conservation of NUP214 TAIL binding site on NUP88NTD. 

(A) Cartoon representation of H. sapiens NUP88NTD•NUP98APD and S. cerevisiae 

Nup82NTD•Nup159TAIL•Nup116CTD (PDB ID 3PBP) (59), colored according to Fig. 6H. The 

insets indicate the location of the Nup82NTD•Nup159TAIL interface and the corresponding 

region in NUP88NTD that are magnified on the right. The five scNup82NTD residues of the 

previously identified LILLF (L393A, I397A, L402A, L405A, and F410A) combination 

mutant, located in the 6CD loop (59), and the corresponding three residues (L424, L428, and 

L438) of NUP88NTD are shown in ball-and-stick representation (purple). For clarity, 

NUP98APD Nup116CTD have been omitted. (B) SEC interaction analysis of NUP88NTD with 

SUMO-tagged NUP214TAIL in buffers containing 100 mM or 1 M NaCl, establishing the 

salt-stable nature of the interaction. (C) SEC interaction analysis of NUP88NTD with the 

indicated SUMO-tagged NUP214TAIL truncations, identifying a minimal NUP214TAIL 

fragment (minimal TAIL; residues 938-955), which is sufficient for NUP88NTD binding. 

Summary of truncation mapping of minimal NUP214TAIL fragment binding NUP88NTD 

(bottom). (D) SEC interaction analyses of SUMO-tagged NUP214minimal TAIL with wildtype 

NUP88NTD and the NUP88NTD LLL (L424A, L428A, and L438A) combination mutant. The 

NUP88NTD LLL mutation abolishes the NUP214minimal TAIL interaction, identifying the 

NUP214minimal TAIL binding site on the NUP88NTD surface and suggesting a binding mode that 

is evolutionarily conserved from yeast to human. (E) SEC interaction analysis of the 

NUP88NTD LLL combination mutant with NUP358NTD, demonstrating that the 

NUP88NTD LLL mutation does not affect the NUP358NTD interaction. SEC profiles were 

obtained using a Superdex 200 10/300 GL column. Gray boxes indicate fractions resolved 

on SDS-PAGE gels and visualized by Coomassie brilliant blue staining. 
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Fig. S80. FADS-associated NUP88 D434Y mutation is located at the NUP214TAIL 

binding site. (A) NUP88 domain architecture indicating locations of the three mutations 

associated with fetal akinesia deformation sequence (FADS) (93). The D434Y mutant is 

located in the 6CD loop insertion of NUP88NTD, directly adjacent to the identified 

NUP214TAIL binding site (L424, L428, and L438). The nonsense mutation R509* truncates 

the C-terminal coiled-coil domain, whereas the single residue deletion of D636 falls within 

the predicted coiled-coil domain. (B) Co-crystal structure of NUP88NTD•NUP98APD is shown 

in cartoon representation and colored according to Fig 9, indicating the location of D434 and 

the adjacent L424, L428 and L438 of the LLL mutation of NUP88NTD. (C) Crystal structure 

of C. thermophilum Nup82NTD•Nup145NAPD•Nup159TAIL (PDB ID 5CWW) (11) shown in 

cartoon representation, illustrating the involvement of the 6CD loop of Nup159NTD in 

anchoring Nup159TAIL. 
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Fig. S81. Identification of the NUP88NTD 5E3D mutation interrupting NUP358NTD 

binding. (A) SEC interaction analyses of the indicated NUP88NTD mutants with NUP358NTD. 

Stacked preincubation curves are shown grouped by effect category; no effect (green, front), 

mild effect (yellow), moderate effect (orange), and severe effect (red) on NUP358NTD 

binding. SDS-PAGE gels of representative preincubation peak fractions are shown. 

(B) Structure of NUP88NTD•NUP98APD shown in cartoon representation. Residues that affect 

NUP358NTD binding are shown in ball-and-stick representation. The inset marks the location 

of the mutation that affects NUP358NTD binding. A dashed line indicates the approximate 

location of the unresolved acidic 5CD loop. Red circles indicate alanine substitutions in the 

5E3D mutant. 
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Fig. S82. Quantitative docking searches for CF subunits. Resolution-matched 

densities simulated from the crystal structures of (A) NUP88NTD•NUP98APD, 

(B) NUP214NTD•DDX19 (PDB ID 3FMO) (55), (C) GLE1CTD•NUP42GBM (PDB ID 6B4F) 

(63), (D) RAE1•NUP98GLEBS (PDB ID 3MMY) (57), (E) NUP358RanBD-II•Ran, 

(F) NUP358ZnF3•Ran, and (G) NUP358CTD (PDB ID 4I9Y) (129) were quantitatively docked 

into the ~12 Å sub-tomogram averaged cryo-ET map of the intact human NPC (EMD-

14322) (46) from which cryo-ET density corresponding to all placed nucleoporins was 

subtracted. Rug plots (blue) and histograms (light blue) of Pearson correlation scores (left) 

and derived Fisher z scores fit with a normalized Gaussian curve (black) from a global search 

with 1 million random initial placements (middle) are shown. A tabular summary of the 

solutions fitting statistics, along with one-tailed p-values calculated from the Fisher z score 

distribution, is shown (right). No docking solution segregated to high confidence. 
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Fig. S83. Docking and modeling of the H. sapiens and X. laevis CFNC complex. The 

CFNC complex was modeled by manually docking and rigid body refining structures against 

(A) the ~12 Å cryo-ET map of the intact human NPC (EMD-14322) (46) and (B) a ~8 Å 

region of the anisotropic composite single particle cryo-EM map of the X. laevis cytoplasmic 

outer ring protomer (EMD-0909) (45). In lieu of an experimental structure of the CFNC-hub 

coiled-coils, poly-alanine models of the CFNC-hub coiled-coil segments CCS1 and CCS2 

(pink) were derived from the X. laevis NUP54•NUP58•NUP62 (PDB ID 5C3L) (10) and 

C. thermophilum Nup49•Nup57•Nsp1 (PDB ID 5CWS) (11) complexes and fit into the tube-

like densities. NUP88NTD•NUP98APD (purple and cyan) was placed in a disk-like density at 

the base of the long CFNC-hubCCS1 structure. The dumbbell-shaped density assigned to 

NUP214NTD•DDX19 (bright pink and umber) in the human ~12 Å cryo-ET map was not 

present in the ~8 Å region of the anisotropic composite single particle cryo-EM map of the 

X. laevis cytoplasmic outer ring protomer. Cryo-EM and cryo-ET densities were carved out 

from larger maps for illustrative purposes and rendered as gray isosurface. Structures and 

models are shown as cartoons. 
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Fig. S84. NUP93R1-R2 peptide can span the distance between NUP205 and the 

CFNC-hub binding sites. Composite structure of the human NPC shown as cartoon. The 

nuclear envelope (gray) and unassigned density cluster II, corresponding to the CFNC (cyan), 

are shown as isosurfaces (left). Root mean square (r.m.s.) end-to-end length estimates for the 

NUP93R1-R2 peptide that links the NUP93R2 region that binds to NUP205 and the NUP93R1 

region that binds to the CFNC-hub, are shown as spheres (proximal, green; distal, pale 

green). Magnified view of the region in the inset box shown in the absence (right top) and 

presence (right bottom) of the unassigned density cluster II and the CFNC-hub model docked 

in it. The distal NUP93R1 region is expected in the vicinity of CFNC-hub coiled-coil 

segments CCS1, CCS2, and likely of the unresolved CCS3. 
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Fig. S85. NUP93 anchors the human CFNC to the NPC. (A) Domain architectures of 

NUP214, NUP88, and NUP62 showing the predicted coiled-coil segments, CCS1, CCS2, 

and CSCS3, which form the CFNC-hub. (B) SEC-MALS interaction analysis of the human 

CFNC-hub with SUMO-NUP93R1, demonstrating the formation of a stable stochiometric 

complex. (C) SEC-MALS interaction analyses of the human CFNC-hub with the NUP93R1 

LIL combination mutant, which we identify in the accompanying manuscript to abolish the 

interaction with the NUP54•NUP58•NUP62 channel nup hetero-trimer (CNT) (42), showing 

that the NUP93R1 LIL mutant also abolishes the interaction with the human CFNC-hub. To 

resolve the three stoichiometric protein bands of the human CFNC-hub by SDS-PAGE, 

NUP62CCS1-3 and NUP214CCS1-3 were tagged with His6-PreScission- and Avi-tag sequence 

overhangs, respectively. SEC interactions with the untagged proteins yielded identical 

results. (D) SEC-MALS interaction analysis of NUP93R1 with human hetero-hexameric 

CFNC. SEC-MALS profiles of nups and nup complexes are shown individually (blue and 

red) and after their preincubation (green). SEC profiles were obtained using a 

Superdex 200 10/300 GL or a Superose 6 10/300 GL column, as indicated. Measured 

molecular masses are indicated, with the respective theoretical masses shown in parentheses. 

Inset schematics display tested protein samples colored to match the corresponding 

chromatogram trace. Gray boxes indicate fractions resolved on SDS-PAGE gels and 

visualized by Coomassie brilliant blue staining. 
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Fig. S86. Nic96 and Nup37 assembly sensors possess binding specificity for CNT 

and CFNC-hub. SEC-MALS interaction analyses of (A) SUMO-Nic96R1 with CNT, 

(B) SUMO-Nic96R1 with CFNC-hub, and (C) SUMO-Nup37CTE with CNT. Whereas 

Nup37CTE exclusively binds the CFNC-hub, Nic96R1 exclusively binds to the CNT, and not 

vice versa. SEC profiles of nups or nup complexes are shown individually (blue and red) and 

after their preincubation (green). SEC profiles were obtained using a 

Superdex 200 Increase 10/300 GL column. Measured molecular masses are indicated, with 

the respective theoretical masses shown in parentheses. Inset schematics display tested 

protein samples shaded to match corresponding chromatogram trace. Gray boxes indicate 

fractions resolved on SDS-PAGE gels and visualized by Coomassie brilliant blue staining. 
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Fig. S87. Additional density in unassigned density cluster II from dilated in situ 

human NPC. (A, B) Comparison of the cytoplasmic face of (A) the constricted human NPC 

imaged in purified HeLa cell nuclear envelopes and (B) the dilated human NPC imaged in 

situ in SupT1-R5 cells. Outer and inner ring spoke subcomplexes from the composite NPC 

structure built into the constricted ~12 Å cryo-ET sub-tomogram averaged human NPC map 

(EMD-14322) (46) were manually docked and locally fit as rigid units in the dilated in situ 

~37 Å cryo-ET sub-tomogram averaged human NPC map (EMD-11967) (95). The 

composite NPC structures are shown as cartoons and superposed to isosurfaces of the 

constricted and dilated NPCs (gray). (C) A 60º-rotated overview of the dilated human NPC. 

The inset box indicates the region magnified in the following panels. (D) Magnified view of 

the docked structures and model of the CFNC-hub (lacking CCS3) are shown as cartoons 

superposed to the cryo-ET map of the dilated human NPC rendered as gray isosurface. 

(E) Magnified view of the cryo-ET map of the dilated human NPC (gray), superposed to the 

cryo-ET map of the constricted human NPC (cyan). Whereas the density of the constricted 

human NPC is entirely explained by the composite structure, additional unexplained density 

adjacent to the assigned CFNC-hub is observed in the map of the dilated human NPC (black 

arrow). (F) Magnified view as in panel (D) with green spheres indicating the root mean 

square (r.m.s) end-to-end length estimates for the NUP93R1-R2 peptide connector, which links 

NUP93R2•NUP205 with the NUP93R1•CFNC-hub (proximal, green; distal, pale green). The 

unassigned rod-shaped density of the cryo-ET map of the dilated human NPC is in close 

proximity to NUP205•NUP93R2, suggesting that the unexplained additional density may 

accommodate a second CFNC copy. The composite structures in all figure panels are colored 

according to Fig. 6. 
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Fig. S88. Suggested placement of GLE1CTD•NUP42. Overview of the composite 

structure of the human NPC (left). The inset boxes indicate regions magnified in the middle 

and right panels, harboring unassigned cytoplasmic density directly adjacent to the bridging 

NUP155 molecules in the ~12 Å cryo-ET map of the intact human NPC (EMD-14322) (46). 

Magnified views illustrating the globular shape and environment of the cytoplasmic 

unexplained density (green) shown from the front and the back (middle). As previously 

proposed (63), the manually placed GLE1CTD•NUP42 structure (PDB ID 6B4F) accounts for 

the unexplained density and is consistent with previous biochemical analyses showing that 

GLE1NTD and NUP98R3 bind to NUP155 in a mutually exclusive fashion (right). 

GLE1CTD•NUP42 is shown in cartoon representation and colored in dark gray and green. The 

quantitatively docked nups in close proximity to the unassigned density are shown in cartoon 

representation and colored according to Fig. 6. Cryo-ET densities corresponding to protein 

and nuclear envelope are rendered as gray and dark gray isosurfaces, respectively. 
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Fig. S89. ELYS placement on nuclear face of the NPC. (A) Domain architecture of 

human ELYS with residue numbers indicated. The AT-hook and RRK motifs interact with 

chromatin (147, 148). (B) Resolution-matched densities simulated from the M. musculus 

ELYSNTD crystal structure (PDB ID 4I0O) (25) were quantitatively docked into the ~12 Å 

sub-tomogram averaged cryo-ET map of the intact human NPC (EMD-14322) (46) from 

which cryo-ET density corresponding to all placed nups was subtracted. Rug plots (blue) and 

histograms (light blue) of Pearson correlation scores (left) and derived Fisher z scores fit with 

a normalized Gaussian curve (black) from a global search with 1 million random initial 

placements are shown (middle). A tabular summary of the solutions fitting statistics, along 

with one-tailed p-values calculated from the Fisher z score distribution (right). No docking 

solution segregated to high confidence. (C) Two magnified views (middle and bottom) of 

the region in the inset box (top), showing the placement of ELYSNTD copies into disk-shaped 

density adjacent to nuclear proximal and distal NUP160 copies and the nuclear envelope. 

Docked structures are shown in cartoon representation. Cryo-ET densities corresponding to 

protein and nuclear envelope are rendered as gray and dark gray isosurfaces, respectively. 

(D) Views as in (C), with unexplained crescent-shaped densities suggested to correspond to 

the ELYS a-solenoid domain rendered as isosurface (dark blue). 
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Table S1. Materials and reagents 

REAGENT or RESOURCE SOURCE IDENTIFIER 

C. thermophilum and H. sapiens nucleoporin cDNAs 

Nup82 This study N/A 
Nup159 This study N/A 
Nsp1 (11) N/A 
Dbp5 (63) N/A 
Nup145N (11) N/A 
Gle1 This study N/A 
Gle2 This study N/A 
Nup42 (63) N/A 
Nic96 (11) N/A 
Nup120 (38) N/A 

Nup37 (38) N/A 
Elys (38) N/A 
Nup85 (38) N/A 
Sec13 (38) N/A 
Nup145C (38) N/A 
Nup84 (38) N/A 
Nup133 (38) N/A 
NUP358 (76) N/A 
NUP88 Open Biosystems MHS6278-202826062 
NUP214 (54) N/A 
NUP62 Open Biosystems MHS6278-202806024 
NUP98 Gift, Beatriz Fontoura (103) N/A 

RAE1 (57) N/A 
DDX19 (55) N/A 
GLE1 (63) N/A 
NUP42 Gift, Susan Wente (104) N/A 
NUP155 Gift, Susan Wente (104) N/A 
GFP (89) N/A 
H1B (89) N/A 
Insulin (89) N/A 
ALPP DNASU HsCD00641203 
IL6 DNASU HsCD00001047 
IL10 DNASU HsCD00001333 
RPL26 Horizon MHS6278-20280 

TNFa DNASU HsCD00001318 

Molecular biology reagents 

SV Total RNA Isolation System Promega Cat# Z3100 
Superscript-III Reverse Transcriptase Invitrogen Cat# 18080044 
PfuUltra II Fusion HotStart DNA Polymerase Agilent Technologies Cat# 600674 
Phusion High-Fidelity DNA Polymerase New England Biolabs Cat# M0530L 
AscI New England Biolabs Cat# R0558L 
BamHI New England Biolabs Cat# R0136L 

EcoRI New England Biolabs Cat# R0101L 
HindIII New England Biolabs Cat# R0104L 
KpnI New England Biolabs Cat# R0142L 
NcoI New England Biolabs Cat# R0193L 
NdeI New England Biolabs Cat# R0111L 
NotI New England Biolabs Cat# R0189L 
SalI New England Biolabs Cat# R0138L 
SmaI New England Biolabs Cat# R0141L 
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REAGENT or RESOURCE SOURCE IDENTIFIER 
Sbf1 New England Biolabs Cat# R3642L 
XhoI New England Biolabs Cat# R0146L 
T4 DNA Ligase New England Biolabs Cat# M0202L 
QIAquick PCR Purification Kit Qiagen Cat# 28104 
QIAquick Miniprep Kit Qiagen Cat# 27104 
NucleoSpin buffer Clontech Laboratories Cat# 740953 
ViaFect transfection reagent Promega Cat# E4982 
Nucleic acid miniprep columns VitaScientific Cat# DBOC50009 

Agarose Invitrogen Cat# 16500500 

Bacterial and C. thermophilum culture reagents 

Dextrin heptahydrate Fisher BioReagents Cat# BP9725-5 
Peptone Fisher BioReagents Cat# BP9726-5 
Yeast extract Fisher BioReagents Cat# BP9727-5 
Luria-Bertani (LB) media Fisher BioReagents Cat# BP9723-5 
2×YT media Fisher BioReagents Cat# BP97435 

Isopropyl-b-D-thiogalactopyranoside (IPTG) Gold Biotechnology Cat# 12481C-1KG 

Ampicillin Gold Biotechnology Cat# A-301-100 
Kanamycin Gold Biotechnology Cat# K-120-100 
Chloramphenicol Gold Biotechnology Cat# C-105-100 
Dipotassium hydrogen phosphate trihydrate Macron Cat# 7088-06 
Iron (III) sulfate Sigma-Aldrich Cat# 307718 
Magnesium sulfate Sigma-Aldrich Cat# M2643 
Seleno-L-methionine (SeMet) TCL Cat# S0442 

Insect cell culture reagents 

5-bromo-3-indolyl-b-D-galactopyranoside (BluoGal) Sigma-Aldrich Cat# 97753-82-7 
Sf-900 III SFM (1x) Gibco Cat# 12658-019 
ESF 921 insect cell culture medium Expression Systems Cat# 96-001-01 
Production boost additive Expression Systems Cat# 95-006-100 
Cellfectin II reagent Gibco Cat# 10362-100 

Protein purification reagents / general chemicals 
TRIS (trometamol, 2-amino-2-(hydroxymethyl)-1,3-
propanediol) Sigma-Aldrich Cat# 93362 

MES (2-(N-morpholino)ethanesulfonic acid) Gold Biotechnology Cat# M-090-500 
Sodium chloride Sigma-Aldrich Cat# 71376-5KG 
Potassium phosphate Sigma-Aldrich Cat# 60353-1KG 
Zinc chloride Fluka Cat# 96468 
Magnesium chloride Fluka Cat# 63068 
Imidazole Sigma-Aldrich Cat# 56750 
Glutathione Sigma-Aldrich Cat# G4251  
Glycerol Fisher Scientific Cat# BP229-1 

2-Mercaptoethanol (b-ME) Sigma-Aldrich Cat# M6250 
Dithiothreitol (DTT) Gold Biotechnology Cat# DTT100 
Aprotinin from bovine lung Sigma-Aldrich Cat# A6279 
Phenylmethylsulfonyl fluoride (PMSF) Gold Biotechnology Cat# P-470-50 

EDTA-free protease inhibitor cocktail Roche Cat# A32965 
DNase I Sigma-Aldrich Cat# D4527 
Inositol hexaphosphate (IP6) Sigma-Aldrich Cat# P8810-25G 
GMPPNP (5’-guanosine-(β,γ-imido)-triphosphate) Jena Bioscience Cat# NU-401-50 
AMPPNP (Adenosine 5′-(β,γ-imido)-triphosphate lithium salt 
hydrate) Sigma-Aldrich Cat# A2647 

Biotin Pierce Cat# 21335 
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich Cat# 03620-1KG 
Ethanol Sigma-Aldrich Cat# 459844 
Alkaline phosphatase Roche Cat# 10 567 744 001 
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REAGENT or RESOURCE SOURCE IDENTIFIER 
Ubl-specific protease 1(ULP1) Invitrogen Cat# 12588018 
PreScission protease (Pres) Sigma-Aldrich Cat# GE27-0843-01 
Tabaco etch virus protease (TEV)  Sigma-Aldrich Cat# T4455 

Synthetic antibodies reagents 

M13-KO7 helper phage New England Biolabs Cat# N0315S 
96 well high binding microlon plates Greiner Bio-one Cat# 655081 
Neutravidin Thermo Fisher Scientific Cat# 34021 
Streptavidin MagneSphere Promega Cat# Z548C 
3,3′,5,5′-tetramethylbenzidine (TMB) substrate Pierce Cat# 34021 
BSA Sigma-Aldrich Cat# A9418-100G 
Tween-20 Anatrace Cat# T1003 

SDS-PAGE reagents 

40% Acrylamide/Bis solution (37.5:1) Bio-Rad Cat# 1610148 
TEMED Bio-Rad Cat# 161-0801 
Glycine Gold Biotechnology Cat# G-630-5 
Sodium dodecyl sulfate Sigma-Aldrich Cat# L3771-1KG 
Ammonium persulfate Sigma-Aldrich Cat# 09913-100g 
Tricine Gold Biotechnology Cat# T-870-1 
Acetic acid Sigma-Aldrich Cat# 695092 
Brilliant Blue R Sigma-Aldrich Cat# B7920-50G 

LLPS interaction assay reagents 
Bodipy (boron-dipyrromethene) FL NHS Ester (succinimidyl 
ester) Invitrogen Cat# D2184 

7-Hydroxycoumarin-3carboxylic acid NHS 
ester (succinimidyl ester) Sigma-Aldrich Cat# 55156 

Alexa Fluor 647 NHS Ester (succinimidyl ester) Invitrogen Cat# A37573 
Sodium bicarbonate Sigma-Aldrich Cat# S5761 

RNA reagents 

T7 RNA polymerase Invitrogen Cat# AM1334 
T4 polynucleotide kinase New England Biolabs Cat# M0201L 
Calf intestinal alkaline phosphatase New England Biolabs Cat# M0290 
Inorganic pyrophosphatase from baker’s yeast Sigma-Aldrich Cat# I1643 
Uridine 5’-Triphosphate trisodium salt Sigma-Aldrich Cat# U6625 
Cytidine 5’-Triphosphate disodium salt Sigma-Aldrich Cat# C1506 
Guanosine 5’-Triphosphate sodium salt Sigma-Aldrich Cat# G8877 
Adenosine 5’-Triphosphate disodium salt Sigma-Aldrich Cat# A7699 
32P g-ATP (3000Ci/mmol, 10mCi/ml) Perkin Elmer Cat# BLU002A250UC 
Acid-phenol:chloroform:IAA (125:124:1) Life technologies cat# AM9722 
Spermidine-HCl Sigma-Aldrich Cat# 85578 
SUPERase-In Invitrogen Cat# AM2694 

SYBR Gold stain Invitrogen Cat# 1730968 
10 x NEB Buffer 4 New England Biolabs Cat# B7004S 
10 x PNK Buffer New England Biolabs Cat# B0201S 
Zeba Spin Desalting Columns Thermo Scientific Cat# 89882 

Crystallization reagents 

Ammonium sulfate MP Bio Cat# 808211 
Bicine Sigma-Aldrich Cat# 14871 
Bis-TRIS Sigma-Aldrich Cat# 14879 

Citric acid Sigma-Aldrich Cat# 27487 
HEPES Sigma-Aldrich Cat# 54457-250G-F 
Magnesium formate Fluka Cat# 793 
PEG 2,000 MME Sigma-Aldrich Cat# 202509 
PEG 3,350 Sigma-Aldrich Cat# 88276 
PEG 4,000 Sigma-Aldrich Cat# 95904-1kG-F 
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REAGENT or RESOURCE SOURCE IDENTIFIER 
Potassium sodium tartrate tetrahydrate Sigma-Aldrich Cat# S6170 
Sodium acetate Sigma-Aldrich Cat# S3272 
Sodium citrate Sigma-Aldrich Cat# 71405 
Sodium formate Sigma-Aldrich Cat# 71539 
Succinic acid Sigma-Aldrich Cat# 14079 
100% glycerol Sigma-Aldrich Cat# 49767 
100% Ethylene glycol Fluka Cat# 03750 
Paratone oil Hampton Research Cat# HR2-043 

Cell culture reagents 

McCoy’s 5A medium ATCC Cat# 30-2007 
Dulbecco’s Modified Eagle Medium (DMEM) Gibco Cat# 11965-092 
Fetal bovine serum (FBS) Gibco Cat# 16000044 
Penicillin and streptomycin Gibco Cat# 15140-122 
Hygromycin Gibco Cat# 10687010 
0.25% trypsin/0.05% EDTA Gibco Cat# 25200-056 
Lipofectamine 2000 Sigma-Aldrich Cat# 25988-63-0 

Opti-MEM Gibco Cat# 3185-062 
Poly-L-lysine Sigma-Aldrich Cat# P8920 
Paraformaldehyde Polysciences Cat# 04018 
TritonX-100 Thermo-Fisher Cat# 041092 
Saponin Sigma-Aldrich Cat# 47036-50G-F 
Nocodazole Sigma-Aldrich Cat# M1404-10MG 
3-Indoleacetic acid (auxin) Sigma-Aldrich Cat# I3750 
DMSO Sigma-Aldrich Cat# D2650-5 x 5ML 
Sucrose Sigma-Aldrich Cat# 821721 
Calcium dicholoride Sigma-Aldrich Cat# 529575 
Superblock Blocking Buffer Thermo-Fisher Cat# 37517 
Immobilon P transfer membrane Millipore Cat# IPVH00010 

Click-iT RNA Alexa Fluor 594 Imaging Kits Invitrogen Cat# C10330 

Commercial crystallization screens 

Crystal Screen Hampton Research Cat# HR2-110 
Crystal Screen 2 Hampton Research Cat# HR2-112 
Index Screen Hampton Research Cat# HR2-144 
PEG/Ion Screen Hampton Research Cat# HR2-126 
PEG/Ion 2 Screen Hampton Research Cat# HR2-098 
ProPlex Screen Molecular Dimensions Cat# BN043 

PEGs Suite Qiagen Cat# 130704 
PEGs II Suite Qiagen Cat# 130716 

Antibodies 

Rat monoclonal anti-NUP98 Abcam Cat# ab50610;RRID:AB_881769 
Rabbit polyclonal anti-NUP214 Abcam Cat# ab70497; RRID:AB_1269607 
Rabbit polyclonal anti-GLE1 Abcam Cat# ab96007; RRID:AB_10678755NUP 
Rabbit monoclonal Anti-LaminA/C Abcam Cat# ab108595; RRID:AB_10866185 
Mouse monoclonal anti-TBP Abcam Cat# ab51841; RRID:AB_945758 

Rabbit polyclonal anti-NUP358 Bethyl Laboratories Cat# A301-797A; RRID:AB_1211503 
Rabbit polyclonal anti-NUP96 Bethyl Laboratories Cat# A301-784A; RRID:AB_1211487 
Rabbit polyclonal anti-NUP133 Bethyl Laboratories Cat# A302-386A; RRID:AB_1907269 
Mouse monoclonal mAb414 antibody BioLegend Cat# 902907; RRID:AB_2734672 
Mouse monoclonal anti-HA BioLegend Covance Cat# MMS-101P; RRID:AB_231467 
Mouse monoclonal anti-Phospho-Histone H3 (Ser10) Millipore Cat# 05-806; RRID:AB_310016 
Mouse monoclonal anti-Histone H3 Millipore Cat# 05-499; RRID:AB_309763 
Mouse monoclonal anti-NUP88 Santa Cruz Biotechnology Cat# sc-365868; RRID:AB_10842170 
Mouse monoclonal anti-NUP93 Santa Cruz Biotechnology Cat# sc-374399;RRID:AB_10990113 
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REAGENT or RESOURCE SOURCE IDENTIFIER 
Mouse monoclonal anti-CyclinB1 Santa Cruz Biotechnology Cat# sc-245; RRID:AB_627338) 
Mouse monoclonal anti-CyclinD1 Santa Cruz Biotechnology Cat# sc-8396; RRID:AB_627344 
Mouse monoclonal anti-CyclinE Santa Cruz Biotechnology Cat# sc-247; RRID:AB_627357 
Rabbit polyclonal anti-NUP160 St John’s Lab Cat# STJ94576 
Mouse monoclonal anti-FLAG Sigma-Aldrich Cat# F1804; RRID:AB_262044 
Mouse monoclonal anti-Tubulin Sigma-Aldrich Cat# T6199; RRID:AB_477583 
Rabbit anti-NUP43 Gift, Valerie Doye (149) N/A 
Rabbit anti-NUP205 Gift, Ulrike Kutay (150) N/A 

Rabbit anti-ELYS Gift, Iain Mattaj (151) N/A 
Mouse monoclonal anti-HA, Alexa Fluor 488 Invitrogen Cat#A-21287; RRID:AB_2535829 
Mouse monoclonal anti-M13 phage coat protein, HRP Invitrogen Cat# MA5-36126 
Donkey anti-Rabbit IgG(H+L), Alexa Fluor 488 Invitrogen Cat# A-21206; RRID:AB_2535792 
Goat anti-Mouse IgG(H+L), Alexa Fluor 568 Invitrogen Cat# A-11004; RRID:AB_2534072 
Goat anti-Rat IgG (H+L), Alexa Fluor 488 Invitrogen Cat# A-11006; RRID:AB_2534074 
IRDye 800CW Goat anti-Mouse IgG LI-COR P/N 925-32210; RRID: AB_2687825 
IRDye 800CW Goat anti-Rat IgG LI-COR P/N 926-32219; RRID: AB_2721932 
IRDye 800CW Goat anti-Rabbit IgG LI-COR P/N 926-32211; RRID: AB_2651127 

Software  

DALI protein structure comparison server (78) http://ekhidna2.biocenter.helsinki.fi/dali/ 
XDS (116) https://xds.mr.mpg.de/ 
DIALS (117) http://dials.github.io/ 
RESOLVE (123) http://resolve.lanl.gov/ 

COOT (125) http://www2.mrc-
lmb.cam.ac.uk/personal/pemsley/coot/ 

PHENIX (126) http://phenix-online.org/ 
MolProbity (127) http://molprobity.biochem.duke.edu/ 
Fiji (138) http://imagej.net/software/fiji/ 

ALSCRIPT (140) http://www.cryst.bbk.ac.uk/CCSG/info/software/prot-
sequ/alscript/alscript.html 

ASTRA 6 Wyatt Technology http://www.wyatt.com/products/software/astra.html 
ClustalX (139) http://www.clustal.org/clustal2/ 
Chimera fitmap tool (128) http://www.cgl.ucsf.edu/chimera/ 

CRISPR Design Tools (135) 
http://crispr.mit.edu:8079 
http://figshare.com/articles/ 
CRISPR_Design_Tool/1117899 

Prism GraphPad Software http://www.graphpad.com/scientific-software/prism/ 
PYMOL Schrödinger http://pymol.org/2/ 
IGOR Pro WaveMetrics http://www.wavemetrics.com/ 
Adobe illustrator Adobe http://www.adobe.com/products/illustrator.html 
Adobe photoshop Adobe http://www.adobe.com/products/photoshop.html 

Expression vectors 

pET24a Addgene Cat# 69749-3 

pET28a-SUMO (106) N/A 
pET28a-SUMO-Avi This study N/A 
pET28a-His-PreS-Avi (27) N/A 
pET28a-His-PreS-Avi-SUMO  This study N/A 
pET28a-PreS (105) N/A 
pGEX-6P1 GE Healthcare Cat# 28-9546-48 
pETDuet1 Novagen Cat# 71146-3 
pETDuet1-SUMO This study N/A 
pETDuet1-SUMO2 This study N/A 
pETDuet1-SUMO-Avi This Study N/A 
pET-MCN (107) N/A 
pET-MCN-SUMO (11) N/A 

pET-MCN-PreS This study N/A 
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REAGENT or RESOURCE SOURCE IDENTIFIER 
pcDNA3.1 Invitrogen Cat# V79020 
pX330 Addgene Cat# 42230 
pRH2.2 Sidhu Lab (108) N/A 
pFastBac-HTB Invitrogen Cat# 10360014 
pFastBac-Dual Invitrogen Cat# 10712024 

Columns and resins 

HiLoad 16/60 Superdex 200 PG GE Healthcare N/A 
HiLoad 16/60 Superdex 75 PG GE Healthcare N/A 
Superdex 200 10/300 GL GE Healthcare N/A 
Superdex 75 10/300 GL GE Healthcare N/A 
Superdex 200 Increase 10/300 GL GE Healthcare N/A 
Superose 6 10/300 GL GE Healthcare N/A 
HiTrap Q HP GE Healthcare N/A 
HiTrap SP HP GE Healthcare N/A 
MonoQ 10/100 GL GE Healthcare N/A 
HiTrap Heparin HP GE Healthcare N/A 

HiPrep 26/20 Desalting GE Healthcare N/A 
HiTrap Desalting 5 mL GE Healthcare N/A 
HiTrap MabSelect SuRe GE Healthcare N/A 
Glutathione Sepharose 4 fast flow GE Healthcare Cat# 17-5132-02 
Ni-NTA agarose Qiagen Cat# 30230 

Cell lines 

HCT116AID::NUP358 This study N/A 
DLD1AID::NUP358 This study N/A 

DLD1NUP160::NG-AID This study N/A 
E. coil BL21-CodonPlus (DE3)-RIL Agilent Technologies Cat# 230245 

E. coli Max Efficiency DH5a Invitrogen Cat# 18258012 
E. coli XL1-Blue cells Agilent Technologies Cat# 200249 
E. coli BL21-Gold Agilent Technologies Cat# 230130 
DH10Bac cells Gibco Cat# 10361012 
T. ni Hi5 cells Gibco Cat# B5502 
S. frugiperda Sf9 cells Gibco Cat# 11496015 
C. thermophilum strain Gift, Ed Hurt (152) DSM-1495 
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Table S2. Bacterial expression constructs and conditions 
# 
 

Protein 
 

Residues 
 

Expression 
vector 

Restriction 
sites 5’, 3’ 

N-terminal 
overhang 

C-terminal 
overhang 

Expression 
conditions 

1 NUP88 1-741 pET28a-SUMO BamHI, NotI S AAALEHHHHHH 18 °C, 18 hours 
2t NUP88 NTD 1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
3 NUP62 

NUP214 
317-522 
(1-450)-(699-955) 

pETDuet1-SUMO2 NcoI, NotI 
NdeI, XhoI 

S 
S 

none 
none 

18 °C, 18 hours 

4 NUP62 317-522 pET28a-PreS NdeI, XhoI MGSSHHHHHHSSGLEVLFQGPH none 18 °C, 18 hours 
5 NUP214 CCS1-3 

NUP88 CCS1-3 
699-888 
559-741 

pETDuet1-SUMO BamHI, NotI 
NdeI/XhoI 

S 
none 

none 
none 

18 °C, 18 hours 

6 AVI-NUP214 CCS1-3 
 
 
NUP88 CCS1-3 

699-888 
 
 
559-741 

pETDuet1-SUMO-
Avi 

BamHI, NotI 
 
 
Nde, XhoI 

SSGLNDIFEAQKIEWHEGSAGGSGGS 
M 

none 
 
 
none 

18 °C, 18 hours 

7 NUP98 GLEBS-APD (157-213)-GSGSGSHM-
(715-863) 

pET28a-Pres NdeI, XhoI GPHM none 18 °C, 18 hours 

8t NUP98 APD 715-863 pET28a-PreS NdeI, XhoI GPHM none 18 °C, 18 hours 
9 DDX19  1-479 pET28a-PreS NdeI, NotI none none 18 °C, 18 hours 
10 DDX19 E243Q 1-479 E243Q pET28a-PreS NdeI, NotI GPHM none 18 °C, 18 hours 

11 GLE1 CTD 
NUP42 GBM 

382-698 
379-423 

pETDuet1-PreS NdeI, XhoI 
BamHI, NotI 

M 
GPSGS 

none 
none 

18 °C, 18 hours 

12 NUP42 ZnF 2-26 pET28a-SUMO BamHI, XhoI S none 37 °C, 2 hours 
13 NUP214 NTD 1-450 pET28a-PreS NdeI, NotI GPHM none 18 °C, 18 hours 

14 SUMO-NUP214 TAIL 908-955 pET28a-SUMO BamHI, NotI none none 18 °C, 18 hours 
15 SUMO-NUP214 (908-952) 908-952 pET28a-SUMO BamHI, NotI none none 18 °C, 18 hours 
16 SUMO-NUP214 (938-955) 938-955 pET28a-SUMO BamHI, NotI none none 18 °C, 18 hours 
17 SUMO-NUP214 (940-955) 940-955 pET28a-SUMO BamHI, NotI none none 18 °C, 18 hours 
18 NUP155 CTD 870-1391 pET28a-PreS NdeI, NotI GPHM none 18 °C, 18 hours 
19 SUMO-NUP93 R1 2-93 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
20 SUMO-NUP93 R1 LIL 

 
2-93 
L33A, I36A, L43A 

pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

21t NUP358 NTD 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
22 NUP358 OE 802-832 pET28a-SUMO BamHI, NotI S none 18 °C ,18 hours 
23t NUP358 OE 805-832 pET28a-SUMO BamHI, NotI S none 18 °C ,18 hours 
24 NUP358 NTD-OE 1-832 I599M pET28a-SUMO BamHI, NotI S AAALEHHHHHH 18 °C ,18 hours 

25 NUP358 OE LIQIML 802-832 
L811A, I814A, Q817A, 
I821A, M825A, L828A 

pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

26 NUP358 NTD-OE LIQIML 1-832 I599M 
L811A, I814A, Q817A, 
I821A, M825A, L828A 

pET28a-SUMO BamHI, NotI S AAALEHHHHHH 18 °C, 18 hours 

27 NUP358 TPR 1-145 pGEX-6P1 BamHI, NotI GPLGS none 18 °C, 18 hours 
28 NUP358 NTD DTPR 145-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
29 NUP358 1-673 1-673 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
30t NUP358 145-673 145-673 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
31# AVI-NUP358 145-673 145-673 pET28a-SUMO-Avi 

 
BamHI, NotI SSGLNDIFEAQKIEWHEGSAGGSGGS none 18 °C, 18 hours 

32t NUP358 RBD-I 1171-1306 pGEX-6P1 BamHI, NotI GPLGS none 18 °C, 18 hours 
33t NUP358 RBD-II 2012-2148 pGEX-6P1 BamHI, NotI GPLGS none 18 °C, 18 hours 
34t NUP358 RBD-III 2309-2444 pGEX-6P1 BamHI, NotI GPLGS none 18 °C, 18 hours 

35 NUP358 RBD-IV 2911-3045 pGEX-6P1 BamHI, NotI GPLGS none 18 °C, 18 hours 
36t NUP358 RBD-IV 2911-3045 

W2962Q, H2963N, 
T2964Y, M2965D, 
K2966N, N2967K, 
Y2968Q, Y2969V 

pGEX-6P1 BamHI, NotI GPLGS none 18 °C, 18 hours 

37 NUP358 ZnF1 1343-1380 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
38t NUP358 ZnF2 1416-1443 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
39t NUP358 ZnF3 1471-1507 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
40t NUP358 ZnF4 1535-1571 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
41t NUP358 ZnF5/6 1607-1634 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
42t NUP358 ZnF7 1716-1752 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
43t NUP358 ZnF8 1774-1809 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
44 NUP358 ZnF1 DNTE 1352-1380 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 

45 NUP358 ZnF2 DNTE 1416-1443 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
46 NUP358 ZnF3 DNTE 1480-1507 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
47 NUP358 ZnF4 DNTE 1480-1507 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
48 NUP358 ZnF5/6 DNTE 1607-1634 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
49 NUP358 ZnF7 DNTE 1725-1752 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
50 NUP358 ZnF8 DNTE  1782-1809 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
51 NUP358 ZFD 1343-1890 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
52 NUP358 CTD 3062-3224 pET28a-PreS NdeI, NotI GPHM none 18 °C, 18 hours 

53 NUP358 NTD (R2E/R3E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
54 NUP358 NTD (R2A/R3A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 



 

 

806 
# 
 

Protein 
 

Residues 
 

Expression 
vector 

Restriction 
sites 5’, 3’ 

N-terminal 
overhang 

C-terminal 
overhang 

Expression 
conditions 

55 NUP358 NTD (K5E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

56 NUP358 NTD (K5A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
57 NUP358 NTD (R10E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
58 NUP358 NTD (R10A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
59 NUP358 NTD (K23E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
60 NUP358 NTD (K23A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
61 NUP358 NTD (K25E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
62 NUP358 NTD (K25A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
63 NUP358 NTD (K28E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

64 NUP358 NTD (K28A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
65 NUP358 NTD (K28E/R58E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
66 NUP358 NTD (K34E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
67 NUP358 NTD (K34A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
68 NUP358 NTD (K40E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
69 NUP358 NTD (K40A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
70 NUP358 NTD (K34A/K40A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
71 NUP358 NTD 

(K34A/K40A/K61A/R64A) 
1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

72 NUP358 NTD 
(K34A/K40A/R58A/K61A/R64A) 

1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

73 NUP358 NTD 2R5K 
(K34A/K40A/R58A/K61A/R64A/ 
K500A/K502A) 

1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

74 NUP358 NTD (K40E/K61E/R64E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
75 NUP358 NTD (K40A/K61A/R64A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
76 NUP358 NTD 

(K40A/R58A/K61A/R64A) 
1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

77 NUP358 NTD 
(K40A/R58A/K61A/R64A/H303A) 

1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

78 NUP358 NTD (K46/K47E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
79 NUP358 NTD (K47A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
80 NUP358 NTD (R58E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
81 NUP358 NTD (R58A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

82 NUP358 NTD (K61E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
83 NUP358 NTD (K61A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
84 NUP358 NTD (R64E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
85 NUP358 NTD (R64A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
86 NUP358 NTD (K61E/R64E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
87 NUP358 NTD (K61A/R64A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
88 NUP358 NTD (K78E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
89 Nup358 NTD (R84E/R85E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

90 NUP358 NTD (K94E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
91 NUP358 NTD (K94A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
92 NUP358 NTD (K99E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
93 NUP358 NTD (K106E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
94 NUP358 NTD (R113E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
95 NUP358 NTD (R113A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
96 NUP358 NTD (K115E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
97 NUP358 NTD (R120E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

98 NUP358 NTD (K123E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
99 NUP358 NTD (K133E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
100 NUP358 NTD (K133A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
101 NUP358 NTD (K135E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
102 NUP358 NTD (K135A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
103 NUP358 NTD (K149E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
104 NUP358 NTD (R161E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
105 NUP358 NTD (R161A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

106 NUP358 NTD (R170E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
107 NUP358 NTD (R170A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
108 NUP358 NTD (R176E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
109 NUP358 NTD (K179E/R180E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
110 NUP358 NTD (K179A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
111 NUP358 NTD (R180A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
112 NUP358 NTD (K182E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
113 NUP358 NTD (K182A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

114 NUP358 NTD (R193E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
115 NUP358 NTD (R198E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
116 NUP358 NTD (R198A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
117 NUP358 NTD (K212E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
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118 NUP358 NTD (K212A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

119 NUP358 NTD (K225E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
120 NUP358 NTD (K225A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
121 NUP358 NTD (R229E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
122 NUP358 NTD (R250E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
123 NUP358 NTD (R256E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
124 NUP358 NTD (K270E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
125 NUP358 NTD (K286E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
126 NUP358 NTD (K286A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

127 NUP358 NTD (K299E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
128 NUP358 NTD (H303A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
129 NUP358 NTD (R310E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
130 NUP358 NTD (R328E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
131 NUP358 NTD (K330E/K332E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
132 NUP358 NTD (K335E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
133 NUP358 NTD (R363E/K365E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
134 NUP358 NTD (K370E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

135 NUP358 NTD (K379E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
136 NUP358 NTD (K396E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
137 NUP358 NTD (R412E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
138 NUP358 NTD (R421E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
139 NUP358 NTD (R428E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
140 NUP358 NTD (R454E/K458E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
141 NUP358 NTD (K455E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
142 NUP358 NTD (R470E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

143 NUP358 NTD (K500E/K502E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
144 NUP358 NTD (K500A/K502A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
145 NUP358 NTD (K521E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
146 NUP358 NTD (R527E/K529E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
147 NUP358 NTD (R527A/K529A) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
148 NUP358 NTD (R541E/K542E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
149 NUP358 NTD (R550E/R552E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
150 NUP358 NTD (R563) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

151 NUP358 NTD (K567E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
152 NUP358 NTD (K584E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
153 NUP358 NTD (R596E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
154 NUP358 NTD (R601) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
155 NUP358 NTD (K614E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
156 NUP358 NTD (K607E K608E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
157 NUP358 NTD 

(K617E/K618E/K619E) 
1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

158 NUP358 NTD (K631E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
159 NUP358 NTD (K675E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
160 NUP358 NTD (K690E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

161 NUP358 NTD (R689E/K690E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
162 NUP358 NTD (K708E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
163 NUP358 NTD (R712E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
164 NUP358 NTD (R715E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
165 NUP358 NTD (K713E/K720E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
166 NUP358 NTD (K720E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
167 NUP358 NTD (K733E K734E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
168 NUP358 NTD (K743E) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

169• NUP358 NTD (D140M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

170• NUP358 NTD (D152M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

171• NUP358 NTD (I171M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

172• NUP358 NTD (I322M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

173• NUP358 NTD (I427M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

174• NUP358 NTD (I453M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

175• NUP358 NTD (I539M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

176• NUP358 NTD (I559M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

177• NUP358 NTD (I615M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

178• NUP358 NTD (I626M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

179• NUP358 NTD (I652M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

180• NUP358 NTD (L401M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

181• NUP358 NTD (D693M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

182• NUP358 NTD (N709M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
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183• NUP358 NTD (Q137M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

184• NUP358 NTD (T92M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

185• NUP358 NTD (V668M) 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
186t NUP358 NTD ANE1 T585M 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
187t NUP358 NTD ANE1 T653I 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
188t NUP358 NTD ANE1 I656V 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
189 NUP358 NTD ANE1 W681C 1-752 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

190• NUP358 145-673 (I652M) 145-673 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

191• NUP358 145-673 (I615M) 145-673 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

192• NUP358 145-673 (L401M) 145-673 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

193• NUP358 145-673 (I169M) 145-673 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

194• NUP358 145-673 (L385M) 145-673 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

195• NUP358 145-673 (I372M) 145-673 I599M pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
196 NUP88 NTD (D10A/E12A) 1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
197 NUP88 NTD 

(E29A, E38A, E40A) 
1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

198 NUP88 NTD 
(E236A, E272A, E275) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

199 NUP88 NTD 
 (E304A/D305/ D310A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

200 NUP88 NTD 
(E340A/E342A/E343/ E344A/ 
 D345A/D346A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

201 NUP88 NTD 
(E350A/E354A/E358A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

202 NUP88 NTD 
(E381A/D382A/D383A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

203 NUP88 NTD 
(D436A/E440A/E444A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

204 NUP88 NTD 
(E216A/E218A/E219A/E220A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

205 NUP88 NTD 
(E74A/E75A/E91A/E92A) 

1-493 
 

pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

206 NUP88 NTD 
(E329A/E370A/E372A) 

1-493 
 

pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

207 NUP88 NTD (D434Y) 1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

208 NUP88 NTD (D434A) 1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
209 NUP88 NTD (E433A) 1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
210 NUP88 NTD 

(E340A/E342A/E343A/E344A/ 
 D345A/D346A/D431A/E432A/ 
 E433A/D434A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

211 
 

NUP88 NTD 
(E340A/E342A/E343A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

212 
 

NUP88 NTD 
(E344A/D345A/D346A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

213 NUP88 NTD 
(D431A/E432A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

214 NUP88 NTD 
(E433A/D434A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

215 NUP88 NTD 
(E343A/E344A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

216 
 

NUP88 NTD 
(E340A/E342A/E343A/E344A/ 
 D345A/D346A/E433A/D434A) 

1-493 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

217 
 

NUP88 NTD LLL 1-493 
L424A, L428A, L438A 

pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

218 
 

NUP88 NTD MNY 1-493 
M299A, N306A, Y307A 

pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

219 
 

NUP88 NTD EMNY 1-493 
E275A, M299A, N306A, 
Y307A 

pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

220 
 

NUP88 NTD DFGL loop 1-493 
D228-233 

pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

221 TAP 
P15 

117-554 
1-140 

pET-MCN-SUMO BamHI, NotI 
NdeI, XhoI 

S 
none 

none 
none 

18 °C, 18 hours 

222t RAN 1-216 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

223 RAN Q69L 1-216 Q69L pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
224t 
 

RAN F35S 1-216 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

225t Thrombin Ran F35 1-216 pET28a NdeI, NotI MGSSHHHHHHSSGLVPRGSS none 18 °C, 18 hours 

226t NUP50 RBD 336-468 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
227t sAB14-LC 

sAB14-HC 
1-217 
1-263 

pRH2.2 HindIII, SalI  none none 37 °C, 2 hours 

228t rnNup153 ZnF1 649-687 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 

229t rnNup153 ZnF2 713-749 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
230t rnNup153 ZnF3 781-817 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
231t rnNup153 ZnF4 839-874 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
232 rnNup153 ZnF1DNTE 659-687 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
233 rnNup153 ZnF2DNTE 723-749 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
234 rnNup153 ZnF3DNTE 791-817 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 
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# 
 

Protein 
 

Residues 
 

Expression 
vector 

Restriction 
sites 5’, 3’ 

N-terminal 
overhang 

C-terminal 
overhang 

Expression 
conditions 

235 rnNup153 ZnF4DNTE 848-874 pGEX-6P1 BamHI, NotI GPLGS none 37 °C, 2 hours 

236 Nup82 1-882 pET28a-SUMO BamHI, NotI S AAALEHHHHHH 18 °C, 18 hours 
237 Nup82 NTD 1-595 pET28a-PreS NdeI, NotI GPHM none 18 °C, 18 hours 
238 Nup82 CCS1 661-784 pET28a-SUMO BamHI, XhoI S none 18 °C, 18 hours 
239 Nup82 CCS2-3 793-882 pET28a-SUMO BamHI, XhoI S none 18 °C, 18 hours 
240 Nup82 CCS1-3 661-882 pET28a-SUMO BamHI, XhoI S none 18 °C, 18 hours 
241 Nup159 CCS1-3 1109-1367 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
242 Nup159 NTD 1-444 pET28a-SUMO BamHI, XhoI S none 18 °C, 18 hours 
243 Nup159 CCS1 1109-1259 pET28a-SUMO BamHI, XhoI S none 18 °C, 18 hours 

244 Nup159 CCS2-3 1262-1381 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
245 Nsp1 CCS1 467-557 pET28a-SUMO BamHI, XhoI S none 18 °C, 18 hours 
246 Nsp1 CCS2-3 569-674 pET28a-SUMO BamHI, XhoI S none 18 °C, 18 hours 
247 Nsp1 CCS1-3 467-678 pET28a-SUMO BamHI, XhoI S none 18 °C, 18 hours 
248 Nsp1 

Nup159 
467-678 
1-456 1109-1481 

pETDuet1 NcoI, NotI 
NdeI, XhoI 

none 
M 

none 
none 

18 °C, 18 hours 

249 Nsp1 
Nup82 CCS1-3 

467-678 
661-879 

pETDuet1 NcoI, NotI 
NdeI, XhoI 

none 
M 

none 
none 

18 °C, 18 hours 

250 Nsp1 
Nup82DNTD 

467-678 
661-879 

pETDuet1 NcoI, NotI 
NdeI, XhoI 

none 
M 

none 
HHHHHH 

18 °C, 18 hours 

251 Nsp1 
Nup159DNTD 

467-678 
1109-1367 

pETDuet-SUMO BamHI, NotI 
NdeI/XhoI 

M 
S 

none 
none 

18 °C, 18 hours 

252 Nup159 TAIL 1440-1481 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

253 Nup159DTAIL 1-456 1109-1367 pET28a-SUMO BamHI, NotI S AAALEHHHHHH 18 °C, 18 hours 
254 Nup145N GLEBS-APD 171-221 868-994 pET28a-SUMO BamHI, NotI S none 23 °C, 18 hours 
255 Nup145N APD 868-994 pET28a-PreS NdeI, XhoI GPHM none 23 °C, 18 hours 
256 Nup145N GLEBS 171-221 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
257 Dbp5 1-477 pET-MCN-SUMO BamHI, NotI S none 18 °C, 18 hours 
258 Gle1 1-478 pET28a-PreS NdeI, NotI GPHM  none 37 °C, 3 hours 
259 Gle1 CTD 216-478 pET28a-PreS NdeI, NotI GPHM  none 37 °C, 3 hours 
260 Gle1 NTD 1-216 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

261 Nup42 GBM 494-558 pETDuet-PreS NdeI, NotI MGSSHHHHHHSSGLEGSGSGPSGS None 30 °C, 3 hours 
262 Nup120 1-1262 pET28a-SUMO BamHI, NotI S none 37 °C, 2 hours 
263 Elys 1-299 pET-MCN-SUMO BamHI, NotI S none 37 °C, 2 hours 
264 Nup37 1-751 pET-MCN-SUMO BamHI, NotI S none 37 °C, 2 hours 
265 Nup37 DCTE 1-692 pET-MCN-SUMO BamHI, NotI S none 37 °C, 2 hours 
266 Nup120 

Nup37 NTD 
ELYS 

1-1262 
1-610 
1-299 

pET-MCN-SUMO 
 

NdeI, BamHI 
NdeI, BamHI 
BamHI, NotI 

GPHMHHHHHH 
Q 
S 

none 
none 
none 

 
37 °C, 2 hours 

267 SUMO-Nup37 CTE 693-751 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
268 AVI-SUMO-Nup37 CTE 693-751 pET28a-His-PreS-

Avi-SUMO 
BamHI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGHM none 18 °C, 18 hours 

269 SUMO-Nup37 (723-751) 723-751 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
270 SUMO-Nup37 (728-751) 728-751 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
271 SUMO-Nup37 (693-746) 693-746 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 

272 SUMO-Nup37 (693-741) 693-741 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
273 SUMO-Nup37 (693-736) 693-736 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
274 Nup85 230-1169 pET24a NdeI, BamHI MGHHHHHH none 37 °C, 2 hours 
275 Nup85 NTE 1-230 pET28a-PreS NdeI, BamHI M none 18 °C, 18 hours 
276 Nup84 1-939 pET24a NdeI, BamHI MGHHHHHH none 18 °C, 18 hours 
277 Nup133 

 
1-1364 pET-MCN-SUMO BamHI, NotI S none 18 °C, 18 hours 

278 Nup133 DNTE 105-1364 pET-MCN-SUMO BamHI, NotI S none 18 °C, 18 hours 
279 Nup133 NTE 1-114 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
280 Sec13-Nup145C 1-309 1-800 pET-MCN-PreS NdeI, NotI GPHM  none 30 °C, 3 hours 
281 Sec13-Nup145C DNTE 1-309 272-800 pET-MCN-PreS NdeI, NotI GPHM  none 30 °C, 3 hours 

282 Nup145C NTE 1-272 pET28a-SUMO BamHI, NotI S AAALEHHHHHH 18 °C, 18 hours 
283 AVI-SUMO-Nup145C NTE 2-272 pET28a-His-PreS-

Avi-SUMO 
BamHI, NotI GPLMSGLNDIFEAQKIEWHEGSAGGSGHM none 18 °C, 18 hours 

284 Nup49 246-470 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
285 Nsp1 

Nup57 
467-674 
74-319 

pETDuet1 NcoI, NotI 
NdeI, XhoI 

none 
M 

none 
none 

18 °C, 18 hours 

286 Nic96 R1 139-180 pET28a-SUMO BamHI, NotI S none 18 °C, 18 hours 
 

Constructs #8 (60), #9, #10, #11, #18, #258, and #260 (63), #27 (76), #52 (129), #237, #254, #257, #286, #287, and #288 (11), and #264, #265, #268, #276, 
#278, #279, and #280 (38) were previously reported. 
t Constructs that were used for crystallization 
# Constructs that were used for sAB and MB selection 
• Constructs that were used for ascertaining sequence register by Se-Met labeling 
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Table S3. Baculovirus/insect cell expression constructs and conditions 
# 
 

Protein 
 

Residues 
 Expression vector 

Restriction sites 5’, 
3’ 

N-terminal 
overhang 

C-terminal 
overhang 

Expression 
conditions 

287 RAE1 1-368 pFastBac-Dual SmaI, KpnI none HHHHHHH Described in methods 
288 RAE1 

NUP98 GLEBS 
1-368 
157-213 

pFastBac-Dual 
 

SmaI, KpnI 
BamHI, EcoRI 

none HHHHHHH Described in methods 

289 Gle2 1-357 pFastBac-HTB BamHI, XhoI GAMGS none Described in methods 
 

Constructs #287 and #288 were reported previously in (57).  
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Table S4. Mammalian cell expression constructs 
Name 
 

Protein 
 

Residues 
(Mutations) 

Vector Restriction sites 
5’, 3’ 

N-terminal 
tag 

C-terminal 
tag 

WT NUP358 1-3224 pcDNA3.1-3×HA BamHI, NotI 3×HA none 
TPR NUP358 1-145 pcDNA3.1-3×HA BamHI, NotI 3×HA none 
NTD-ZFD NUP358 1-1809 pcDNA3.1-3×HA BamHI, NotI 3×HA none 
DNTD-ZFD NUP358 1810-3224 pcDNA3.1-3×HA BamHI, NotI 3×HA none 
NTD-RanBD-I NUP358 1-1306 pcDNA3.1-3×HA BamHI, NotI 3×HA none 
DNTD-RanBD-I NUP358 1308-3224 pcDNA3.1-3×HA BamHI, NotI 3×HA none 
NTD-OE NUP358 1-832 pcDNA3.1-3×HA BamHI, NotI 3×HA none 
DNTD-OE NUP358 833-3224 pcDNA3.1-3×HA BamHI, NotI 3×HA none 
NTD NUP358 1-752 pcDNA3.1-3×HA BamHI, NotI 3×HA none 
OE NUP358 753-832 pcDNA3.1-3×HA BamHI, NotI 3×HA none 
FL (LIQIML) NUP358 1-3224 (L811A, I814A, Q817A, I828A, M825A, L828A) pcDNA3.1-3×HA BamHI, NotI 3×HA none 
NTD-OE 
(LIQIML) 

NUP358 1-832 (L811A, I814A, Q817A, I828A, M825A, L828A) pcDNA3.1-3×HA BamHI, NotI 3×HA none 

FL (2R5K) NUP358 1-3224  
(K34A, K40A, R58A, K61A, R64A, K500A, K502A) 

pcDNA3.1-3×HA BamHI, NotI 3×HA none 

NTD-OE (2R5K) NUP358 1-832  
(K34A, K40A, R58A, K61A, R64A, K500A, K502A) 

pcDNA3.1-3×HA BamHI, NotI 3×HA none 

T585M NUP358 1-3224 (T585M) pcDNA3.1-3×HA BamHI, NotI 3×HA none 
T653I NUP358 1-3224 (T653I) pcDNA3.1-3×HA BamHI, NotI 3×HA none 
I656V NUP358 1-3224 (I656V) pcDNA3.1-3×HA BamHI, NotI 3×HA none 
W681C NUP358 1-3224 (W681C) pcDNA3.1-3×HA BamHI, NotI 3×HA none 
Insulin Insulin 1-110 pcDNA3.1-3×C-FLAG Kpn1/Kpn1 none 3×FLAG 
ALPP ALPP 1-535 pcDNA3.1-3×C-FLAG Kpn1/Kpn1 none 3×FLAG 
IL6 IL6 1-184 pcDNA3.1-3×C-FLAG Kpn1/Kpn1 none 3×FLAG 
IL10 IL10 1-145 pcDNA3.1-3×C-FLAG Kpn1/Kpn1 none 3×FLAG 
RPL26 RPL26 1-145 pcDNA3.1-3×C-FLAG Kpn1/Kpn1 none 3×FLAG 
GFP GFP 1-239 pcDNA3.1-3×C-FLAG Kpn1/Kpn1 none 3×FLAG 
H1B H1B 1-219 pcDNA3.1-3×C-FLAG Kpn1/Kpn1 none 3×FLAG 
TNFa TNFa 1-233 pcDNA3.1-3×C-FLAG Kpn1/Kpn1 none 3×FLAG 

 

3×HA: N-MYPYDVPDYAGGGYPYDVPDYAGGGYPYDVPDYA-C 
3×FLAG: N-MDYKDHDGDYKDHDIDYKDDDDK-C 
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Table S5. Protein purification protocols 

Protein(s) 
 

Expression 
constructs 

Purification step 
 

Buffer A 
 

Buffer B 
 

NUP62•NUP88•NUP214 Co-
expression 
(# 1 and 3) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Mono Q 
4. Superose 6 10/300 GL 

1. Ni-A1, 5 mM b-ME, 5% glycerol 
2. IEX-A1, pH 8.0, 5 mM DTT, 5% glycerol / 
ULP1 
3. IEX-A1, pH 8.0, 5 mM DTT, 5% glycerol 
4. SEC-A, 5 mM DTT, 5% Glycerol 

1. Ni-B1, 5 mM b-ME, 5% glycerol 
2. N/A 
3. IEX-B1, pH 8.0, 5 mM DTT, 5% glycerol 
4. N/A 

NUP88 NTD 
Wild-type and mutants 

Individual 
(#2, 196-220) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / ULP1 
3. IEX-A1, pH 8.0, 1 mM DTT 
4. SEC-A, 1 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 1 mM DTT 
4. N/A 

NUP62•NUP88•NUP214CCS1-
3 

Co-
expression 
(#4 and 5) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 
5. Cleavage 
6. MonoQ 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM DTT 
3. IEX-A1, pH 8.0, 5 mM DTT 
4. SEC-A, 5 mM DTT 
5. N/A 
6. IEX-A1, pH 8.0, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 5 mM DTT 
4. N/A 
5. N/A 
6. IEX-B1, pH 8.0, 5 mM DTT 

NUP62•NUP88•AVI-NUP214 
CCS1-3 

Co-
expression 
(#4 and 6) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 
5. Cleavage 
6. MonoQ 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM DTT 
3. IEX-A1, pH 8.0, 5 mM DTT 
4. SEC-A, 5 mM DTT 
5. N/A 
6. IEX-A1, pH 8.0, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 5 mM DTT 
4. N/A 
5. N/A 
6. IEX-B1, pH 8.0, 5 mM DTT 

NUP98 GLEBS-APD Individual 
(#7) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 75 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / Pres 
3. Ni-A2, 5 mM b-ME 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-A, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. Ni-B1, 5 mM b-ME 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 

NUP98 APD Individual 
(#8) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 75 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / Pres 
3. Ni-A2, 5 mM b-ME 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-A, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. Ni-B1, 5 mM b-ME 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 

DDX19  Individual 
(#9) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME, 5% glycerol 
2. IEX-A1, pH 8.0, 5 mM b-ME, 5% glycerol 
/ Pres 
3. Ni-A2, 5 mM b-ME, 5% glycerol 
4. IEX-A1, pH 8.0, 5 mM DTT, 5% glycerol 
5. SEC-A, 5 mM DTT, 5% glycerol 

1. Ni-B1, 5 mM b-ME, 5% glycerol 
2. N/A 
3. Ni-B1, 5 mM b-ME, 5% glycerol 
4. IEX-B1, pH 8.0, 5 mM DTT, 5% Glycerol 
5. N/A 

DDX19 E243Q Individual 
(#10) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME, 5% glycerol 
2. IEX-A1, pH 8.0, 5 mM b-ME, 5% glycerol 
/ Pres 
3. Ni-A2, 5 mM b-ME, 5% glycerol 
4. IEX-A1, pH 8.0, 5 mM DTT, 5% glycerol 
5. SEC-A, 5 mM DTT, 5% glycerol 

1. Ni-B1, 5 mM b-ME, 5% glycerol 
2. N/A 
3. Ni-B1, 5 mM b-ME, 5% glycerol 
4. IEX-B1, pH 8.0, 5 mM DTT, 5% Glycerol 
5. N/A 

GLE1 CTD•NUP42 GBM Co-
expression 
(#11) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. HiTrap Heparin HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM  b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / Pres 
3. Ni-A2, 5 mM b-ME 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-A, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. Ni-B1, 5 mM b-ME 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 

SUMO-NUP42 ZnF Individual 
(#12) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting 
3. HiTrap Q HP 
4. HiLoad Superdex 75 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM DTT 
3. IEX-A1, pH 8.0, 5 mM DTT 
4. SEC-A, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 5 mM DTT 
4. N/A 

NUP214 NTD Individual 
(#13) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / Pres 
3. Ni-A2, 5 mM b-ME 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-A, 5 mM DTT 

1 Ni-B1, 5 mM b-ME 
2. N/A 
3. Ni-B1, 5 mM b-ME 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 

SUMO-NUP214TAIL 
WT and truncations 

Individual 
(#14-17) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting 
3. HiTrap SP HP 
4. HiLoad Superdex 75 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM DTT 
3. IEX-A1, pH 8.0, 5 mM DTT 
4. SEC-A, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 7.0, 5 mM DTT 
4. N/A 

NUP155 CTD Individual 
(#18) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME, 5% glycerol 
2. IEX-A1, pH 8.0, 5 mM b-ME, 5% glycerol 
/ Pres 
3. Ni-A2, 5 mM b-ME, 5% glycerol 
4. IEX-A1, pH 8.0, 5 mM DTT, 5% glycerol 
5. SEC-B, 5 mM DTT, 5% glycerol 

1. Ni-B1, 5 mM b-ME, 5% glycerol 
2. N/A 
3. Ni-B1, 5 mM b-ME, 5% glycerol 
4. IEX-B1, pH 8.0, 5 mM DTT, 5% Glycerol 
5.N/A 

NUP93 R1 
Wildtype and mutants 

Individual 
(#19-20) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM DTT/ ULP1 
3. IEX-A1, pH 8.0, 5 mM DTT 
4. SEC-C, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 5 mM DTT 
4. N/A 

SUMO-NUP93 R1 Individual 
(#19) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM DTT 
3. IEX-A1, pH 8.0, 5 mM DTT 
4. SEC-C, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 5 mM DTT 
4. N/A 

NUP358NTD 
Wild-type and mutants 

Individual 
(#21, 53-189) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / ULP1 
3. IEX-A1, pH 8.0, 1 mM DTT 
4. SEC-A, 1 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 1 mM DTT 
4. N/A 

NUP358 OE and OE LIQIML Individual 
(#22, 23, 25) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / Pres 
3. Ni-A2, 5 mM b-ME 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-A, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. Ni-B1, 5 mM b-ME 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 
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Protein(s) 
 

Expression 
constructs 

Purification step 
 

Buffer A 
 

Buffer B 
 

NUP358 NTD-OE Individual 
(#24) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiLoad Superdex 200 16/60 PG 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. SEC-E, 5 mM DTT / ULP1 
3. SEC-E, 5 mM DTT 
4. SEC-E, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. N/A 
4. N/A 

NUP358 NTD-OE LIQIML 
mutant 

Individual 
(#26) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / ULP1 
3. IEX-A1, pH 8.0, 1 mM DTT 
4. SEC-A, 1 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 1 mM DTT 
4. N/A 

NUP358 TPR Individual 
(#27) 

1. GST Affinity 
2. Dialysis/Cleavage 
3. GST Affinity 
4. HiTrap Q HP 
5. HiLoad Superdex 75 16/60 PG 

1. GST-A, 5 mM DTT 
2. IEX-A1, pH 8.0, 5 mM DTT / Pres 
3. IEX-A1, pH 8.0, 5 mM DTT 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-A, 5 mM DTT 

1. GST-B, 5 mM DTT 
2. N/A 
3. GST-B, 5 mM DTT 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 

NUP358 NTDDTPR Individual 
(#28) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / ULP1 
3. IEX-A1, pH 8.0, 1 mM DTT 
4. SEC-A, 1 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 1 mM DTT 
4. N/A 

NUP358 1-673 Individual 
(#29) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / ULP1 
3. IEX-A1, pH 8.0, 1 mM DTT 
4. SEC-A, 1 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 1 mM DTT 
4. N/A 

NUP358 145-673 Individual 
(#30, 190-
195) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / ULP1 
3. IEX-A1, pH 8.0, 1 mM DTT 
4. SEC-A, 1 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 1 mM DTT 
4. N/A 

AVI-NUP358 145-673 Individual 
(#31) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / ULP1 
3. IEX-A1, pH 8.0, 1 mM DTT 
4. SEC-A, 1 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 1 mM DTT 
4. N/A 

NUP358 RBD Individual 
(#32-36) 

1. GST Affinity 
2. Dialysis/Cleavage 
3. GST Affinity 
4. HiTrap Q HP 
5. HiLoad Superdex 75 16/60 PG 

1. GST-A, 5 mM DTT 
2. IEX-A1, pH 8.0, 5 mM DTT / Pres 
3. IEX-A1, pH 8.0, 5 mM DTT 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-A, 5 mM DTT 

1. GST-B, 5 mM DTT 
2. N/A 
3. GST-B, 5 mM DTT 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 

NUP358 ZnFs Individual 
(#37-50) 

1. GST Affinity 
2. Dialysis/Cleavage 
3. GST Affinity 
4. HiTrap Q HP 
5. HiLoad Superdex 75 16/60 PG 

1. GST-A, 5 mM DTT 
2. IEX-A1, pH 8.0, 5 mM DTT / Pres 
3. IEX-A1, pH 8.0, 5 mM DTT 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-A, 5 mM DTT 

1. GST-B, 5 mM DTT 
2. N/A 
3. GST-B, 5 mM DTT 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 

NUP358 ZFD Individual 
(#51) 

1. GST Affinity 
2. Dialysis/Cleavage 
3. GST Affinity 
4. HiTrap Q HP 
5. HiLoad Superdex 200 16/60 PG 

1. GST-A, 5 mM DTT 
2. IEX-A1, pH 8.0, 5 mM DTT / Pres 
3. IEX-A1, pH 8.0, 5 mM DTT 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-A, 5 mM DTT 

1. GST-B, 5 mM DTT 
2. N/A 
3. GST-B, 5 mM DTT 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 

NUP358 CTD Individual 
(#52) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. HiLoad Superdex 75 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / Pres 
3. Ni-A2, 5 mM b-ME 
4. SEC-A, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. Ni-B1, 5 mM b-ME 
4. N/A 

P15 TAP Co-
expression 
(# 221) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. HiTrap Heparin 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / ULP1 
3. Ni-A2, 5 mM b-ME 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-F, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. Ni-B1, 5 mM b-ME 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 

Ran 
Wild-type and mutants 

Individual 
(#222-224) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 75 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / ULP1 
3. Ni-A2, 5 mM b-ME 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-A, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. Ni-B1, 5 mM b-ME 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 

Thrombin Ran F35S Individual 
(#225) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME 
3. IEX-A1, pH 8.0, 1 mM DTT 
4. SEC-A, 1 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 8.0, 1 mM DTT 
4. N/A 

NUP50 RanBD Individual 
(#226) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 75 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A1, pH 8.0, 5 mM b-ME / ULP1 
3. Ni-A2, 5 mM b-ME 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-A, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. Ni-B1, 5 mM b-ME 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 

sAB14 Individual 
(#227) 

Detailed description in SI methods   

rnNUP153 ZnFs Individual 
(#228-235) 

1. GST Affinity 
2. Dialysis/Cleavage 
3. GST Affinity 
4. HiTrap Q HP 
5. HiLoad Superdex 75 16/60 PG 

1. GST-A, 5 mM DTT 
2. IEX-A1, pH 8.0, 5 mM DTT / Pres 
3. IEX-A1, pH 8.0, 5 mM DTT 
4. IEX-A1, pH 8.0, 5 mM DTT 
5. SEC-A, 5 mM DTT 

1. GST-B, 5 mM DTT 
2. N/A 
3. GST-B, 5 mM DTT 
4. IEX-B1, pH 8.0, 5 mM DTT 
5. N/A 

Nup82•Nsp1•Nup159 Co-
expression 
(#236 
and 248) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting /Cleavage 
3. MonoQ 10/100 GL 
4. Superose 6 10/300 GL 

1. Ni-A3, 5 mM b-ME 
2. IEX-A3, pH 8.0, 5 mM DTT / ULP1 
3. IEX-A3, pH 8.0, 5 mM DTT 
4. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b -ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

Nup82•Nsp1• 
Nup159DNTD 

Co-
expression 
(#236 
and 251) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting /Cleavage 
3. MonoQ 10/100 GL 
4. Superose 6 10/300 GL 

1. Ni-A3, 5 mM b -ME 
2. IEX-A3, pH 8.0, 5 mM DTT / ULP1 
3. IEX-A3, pH 8.0, 5 mM DTT 
4. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

Nup82 NTD• 
Nup159 TAIL 

Co-
expression 
(# 237 
and 252) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. MonoQ 10/100 GL 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / ULP1 / PreS 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 8.0, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 8.0, 5 mM DTT 
5. N/A 



 

 

814 
Protein(s) 
 

Expression 
constructs 

Purification step 
 

Buffer A 
 

Buffer B 
 

Nup82•Nup159•Nsp1 
CCS1 

Co-lysis 
(#238, 243, 
and 245) 

1. Ni-NTA 
2. Desalting/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / ULP1 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 8.0, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 8.0, 5 mM DTT 
5. N/A 

Nup82•Nup159•Nsp1 
CCS2-3 

Co-lysis 
(#239, 244, 
and 246) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. HiTrap S HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / ULP1 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 8.0, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 8.0, 5 mM DTT 
5. N/A 

Nup82•Nsp1•Nup159 
CFNC-hub 

Co-
expression 
(#241 
and 249) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. IEX-A3, pH 8.0, 5 mM DTT / ULP1 
3. IEX-A3, pH 8.0, 5 mM DTT 
4. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

Nup159 NTD Individual 
(#242) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / ULP1 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 8.0, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 8.0, 5 mM DTT 
5. N/A 

Nup82DNTD•Nsp1• 
Nup159DTAIL 

Co-
expression 
(#250 and 
253) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. MonoQ 10/100 GL 
4. Superose 6 10/300 GL 

1. Ni-A3, 5 mM b-ME 
2. IEX-A3, pH 8.0, 5 mM DTT / ULP1 
3. IEX-A3, pH 8.0, 5 mM DTT 
4. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

Nup145N GLEBS-APD Individual 
(#254) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. HiTrap SP HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / ULP1 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 6.5, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 6.5, 5 mM DTT 
5. N/A 

Nup145N APD Individual 
(#255) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. HiTrap SP HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / PreS 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 6.5, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 6.5, 5 mM DTT 
5. N/A 

Nup145N GLEBS Individual 
(#256) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / ULP1 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 8.0, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b -ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 8.0, 5 mM DTT 
5. N/A 

Dbp5 Individual 
(#257) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. IEX-A2, pH 8.0, 5 mM DTT / ULP1 
3. IEX-A2, pH 8.0, 5 mM DTT 
4. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

Gle1•Nup42 GBM Co-
expression 
(#258 
and 261) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. HiTrap SP HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. IEX-A3, pH 8.0, 5 mM DTT / ULP1 
3. IEX-A3, pH 6.5, 5 mM DTT 
4. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

Gle1 CTD•Nup42 GBM Co-
expression 
(#259 
and 261) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. HiTrap SP HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. IEX-A3, pH 8.0, 5 mM DTT / ULP1 
3. IEX-A3, pH 6.5, 5 mM DTT 
4. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

Gle1 NTD Individual 
(# 260) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. IEX-A2, pH 8.0, 5 mM DTT / ULP1 
3. IEX-A2, pH 8.0, 5 mM DTT 
4. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

Nup120 
Nup37 
Elys 
Nup85 

Co-
expression 
(# 262 
and 264) 
co-lysis with 
(# 263 
and 274) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. IEX-A4, pH 8.0, 5 mM DTT / ULP1 
3. IEX-A4, pH 8.0, 5 mM DTT 
4. SEC-D, 5 mM DTT 

1. Ni-B1, 5 mM b-ME, 5 % glycerol 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

Nup120 
Nup37DCTE 
Elys 
Nup85 

Co-
expression 
(# 266 
and 274) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. HiTrap Q HP 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. IEX-A4, pH 8.0, 5 mM DTT / ULP1 
3. IEX-A4, pH 8.0, 5 mM DTT 
4. SEC-D, 5 mM DTT 

1. Ni-B1, 5 mM b-ME, 5 % glycerol 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

Nup37 Individual 
(#264) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. MonoQ 10/100 GL 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / ULP1 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 8.0, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 8.0, 5 mM DTT 
5. N/A 

Nup37DCTE Individual 
(#265) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. MonoQ 10/100 GL 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / ULP1 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 8.0, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 8.0, 5 mM DTT 
5. N/A 

SUMO-Nup37 CTE 
wildtype and truncation 

Individual 
(#267, 269-
273) 

1. Ni-NTA 
2. Dialysis 
3. HiTrap Q HP 
4. HiLoad Superdex 75 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME 
3. IEX-A2, pH 8.0, 5 mM DTT 
4. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

AVI-SUMO-Nup37 CTE Individual 
(#268) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting 
3. HiTrap Q HP 
4. HiLoad Superdex 75 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME 
3. IEX-A2, pH 8.0, 5 mM DTT 
4. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 
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Nup85 NTE Individual 
(#275) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. HiTrap Q HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / PreS 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 8.0, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 8.0, 5 mM DTT 
5. N/A 

Nup84•Nup133 Co-
expression 
(#276-277) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. MonoQ 10/100 GL 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. IEX-A3, pH 8.0, 5 mM DTT / ULP1 
3. IEX-A3, pH 8.0, 5 mM DTT 
4. SEC-D, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

Nup84•Nup133DNTE Co-
expression 
(#276 
and 278) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. MonoQ 10/100 GL 
4. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. IEX-A3, pH 8.0, 5 mM DTT / ULP1 
3. IEX-A3, pH 8.0, 5 mM DTT 
4. SEC-D, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

Nup133 NTE Individual 
(#279) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. HiTrap SP HP 
5. HiLoad Superdex 75 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / PreS 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 6.5, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 6.5, 5 mM DTT 
5. N/A 

Sec13-Nup145C Individual 
(#280) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. MonoQ 10/100 GL 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / PreS 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 8.0, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 8.0, 5 mM DTT 
5. N/A 

Sec13-Nup145CDNTE Individual 
(#281) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. Ni-NTA 
4. MonoQ 10/100 GL 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / PreS 
3. Ni-A4, 5 mM b-ME 
4. IEX-A2, pH 8.0, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 8.0, 5 mM DTT 
5. N/A 

Nup145C NTE Individual 
(#282) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. HiTrap Q HP 
4. Ni-NTA 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A4, 5 mM b-ME / ULP1 
3. IEX-A2, pH 8.0, 5 mM b-ME 
4. IEX-A2, pH 8.0, 5 mM b-ME 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. Ni-B3, 5 mM b-ME 
5. N/A 

AVI-SUMO-Nup145C NTE Individual 
(#283) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting 
3. HiTrap Q HP 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. IEX-A2, pH8.0, 5 mM b-ME 
3. IEX-A2, pH 8.0, 5 mM b-ME 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
5. N/A 

Nup49•Nup57•Nsp1 Co-
expression 
(# 284 
and 285) 

1. Ni-NTA 
2. HiPrep 26/20 Desalting/Cleavage 
3. Ni-NTA 
4. MonoQ 10/100 GL 
5. HiLoad Superdex 200 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. Ni-A3, 5 mM b-ME / ULP1 
3. Ni-A3, 5 mM b-ME 
4. IEX-A2, pH 8.0, 5 mM DTT 
5. SEC-C, pH 8.0, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. Ni-B3, 5 mM b-ME 
4. IEX-B2, pH 8.0, 5 mM DTT 
5. N/A 

Nic96 R1 Individual 
(#286)  

1. Ni-NTA 
2. HiPrep 26/20 Desalting 
3. HiTrap Q HP 
4. HiLoad Superdex 75 16/60 PG 

1. Ni-A3, 5 mM b-ME 
2. IEX-A3, pH 8.0, 5 mM DTT 
3. IEX-A3, pH 8.0, 5 mM DTT 
4. SEC-C, 5 mM DTT 

1. Ni-B3, 5 mM b-ME 
2. N/A 
3. IEX-B2, pH 8.0, 5 mM DTT 
4. N/A 

RAE1 Individual 
(#287) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. HiTrap SP HP 
4. HiLoad Superdex 75 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A3, pH 8.0, 5 mM DTT/TEV 
3. IEX-A3, pH 6.5, 5 mM DTT 
4. SEC-D, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 6.50, 5 mM DTT 
4. N/A 

RAE1•NUP98GLEBS Co-
expression 
(#288) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. HiTrap SP HP 
4. HiLoad Superdex 75 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A3, pH 8.0, 5 mM DTT/TEV 
3. IEX-A3, pH 6.5, 5 mM DTT 
4. SEC-D, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 6.5, 5 mM DTT 
4. N/A 

Gle2 
 

Individual 
(#289) 

1. Ni-NTA 
2. Dialysis/Cleavage 
3. HiTrap SP HP 
4. HiLoad Superdex 75 16/60 PG 

1. Ni-A1, 5 mM b-ME 
2. IEX-A3, pH 8.0, 5 mM DTT/TEV 
3. IEX-A3, pH 6.5, 5 mM DTT 
4. SEC-D, 5 mM DTT 

1. Ni-B1, 5 mM b-ME 
2. N/A 
3. IEX-B1, pH 6.50, 5 mM DTT 
4. N/A 

 
Ni-A1: 20 mM TRIS (pH 8.0), 500 mM NaCl, 20 mM imidazole 
Ni-A2: 20 mM TRIS (pH 8.0), 100 mM NaCl, 20 mM imidazole 
Ni-A3: 20 mM TRIS (pH 8.0), 500 mM NaCl, 20 mM imidazole, 5% (v/v) glycerol 
Ni-A4: 20 mM TRIS (pH 8.0), 100 mM NaCl, 20 mM imidazole, 5% (v/v) glycerol 
Ni-B1: 20 mM TRIS (pH 8.0), 500 mM NaCl, 500 mM imidazole 
Ni-B2: 20 mM TRIS (pH 8.0), 100 mM NaCl, 500 mM imidazole 
Ni-B3: 20 mM TRIS (pH 8.0), 500 mM NaCl, 500 mM imidazole, 5% (v/v) glycerol 
GST-A: 20 mM TRIS (pH 8.0), 300 mM NaCl 
GST-B: 20 mM TRIS (pH 8.0), 300 mM NaCl, 20 mM glutathione 
IEX-A1: 20 mM TRIS (pH 8.0), 100 mM NaCl 
IEX-A2: 20 mM TRIS (pH 8.0), 100 mM NaCl, 5% (v/v) glycerol 
IEX-A3: 20 mM TRIS (pH 8.0), 150 mM NaCl, 5% (v/v) glycerol 
IEX-A4: 20 mM TRIS (pH 8.0), 200 mM NaCl, 5% (v/v) glycerol 
IEX-B1: 20 mM TRIS, 2.0 M NaCI 
IEX-B2: 20 mM TRIS, 2.0 M NaCI, 5% (v/v) glycerol 
SEC-A: 20 mM TRIS (pH 8.0), 100 mM NaCl 
SEC-B: 20 mM TRIS (pH 8.0), 200 mM NaCl 
SEC-C: 20 mM TRIS (pH 8.0), 100 mM NaCl, 5% (v/v) glycerol 
SEC-D: 20 mM TRIS (pH 8.0), 200 mM NaCl, 5% (v/v) glycerol 
SEC-E: 20 mM TRIS (pH 8.0), 350 mM NaCl 
SEC-F: 20 mM TRIS (pH 8.0), 150 mM NaCl 
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Table S6. SEC-MALS analysis 
Figure(s) Nucleoporin or 

nucleoporin complex 
Experimental 
mass (kDa) 

Theoretical 
mass (kDa) 

Stoichiometry Buffer 

Fig. 1D 
Fig. S4A 

Nup82•Nup159•Nsp1 
Gle2•Nup145N GLEBS-APD 
Dbp5 
Preincubation 

202 
60 
47 
283 

211 
62 
53 
326 

equimolar 
equimolar 
n/a 
equimolar 

SEC-A 

Fig. 1E 
Fig. S20A 

Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Gle1•Nup42 GBM +IP6 
Preincubation 

258 
62 
275 

326 
68 
394 

equimolar 
equimolar 
equimolar 

SEC-A 
200 µM IP6 
 

Fig. 1F 
Fig. S23A 

Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE(CNC) 
Gle1•Nup42 GBM +IP6 
Preincubation 

255 
791 
63 
1163 

326 
730 
68 
1124 

equimolar 
equimolar 
equimolar 
equimolar 

SEC-A 
200 µM IP6 
 

Fig. S4B Nup82DNTD•Nup159DTAIL•Nsp1 
Dbp5 
Preincubation 

119 
51 
153 

125 
52 
177 

equimolar 
n/a 
equimolar 

SEC-A 

Fig. S4C Nup82•Nup159DNTD•Nsp1 
Dbp5 
Preincubation 

141 
51 
137 

150 
52 
202 

equimolar 
n/a 
no interaction 

SEC-A 

Fig. S4D Nup82•Nup159DNTD•Nsp1 
Gle2•Nup145N GLEBS-APD 
Preincubation 

141 
60 
182 

150 
62 
212 

equimolar 
equimolar 
equimolar 

SEC-A 

Fig. S4E Nup82DNTD•Nup159DTAIL•Nsp1 
Gle2•Nup145N GLEBS-APD 
Preincubation 

119 
60 
121 

125 
62 
187 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S5A Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup159 NTD•Dbp5 
Preincubation 

81 
80 
75 

77 
100 
177 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S5B Nup82•Nup159•Nsp1 (CFNC-hub) 
Gle2•Nup145N GLEBS 
Preincubation 

81 
38 
76 

77 
47 
124 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S5C Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup82 NTD•Nup145N APD•Nup159 TAIL 
Preincubation 

81 
57 
75 

77 
85 
162 

equimolar 
equimolar 
no interaction  

SEC-A 

Fig. S5D Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup159 NTD•Dbp5 
Nup82 NTD•Nup145N APD•Nup159 TAIL 
Gle2•Nup145N GLEBS 
Preincubation 

80 
82 
61 
43 
79/80/60/40 

77 
100 
85 
47 
309 

equimolar 
equimolar 
equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S8A Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Preincubation 

275 
734 
1016 

326 
730 
1056 

equimolar 
equimolar 
equimolar 

SEC-A 

Fig. S8B Nup159 NTD•Dbp5 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Preincubation 

88 
765 
762 

100 
730 
830 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S8C Gle2•Nup145N GLEBS 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Preincubation 

42 
765 
779 

47 
730 
777 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S8D Nup82 NTD•Nup145N APD•Nup159 TAIL 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Preincubation 

63 
765 
780 

85 
730 
815 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S8E Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Preincubation 

76 
765 
819 

77 
730 
806 

equimolar 
equimolar 
equimolar 

SEC-A 

Fig. S9A Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup133 NTE 
Preincubation 

81 
26 
87 

77 
26 
98 

equimolar 
n/a 
no interaction 

SEC-A 

Fig. S9B Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup85 NTE 
Preincubation 

83 
23 
83 

77 
24 
101 

equimolar 
n/a 
no interaction 

SEC-A 

Fig. S9C Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup145C NTE 
Preincubation 

82 
28 
87 

77 
30 
107 

equimolar 
n/a 
weak interaction 

SEC-A 
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Figure(s) Nucleoporin or 

nucleoporin complex 
Experimental 
mass (kDa) 

Theoretical 
mass (kDa) 

Stoichiometry Buffer 

Fig. S9D Nup82•Nup159•Nsp1 (CFNC-hub) 
SUMO-Nup37 CTE 
Preincubation 

81 
19 
87 

77 
21 
98 

equimolar 
n/a 
equimolar 

SEC-A 

Fig. S10A Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup37 
Preincubation 

81 
74 
143 

77 
80 
157 

equimolar 
n/a 
equimolar 

SEC-A 

Fig. S10B Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup37DCTE 
Preincubation 

81 
66 
81 

77 
64 
141 

equimolar 
n/a 
no interaction 

SEC-A 

Fig. S10C Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup120•Nup37DCTE•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Preincubation 

76 
756 
737 

77 
712 
789 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S11A Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Nup120•Nup37DCTE•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Preincubation 

275 
792 
905 

326 
712 
1037 

equimolar 
equimolar 
weak interaction 

SEC-A 

Fig. S11B Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145CDNTE•Nup84•Nup133DNTE 
Preincubation 

275 
711 
942 

326 
699 
1024 

equimolar 
equimolar 
equimolar 

SEC-A 

Fig. S11C Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Nup120•Nup37DCTE•Elys• 

NTD•Elys•Nup85•Sec13-Nup145CDNTE•Nup84•Nup133DNTE 
Preincubation 

275 
724 
829 

326 
683 
1008 

equimolar 
equimolar 
weak interaction 

SEC-A 

Fig. S12A Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup120•Nup37•Elys•Nup85 
Preincubation 

76 
424 
553 

77 
360 
437 

equimolar 
equimolar 
equimolar 

SEC-A 

Fig. S12B Nup82•Nup159•Nsp1 (CFNC-hub) 
Sec13-Nup145C 
Preincubation 

76 
118 
120 

77 
124 
201 

equimolar 
equimolar 
weak interaction 

SEC-A 

Fig. S12C Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup84•Nup133DNTE 
Preincubation 

76 
226 
183 

77 
246 
323 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S12D Nup82•Nup159•Nsp1 (CFNC-hub) 
Sec13-Nup145CDNTE 
Preincubation 

78 
98 
80 

77 
93 
170 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S13A Nup82•Nup159•Nsp1 
Nup120•Nup37DCTE•Elys• 

NTD•Elys•Nup85•Sec13-Nup145CDNTE•Nup84•Nup133DNTE 
Preincubation 

201 
724 
719 

211 
683 
894 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S13B Nup82•Nup159•Nsp1 
Nup120•Nup37DCTE•Elys• 

NTD•Elys•Nup85•Sec13-Nup145CDNTE•Nup84•Nup133DNTE 
Dbp5 
Preincubation 

201 
724 
53 
733 

211 
683 
53 
947 

equimolar 
equimolar 
n/a 
no interaction 

SEC-A 

Fig. S13C Nup82•Nup159•Nsp1 
Nup120•Nup37DCTE•Elys• 

NTD•Elys•Nup85•Sec13-Nup145CDNTE•Nup84•Nup133DNTE 
Nup145N APD 
Preincubation 

201 
724 
15 
721 

211 
683 
15 
909 

equimolar 
equimolar 
n/a 
no interaction 

SEC-A 

Fig. S13D Nup82•Nup159•Nsp1 
Nup120•Nup37DCTE•Elys• 

NTD•Elys•Nup85•Sec13-Nup145CDNTE•Nup84•Nup133DNTE 
Gle2•Nup145N GLEBS-APD 
Preincubation 

201 
724 
59 
846 

211 
683 
62 
956 

equimolar 
equimolar 
n/a 
weak interaction 

SEC-A 

Fig. S16A Nup82•Nup159•Nsp1 (CFNC-hub) 100 mM NaCl 
SUMO-Nup37 CTE 100 mM NaCl 
Preincubation 100 mM NaCl 
Preincubation 200 mM NaCl 
Preincubation 300 mM NaCl 
Preincubation 500 mM NaCl 
Preincubation 1000 mM NaCl 

78 
17 
87 
84 
83 
82 
80 

77 
21 
98 
98 
98 
98 
98 

equimolar 
n/a 
equimolar 
equimolar 
equimolar 
equimolar 
equimolar 

SEC-A 
 
100 mM NaCl 
200 mM NaCl 
300 mM NaCl 
500 mM NaCl 
1000 mM NaCl 
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Figure(s) Nucleoporin or 

nucleoporin complex 
Experimental 
mass (kDa) 

Theoretical 
mass (kDa) 

Stoichiometry Buffer 

Fig. S16B Nup82•Nup159•Nsp1 (CFNC-hub) 100 mM NaCl 
Nup145C NTE 100 mM NaCl 
Preincubation 100 mM NaCl 
Preincubation 200 mM NaCl 
Preincubation 300 mM NaCl 
Preincubation 500 mM NaCl 
Preincubation 1000 mM NaCl 

78 
17 
84 
80 
80 
77 
79 

77 
28 
105 
105 
105 
105 
105 

equimolar 
n/a 
weak interaction 
weak interaction 
weak interaction 
weak interaction 
weak interaction 

SEC-A 
 
100 mM NaCl 
200 mM NaCl 
300 mM NaCl 
500 mM NaCl 
1000 mM NaCl 

Fig. S16C Nup82•Nup159•Nsp1 (CFNC-hub) 
SUMO-Nup37 CTE 
Nup145C NTE 
Preincubation 

79 
19 
27 
87 

77 
21 
30 
107/98 

equimolar 
n/a 
n/a 
equimolar  

SEC-A 

Fig. S17A Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
SUMO-Nup37 CTE 
Preincubation 

264 
20 
283 

326 
21 
347 

equimolar 
equimolar 
equimolar 

SEC-A 

Fig. S17B Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Nup145C NTE 
Preincubation 

264 
29 
289 

326 
30 
394 

equimolar 
equimolar 
weak interaction 

SEC-A 

Fig. S19B Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Gle1•Nup42 GBM -IP6 
Preincubation 

275 
71 
277 

326 
68 
394 

equimolar 
equimolar 
weak interaction 

SEC-A 
200 µM IP6 
 

Fig. S19C Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Gle1 NTD 
Preincubation 

258 
33 
271 

326 
23 
349 

equimolar 
n/a 
weak interaction 

SEC-A 

Fig. S19D Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Gle1 CTD•Nup42 GBM -IP6 
Preincubation 

264 
43 
275 

326 
44 
370 

equimolar 
equimolar 
no interaction 

SEC-A 
200 µM IP6 
 

Fig. S19E Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Gle1 CTD•Nup42 GBM +IP6 
Preincubation 

258 
43 
258 

326 
44 
370 

equimolar 
equimolar 
no interaction 

SEC-A 
200 µM IP6 
 

Fig. S20A Dbp5 
Gle1•Nup42 GBM +IP6 
Preincubation 

45 
63 
62 

53 
68 
121 

n/a 
equimolar 
weak interaction 

SEC-C 
200 µM IP6 
 

Fig. S20B Nup159 NTD•Dbp5 
Gle1•Nup42 GBM +IP6 
Preincubation 

83 
63 
62 

100 
68 
168 

equimolar 
equimolar 
weak interaction 

SEC-A 
200 µM IP6 
 

Fig. S20C Dbp5 
Gle1 CTD•Nup42 GBM +IP6 
Preincubation 

45 
40 
50 

53 
44 
97 

n/a 
equimolar 
weak interaction 

SEC-A 
200 µM IP6 
 

Fig. S20D Nup159 NTD•Dbp5 
Gle1 CTD•Nup42 GBM +IP6 
Preincubation 

83 
40 
81 

100 
44 
144 

equimolar 
equimolar 
weak interaction 

SEC-A 
200 µM IP6 
 

Fig. S21A Nup159 NTD•Dbp5 
Gle1•Nup42 GBM 
Preincubation 

82 
65 
80 

100 
68 
168 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S21B Gle2•Nup145N GLEBS 
Gle1•Nup42 GBM 
Preincubation 

43 
65 
63 

47 
68 
115 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S21C Nup82 NTD•Nup145N APD•Nup159 TAIL 
Gle1•Nup42 GBM 
Preincubation 

61 
65 
63 

85 
68 
115 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S21D Nup82•Nup159•Nsp1 (CFNC-hub) 
Gle1•Nup42 GBM 
Preincubation 

79 
65 
78 

77 
68 
145 

equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S21E Nup82•Nup159•Nsp1 (CFNC-hub) 
Nup159 NTD•Dbp5 
Gle1•Nup42 GBM 
Gle2•Nup145N GLEBS 
Nup82 NTD•Nup145N APD•Nup159 TAIL 
Preincubation 

79 
83 
65 
40 
60 
80/82/72/42/60 

77 
100 
68 
68 
47 
145 

equimolar 
equimolar 
equimolar 
equimolar 
equimolar 
no interaction 

SEC-A 

Fig. S23B Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Gle1•Nup42 GBM -IP6 
Preincubation 

275 
734 
71 
2002-1273 

326 
730 
68 
1124 

equimolar 
equimolar 
equimolar 
equimolar 

monomer/dimer  

SEC-A 
200 µM IP6 
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Figure(s) Nucleoporin or 

nucleoporin complex 
Experimental 
mass (kDa) 

Theoretical 
mass (kDa) 

Stoichiometry Buffer 

Fig. S23C Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Gle1 CTD•Nup42 GBM -IP6 
Preincubation 

275 
775 
53 
1625 

326 
730 
44 
1100 

equimolar 
equimolar 
equimolar 
equimolar 

SEC-A 
200 µM IP6 
 

Fig. S23D Nup82•Nup159•Nsp1•Dbp5•Nup145N•Gle2 (CFNC) 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Gle1 NTD 
Preincubation 

275 
775 
21 
1625 

326 
730 
23 
1100 

equimolar 
equimolar 
n/a 
weak interaction 

SEC-A 

Fig. S24A Gle1•Nup42 GBM -IP6 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Preincubation 

67 
765 
822 

68 
730 
798 

equimolar 
equimolar 
equimolar 

SEC-A 
200 µM IP6 
 

Fig. S24B Gle1•Nup42 GBM +IP6 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Preincubation 

67 
765 
736 

68 
730 
798 

equimolar 
equimolar 
no interaction 

SEC-A 
200 µM IP6 
 

Fig. S25A Gle1 NTD -IP6 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Preincubation 

22 
743 
716 

23 
730 
753 

equimolar 
equimolar 
no interaction 

SEC-A 
200 µM IP6 
 

Fig. S25B Gle1 CTD•Nup42 GBM -IP6 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Preincubation 

57 
743 
672 

44 
730 
774 

equimolar 
equimolar 
equimolar 

SEC-A 
200 µM IP6 
 

Fig. S25C Gle1 CTD•Nup42 GBM +IP6 
Nup120•Nup37•Elys•Nup85•Sec13-Nup145C•Nup84•Nup133DNTE 
Preincubation 

40 
743 
683 

44 
730 
774 

equimolar 
equimolar 
no interaction 

SEC-A 
200 µM IP6 
 

Fig. 2C 
Fig. S29A 

NUP62•NUP88•NUP214 (CFNC-hub) 
DDX19 (ADP) 
RAE1•NUP98 
Preincubation 

216 
51 
57 
337 

188 
54 
67 
310 

equimolar 
n/a 
equimolar 
equimolar 

SEC-A 

Fig. S30A NUP358 NTD 
NUP88 NTD 
Preincubation 

89 
49 
118 

86 
54 
140 

n/a 
n/a 
weak interaction  

SEC-B 

Fig. S30B NUP358 NTD 
NUP88 NTD•NUP98 APD 
Preincubation 

89 
65 
95 

86 
72 
158 

n/a 
equimolar 
weak interaction  

SEC-B 

Fig. S30C NUP358 NTD 
NUP88 NTD•NUP98 APD•NUP214 TAIL 
Preincubation 

106 
71 
94 

86 
77 
163 

n/a 
equimolar 
weak interaction 

SEC-B 

Fig. S30D NUP358 NTD 
NUP88 NTD•NUP214 TAIL 
Preincubation 

106 
56 
123 

86 
60 
146 

n/a 
equimolar 
weak interaction  

SEC-B 

Fig. S30E NUP358 NTD 
NUP98 APD 
Preincubation 

89 
19 
93 

86 
17 
103 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S30F NUP358 NTD 
SUMO-NUP214 TAIL 
Preincubation 

93 
23 
92 

86 
17 
103 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S30G NUP358 NTD 
NUP214 NTD 
Preincubation 

93 
48 
76 

86 
50 
136 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S30H NUP358 NTD 
NUP62•NUP88•NUP214 (CFNC-hub) 
Preincubation 

93 
69 
88 

86 
69 
155 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S30I NUP358 NTD 
DDX19 (ADP) 
Preincubation 

99 
51 
72 

86 
54 
140 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

Fig. S30J NUP358 NTD 
DDX19 E243Q (AMPPNP) 
Preincubation 

99 
51 
101 

86 
54 
140 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

Fig. S30K 
  

NUP358 NTD 
GLE1 CTD•NUP42 GBM 
Preincubation 

96 
39 
95 

86 
42 
128 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S30L NUP358 NTD 
SUMO-NUP42 ZnF 
Preincubation 

99 
17 
100 

86 
17 
103 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

1 µM ZnCl2 
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Figure(s) Nucleoporin or 

nucleoporin complex 
Experimental 
mass (kDa) 

Theoretical 
mass (kDa) 

Stoichiometry Buffer 

Fig. S30M NUP358 NTD 
RAE1•NUP98 GLEBS 
Preincubation 

92 
46 
95 

86 
48 
134 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S30N NUP358 NTD 
NUP358 OE 
Preincubation 

99 
9 
92 

86 
3.6 
89.5 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S31A NUP358 OE 
NUP88 NTD 
Preincubation 

10 
52 
52 

3.6 
55 
58.6 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S31B NUP358 OE 
NUP98 APD 
Preincubation 

11 
18 
17 

3.6 
17 
20.6 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S31C NUP358 OE 
SUMO-NUP214 TAIL 
Preincubation 

10 
23 
21 

3.6 
17 
20.6 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S31D NUP358 OE 
NUP214 NTD 
Preincubation 

10 
48 
48 

3.6 
50 
53.6 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S31E NUP358 OE 
NUP62•NUP88•NUP214 (CFNC-hub) 
Preincubation 

10 
69 
69 

3.6 
69 
72.6 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S31F NUP358 OE 
DDX19 (ADP) 
Preincubation 

10 
51 
51 

3.6 
54 
57.6 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

Fig. S31G NUP358 OE 
DDX19 E243Q (AMPPNP) 
Preincubation 

10 
51 
53 

3.6 
54 
57.6 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

Fig. S31H NUP358 OE 
GLE1 CTD•NUP42 GBM 
Preincubation 

10 
39 
39 

3.6 
42 
45.6 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S31I NUP358 OE 
SUMO-NUP42 ZnF 
Preincubation 

10 
17 
17 

3.6 
17 
20.6 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S31J NUP358 OE 
RAE1•NUP98 GLEBS 
Preincubation 

10 
46 
46 

3.6 
48 
51.6 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S32A NUP88 NTD 
NUP98 APD 
Preincubation 

49 
19 
71 

54 
17 
72 

n/a 
n/a 
equimolar 

SEC-B 

Fig. S32B NUP88 NTD 
NUP214 TAIL 
Preincubation 

52 
23 
71 

55 
17 
72 

n/a 
n/a 
equimolar 

SEC-B 

Fig. S32C NUP88 NTD 
NUP214 NTD 
Preincubation 

51 
48 
50 

55 
50 
105 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S32D NUP88 NTD 
NUP62•NUP88•NUP214 (CFNC-hub) 
Preincubation 

51 
69 
68 

55 
69 
124 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S32E NUP88 NTD 
DDX19 (ADP) 
Preincubation 

51 
51 
53 

55 
54 
109 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

Fig. S32F NUP88 NTD 
DDX19 E243Q (AMPPNP) 
Preincubation 

51 
51 
56 

55 
54 
109 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

Fig. S32G NUP88 NTD 
GLE1 CTD•NUP42 GBM 
Preincubation 

51 
39 
50 

55 
42 
97 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S32H NUP88 NTD 
SUMO-NUP42 ZnF 
Preincubation 

51 
17 
51 

55 
17 
72 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

1 µM ZnCl2 
Fig. S32I NUP88 NTD 

RAE1•NUP98 GLEBS 
Preincubation 

52 
46 
52 

55 
48 
115 

n/a 
equimolar 
no interaction 

SEC-B 
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Figure(s) Nucleoporin or 

nucleoporin complex 
Experimental 
mass (kDa) 

Theoretical 
mass (kDa) 

Stoichiometry Buffer 

Fig. S33A NUP98 APD 
SUMO-NUP214 TAIL 
Preincubation 

17 
21 
21 

17 
17 
34 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S33B NUP98 APD 
NUP214 NTD 
Preincubation 

17 
48 
47 

17 
50 
67 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S33C NUP98 APD 
NUP62•NUP88•NUP214 (CFNC-hub) 
Preincubation 

17 
69 
67 

17 
69 
86 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S33D NUP98 APD 
DDX19 (ADP) 
Preincubation 

17 
51 
51 

17 
54 
71 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

Fig. S33E NUP98 APD 
DDX19 E243Q (AMPPNP) 
Preincubation 

17 
52 
52 

17 
54 
71 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

Fig. S33F NUP98 APD 
GLE1 CTD•NUP42 GBM 
Preincubation 

17 
40 
52 

17 
42 
59 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S33G NUP98 APD 
SUMO-NUP42 ZF 
Preincubation 

19 
17 
17 

17 
17 
34 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

1 µM ZnCl2 

Fig. S33H NUP98 APD 
NUP155 CTD 
Preincubation 

17 
57 
57 

17 
60 
77 

n/a 
n/a 
no interaction 

SEC-B  

Fig. S33I NUP98 APD 
RAE1•NUP98 GLEBS 
Preincubation 

17 
46 
44 

17 
48 
65 

n/a 
equimolar 
no interaction 

SEC-B  

Fig. S34A SUMO-NUP214 TAIL 
NUP214 NTD 
Preincubation 

23 
48 
48 

17 
50 
65 

n/a 
n/a 
no interaction 

SEC-B 

Fig. S34B SUMO-NUP214 TAIL 
NUP62•NUP88•NUP214 (CFNC-hub) 
Preincubation 

21 
69 
70 

17 
69 
86 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S34C SUMO-NUP214 TAIL 
DDX19 (ADP) 
Preincubation 

21 
51 
51 

17 
54 
71 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 
 

Fig. S34D SUMO-NUP214 TAIL 
DDX19 E243Q (AMPPNP) 
Preincubation 

17 
51 
50 

17 
54 
71 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 
 

Fig. S34E SUMO-NUP214 TAIL 
GLE1 CTD•NUP42 GBM 
Preincubation 

21 
40 
24 

17 
42 
59 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S34F SUMO-NUP214 TAIL 
SUMO-NUP42 ZnF 
Preincubation 

21 
17 
21 

17 
17 
34 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

1 µM ZnCl2 

Fig. S34G SUMO-NUP214 TAIL 
RAE1•NUP98 GLEBS 
Preincubation 

20 
46 
24 

17 
48 
65 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S35A NUP214 NTD 
NUP62•NUP88•NUP214 (CFNC-hub) 
Preincubation 

48 
69 
69 

50 
69 
119 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S35B NUP214 NTD 
DDX19 (ADP) 
Preincubation 

48 
51 
99 

50 
54 
119 

n/a 
n/a 
equimolar 

SEC-B 
2 mM MgCl2 

Fig. S35C NUP214 NTD 
DDX19 E243Q (AMPPNP) 
Preincubation 

48 
51 
98 

50 
54 
119 

n/a 
n/a 
equimolar 

SEC-B 
2 mM MgCl2 

Fig. S35D NUP214 NTD 
GLE1 CTD•NUP42 GBM 
Preincubation 

48 
40 
47 

50 
42 
92 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S35E NUP214 NTD 
SUMO-NUP42 ZnF 
Preincubation 

48 
17 
47 

50 
17 
67 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

1 µM ZnCl2 
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Figure(s) Nucleoporin or 

nucleoporin complex 
Experimental 
mass (kDa) 

Theoretical 
mass (kDa) 

Stoichiometry Buffer 

Fig. S35F  NUP214 NTD 
RAE1•NUP98 GLEBS 
Preincubation 

47 
46 
47 

50 
48 
92 

n/a 
equimolar 
no interaction 

SEC-B 

Fig. S36A NUP62•NUP88•NUP214 (CFNC-hub) 
DDX19 (ADP) 
Preincubation 

69 
51 
69 

69 
54 
123 

equimolar 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

Fig. S36B NUP62•NUP88•NUP214 (CFNC-hub) 
DDX19 E243Q (AMPPNP) 
Preincubation 

69 
51 
71 

69 
54 
123 

equimolar 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

Fig. S36C NUP62•NUP88•NUP214 (CFNC-hub) 
GLE1 CTD•NUP42 GBM 
Preincubation 

69 
40 
69 

69 
42 
111 

equimolar 
equimolar 
no interaction 

SEC-B 

Fig. S36D NUP62•NUP88•NUP214 (CFNC-hub) 
SUMO-NUP42 ZnF 
Preincubation 

69 
16 
77 

69 
17 
86 

equimolar 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

1 µM ZnCl2 

Fig. S36E NUP62•NUP88•NUP214 (CFNC-hub) 
RAE1•NUP98 GLEBS 
Preincubation 

69 
46 
69 

69 
48 
117 

equimolar 
equimolar 
no interaction 

SEC-B 

Fig. S37A DDX19 (ADP) 
GLE1 CTD•NUP42 GBM 
Preincubation 

51 
69 
58 

54 
42 
96 

n/a 
equimolar 
weak interaction  

SEC-B 
2 mM MgCl2 

Fig. S37B DDX19 E243Q (AMPPNP) 
GLE1 CTD•NUP42 GBM 
Preincubation 

51 
40 
59 

54 
42 
96 

n/a 
equimolar 
weak interaction  

SEC-B 
2 mM MgCl2 

Fig. S37C DDX19 (APD) 
SUMO-NUP42 ZnF 
Preincubation 

53 
17 
53 

54 
17 
71 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

1 µM ZnCl2 

Fig. S37D DDX19 E243Q (AMPPNP) 
SUMO-NUP42 ZnF 
Preincubation 

48 
17 
53 

54 
17 
71 

n/a 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

1 µM ZnCl2 

Fig. S37E DDX19 (ADP) 
RAE1•NUP98 GLEBS 
Preincubation 

52 
46 
52 

54 
48 
102 

n/a 
equimolar 
no interaction 

SEC-B 
2 mM MgCl2 

Fig. S37F DDX19 E243Q (AMPPNP) 
RAE1•NUP98 GLEBS 
Preincubation 

52 
46 
53 

54 
48 
102 

n/a 
equimolar 
no interaction 

SEC-B 
2 mM MgCl2 

Fig. S38A GLE1 CTD•NUP42 GBM 
SUMO-NUP42 ZnF 
Preincubation 

41 
17 
24 

42 
17 
59 

equimolar 
n/a 
no interaction 

SEC-B 
2 mM MgCl2 

1 µM ZnCl2 
Fig. S38B GLE1 CTD•NUP42 GBM 

RAE1•NUP98 GLEBS 
Preincubation 

40 
46 
45 

42 
48 
90 

equimolar 
equimolar 
no interaction 

SEC-B 

Fig. S39A SUMO-NUP42 ZnF 
RAE1•NUP98 GLEBS 
Preincubation 

16 
47 
29 

17 
48 
65 

n/a 
equimolar 
no interaction 

SEC-B 
2 mM MgCl2 

1 µM ZnCl2 
Fig. 3B 
Fig. S41B 

NUP358 NTD 2 µM 100 mM NaCl 
NUP358 NTD 5 µM 100 mM NaCl 
NUP358 NTD 10 µM 100 mM NaCl 
NUP358 NTD 20 µM 100 mM NaCl 
NUP358 NTD 30 µM 100 mM NaCl 

94 
92 
95 
102 
142 

86 
86 
86 
86 
86 

monomer 
monomer 
monomer 
monomer 
monomer/dimer 

SEC-B 

Fig. 3B 
Fig. S41C 

NUP358 NTD 2 µM 350 mM NaCl 
NUP358 NTD 5 µM 350 mM NaCl 
NUP358 NTD 10 µM 350 mM NaCl 
NUP358 NTD 20 µM 350 mM NaCl 
NUP358 NTD 30 µM 350 mM NaCl 

81 
82 
81 
82 
84 

86 
86 
86 
86 
86 

monomer 
monomer 
monomer 
monomer 
monomer 

SEC-C 

Fig. 3B 
Fig. S41D 

NUP358 NTDDTPR 2 µM 100 mM NaCl 
NUP358 NTDDTPR 5 µM 100 mM NaCl 
NUP358 NTDDTPR 10 µM 100 mM NaCl 
NUP358 NTDDTPR 20 µM 100 mM NaCl 
NUP358 NTDDTPR 30 µM 100 mM NaCl 
NUP358 NTDDTPR 50 µM 100 mM NaCl 

68 
67 
67 
69 
69 
70 

69 
69 
69 
69 
69 
69 

monomer 
monomer 
monomer 
monomer 
monomer 
monomer 

SEC-B 
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Figure(s) Nucleoporin or 

nucleoporin complex 
Experimental 
mass (kDa) 

Theoretical 
mass (kDa) 

Stoichiometry Buffer 

Fig. 3B 
Fig. S41E 

NUP358 NTDDTPR 2 µM 350 mM NaCl 
NUP358 NTDDTPR 5 µM 350 mM NaCl 
NUP358 NTDDTPR 10 µM 350 mM NaCl 
NUP358 NTDDTPR 20 µM 350 mM NaCl 
NUP358 NTDDTPR 30 µM 350 mM NaCl 
NUP358 NTDDTPR 50 µM 350 mM NaCl 

65 
66 
67 
68 
68 
68 

69 
69 
69 
69 
69 
69 

monomer 
monomer 
monomer 
monomer 
monomer 
monomer 

SEC-C 

Fig. 3C 
Fig. S41A 

NUP358 NTD-OE (1-832) 2 µM 350 mM NaCl 
NUP358 NTD-OE (1-832) 5 µM 350 mM NaCl 
NUP358 NTD-OE (1-832) 10 µM 350 mM NaCl 

396 
435 
449 

97 
97 
97 

tetramer 
tetramer/pentamer 
tetramer/pentamer 

SEC-C 

Fig. 3G 
Fig. S42B 

NUP358 OE 150 µM 100 mM NaCl 
NUP358 OE 375 µM 100 mM NaCl 
NUP358 OE 750 µM 100 mM NaCl 
NUP358 OE 1500 µM 100 mM NaCl 

8.1 
10.4 
11.6 
12.5 

3.8 
3.8 
3.8 
3.8 

dimer 
dimer/trimer 
trimer 
trimer/tetramer 

SEC-B 

Fig. 3G 
Fig. S42C 

NUP358 OE 150 µM 350 mM NaCl 
NUP358 OE 375 µM 350 mM NaCl 
NUP358 OE 750 µM 350 mM NaCl 
NUP358 OE 1500 µM 350 mM NaCl 

9.7 
11.2 
12 
12.7 

3.8 
3.8 
3.8 
3.8 

dimer/trimer 
trimer 
trimer/tetramer 
trimer/tetramer 

SEC-C 

Fig. 3G 
Fig. S42D 

NUP358 OE LIQIML 150 µM 100 mM NaCl 
NUP358 OE LIQIML 375 µM 100 mM NaCl 
NUP358 OE LIQIML 750 µM 100 mM NaCl 
NUP358 OE LIQIML 1500 µM 100 mM NaCl 

3.4 
3.4 
3.4 
3.4 

3.8 
3.8 
3.8 
3.8 

monomer 
monomer 
monomer 
monomer 

SEC-B 

Fig. 3G 
Fig. S42E 

NUP358 OE LIQIML 150 µM 350 mM NaCl 
NUP358 OE LIQIML 375 µM 350 mM NaCl 
NUP358 OE LIQIML 750 µM 350 mM NaCl 
NUP358 OE LIQIML 1500 µM 350 mM NaCl 

3.1 
3.5 
3.4 
3.3 

3.8 
3.8 
3.8 
3.8 

monomer 
monomer 
monomer 
monomer 

SEC-C 

Fig. S42F NUP358 NTD-OE (1-832) LIQIML 1 µM 100 mM NaCl 
NUP358 NTD-OE (1-832) LIQIML 2 µM 100 mM NaCl 
NUP358 NTD-OE (1-832) LIQIML 5 µM 100 mM NaCl 
NUP358 NTD-OE (1-832) LIQIML 10 µM 100 mM NaCl 

112 
118 
123 
138 

96 
96 
96 
96 

monomer/dimer 
monomer/dimer 
monomer/dimer 
monomer/dimer 

SEC-B 

Fig. S42G NUP358 NTD-OE (1-832) LIQIML 1 µM 350 mM NaCl 
NUP358 NTD-OE (1-832) LIQIML 2 µM 350 mM NaCl 
NUP358 NTD-OE (1-832) LIQIML 5 µM 350 mM NaCl 
NUP358 NTD-OE (1-832) LIQIML 10 µM 350 mM NaCl 
NUP358 NTD-OE (1-832) LIQIML 20 µM 350 mM NaCl 
NUP358 NTD-OE (1-832) LIQIML 30 µM 350 mM NaCl 
NUP358 NTD-OE (1-832) LIQIML 50 µM 350 mM NaCl 

90 
92 
91 
93 
95 
97 
102 

96 
96 
96 
96 
96 
96 
96 

monomer 
monomer 
monomer 
monomer 
monomer 
monomer 
monomer 

SEC-C 

Fig. S54A Ran (GMPPNP) 
NUP358 RBD-I 
Preincubation 

27 
15 
38 

24 
16 
40 

n/a 
n/a 
equimolar 

SEC-B 
2 mM MgCl2 

Fig. S54B Ran (GMPPNP) 
NUP358 RBD-II 
Preincubation 

27 
16 
37 

24 
16 
40 

n/a 
n/a 
equimolar 

SEC-B 
2 mM MgCl2 

Fig. S54C Ran (GMPPNP) 
NUP358 RBD-III 
Preincubation 

27 
22 
40 

24 
17 
41 

n/a 
n/a 
equimolar 

SEC-B 
2 mM MgCl2 

Fig. 3J 
Fig. S54D 

Ran (GMPPNP) 
NUP358 RBD-IV 
Preincubation 

27 
20 
39 

24 
16 
40 

n/a 
n/a 
equimolar 

SEC-B 
2 mM MgCl2 

Fig. S54E Ran (GMPPNP) 
NUP50 RBD 
Preincubation 

27 
14 
26 

24 
15 
39 

n/a 
n/a 
equimolar 

SEC-B 
2 mM MgCl2 

Fig. 6F 
Fig. S85D 

NUP62•NUP88•NUP214•DDX19 (ADP)•RAE1•NUP98 
SUMO-NUP93 R1 
Preincubation 

406 
22 
417 

310 
24 
334 

equimolar 
n/a 
equimolar 

SEC-A 

Fig. 6F 
Fig. S85B 

His-NUP62•NUP88•AVI-NUP214 CFNC-hub 
SUMO-NUP93 R1 
Preincubation 

77 
22 
86 

73 
24 
97 

equimolar 
n/a 
equimolar 

SEC-A 

Fig. 6F 
Fig. S85C 

His-NUP62•NUP88•AVI-NUP214 CFNC-hub 
SUMO-NUP93 R1 LIL 
Preincubation 

77 
23 
72 

73 
24 
97 

equimolar 
n/a 
no interaction 

SEC-A 

Fig. S86A Nsp1•Nup49•Nup57 CCS1-3 (CNT) 
SUMO-Nic96 R1 
Preincubation 

65 
16 
71 

77 
19 
97 

equimolar 
n/a 
equimolar 

SEC-A 
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Figure(s) Nucleoporin or 

nucleoporin complex 
Experimental 
mass (kDa) 

Theoretical 
mass (kDa) 

Stoichiometry Buffer 

Fig. S86B Nup82•Nup159•Nsp1 CFNC-hub 
SUMO-Nic96 R1 
Preincubation 

81 
18 
79 

77 
21 
98 

equimolar 
n/a 
no interaction 

SEC-A 

Fig. S86C Nsp1•Nup49•Nup57 CCS1-3 (CNT) 
SUMO-Nup37 CTE 
Preincubation 

65 
18 
65 

77 
21 
96 

equimolar 
n/a 
no interaction 

SEC-A 

 
SEC-A: 20 mM TRIS (pH 8.0), 100 mM NaCl, 5% (v/v) glycerol, 5 mM DTT 
SEC-B: 20 mM TRIS (pH 8.0), 100 mM NaCl, 5 mM DTT 
SEC-C: 20 mM TRIS (pH 8.0), 350 mM NaCl, 5 mM DTT 
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Table S7. Crystallization and cryoprotection conditions 
Protein(s) Concentration Crystallization condition Cryo protection condition 
NUP358 145-673  20 mg/ml 0.1 M HEPES (pH 7.0) 

0.8 M succinic acid (pH 7.0) 
1% (w/v) PEG 2,000 MME 

20% (v/v) ethylene glycol 

NUP358 145-673 
SeMet 

20 mg/ml 0.1 M HEPES (pH 7.0) 
0.8 M succinic acid (pH 7.0) 
1% (w/v) PEG 2,000 MME 

20% (v/v) ethylene glycol 

NUP358 NTD•sAB-14 5 mg/ml 0.1 M sodium citrate 
(pH 4.6) 
0.15 M sodium acetate 
3% (w/v) PEG 4,000 

25% (v/v) ethylene glycol 

NUP358 NTD•sAB-14 
SeMet 

5 mg/ml 0.1 M sodium citrate 
(pH 4.6) 
0.15 M sodium acetate 
3% (w/v) PEG 4,000 

25% (v/v) ethylene glycol 

NUP358 NTD•sAB-14 T585M 
 

5 mg/ml 0.1 M sodium citrate 
(pH 4.9) 
0.15 M sodium acetate 
2.5% (w/v) PEG 4,000 

20% (v/v) ethylene glycol 

NUP358 NTD•sAB-14 T653I 5 mg/ml 0.1 M sodium citrate 
(pH 4.5) 
0.15 M sodium acetate 
4% (w/v) PEG 4,000 

20% (v/v) ethylene glycol 

NUP358 NTD•sAB-14 I656V 5 mg/ml 0.1 M sodium citrate 
(pH 4.6) 
0.15 M sodium acetate 
3.5% (w/v) PEG 4,000 

20% (v/v) ethylene glycol 

NUP358 NTD•sAB-14 (D140M/I599M), (I322M/I599M), 
(I427M/I599M), (I453M/I599M), (I539M/I599M), 
(I615M/I599M), (I626M/I599M), (I652M/I599M), 
(L401M/I599M), (N709M/I599M), (Q137M/I599M), 
(T92M/I599M), (V668M/I599M) 
SeMet 

5 mg/ml 0.1 M sodium citrate 
(pH 4.9) 
0.15 M sodium acetate 
2.5% (w/v) PEG 4,000 

20% (v/v) ethylene glycol 

NUP358 NTD•sAB-14 I152M I599M 
SeMet 

5 mg/ml 0.1 M sodium citrate 
(pH 4.5) 
0.15 M sodium acetate 
4% (w/v) PEG 4,000 

20% (v/v) ethylene glycol 

NUP358 NTD•sAB-14 D693M I599M 
SeMet 

5 mg/ml 0.1 M sodium citrate 
(pH 4.7) 
0.15 M sodium acetate 
4% (w/v) PEG 4,000 

20% (v/v) ethylene glycol 

NUP358 NTD•sAB-14 I171M I599M 
SeMet 

5 mg/ml 0.1 M sodium citrate 
(pH 4.4) 
0.15 M sodium acetate 
2.5% (w/v) PEG 4,000 

20% (v/v) ethylene glycol 

NUP358 NTD•sAB-14 I559M I599M 
SeMet 

5 mg/ml 0.1 M sodium citrate 
(pH 4.7) 
0.15 M sodium acetate 
6% (w/v) PEG 4,000 

20% (v/v) ethylene glycol 

NUP358 OE 20 mg/ml 0.1 M citric acid (pH 3.5) 
2 M ammonium sulfate 

20% (v/v) ethylene glycol 

NUP358 ZnF2•Ran(GDP) F35S  15 mg/ml 0.1M Bis-TRIS (pH 6.4) 
17 % (w/v) PEG 3,350 

20% (v/v) glycerol 

NUP358 ZnF2•Ran(GDP) F35S (Thrombin) 15 mg/ml 0.1 M Bis-TRIS (pH 6.5) 
21% (w/v) PEG 3350  

20% (v/v) glycerol 

NUP358 ZnF3•Ran(GDP) F35S (Thrombin) 15 mg/ml 0.1 M Bis-TRIS (pH 6.5) 
19% (w/v) PEG 3350 

20% (v/v) glycerol 

NUP358 ZnF4•Ran(GDP) F35S (Thrombin) 30 mg/ml 0.1 M Bis-TRIS (pH 6.5) 
18 % (w/v) PEG 3,350 

20% (v/v) glycerol 

NUP358 ZnF5/6•Ran(GDP) F35S (Thrombin) 30 mg/ml 0.1 M Bis-TRIS (pH 6.5) 
19 % (w/v) PEG 3,350 

20% (v/v) glycerol 
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Protein(s) Concentration Crystallization condition Cryo protection condition 
NUP358 ZnF7•Ran(GDP) F35S (Thrombin) 15 mg/ml 0.1 M Bis-TRIS (pH 6.5) 

19% (w/v) PEG 3350 
20% (v/v) glycerol 

NUP358 ZnF8•Ran(GDP) F35S (Thrombin) 15 mg/ml 0.1 M Bis-TRIS (pH 6.7) 
19% (w/v) PEG 3350 

20% (v/v) glycerol 

rnNUP153 ZnF1•Ran(GDP) F35S 15 mg/ml 0.1 M Bis-TRIS (pH 6.0) 
22 % (w/v) PEG 3,350 

20% (v/v) glycerol 

rnNUP153 ZnF2•Ran(GDP) F35S 15 mg/ml 0.1 M Bis-TRIS (pH 6.3) 
19 % (w/v) PEG 3,350 

20% (v/v) glycerol 

rnNUP153 ZnF3•Ran(GDP) F35S 10 mg/ml 0.1 M Bis-TRIS (pH 7.0) 
20 % (w/v) PEG 3,350 

20% (v/v) glycerol 

rnNUP153 ZnF4•Ran(GDP) F35S 15 mg/ml 0.1 M Bis-TRIS (pH 6.2) 
22 % (w/v) PEG 3,350 

20% (v/v) glycerol 

rnNUP153 ZnF1•Ran(GDP) F35S (Thrombin) 15 mg/ml 0.1 M Bis-TRIS (pH 6.5) 
20% (w/v) PEG 3350 

20% (v/v) glycerol 

rnNUP153 ZnF2•Ran(GDP) F35S (Thrombin) 15 mg/ml 0.1 M Bis-TRIS (pH 6.5) 
19% (w/v) PEG 3350 

20% (v/v) glycerol 

rnNUP153 ZnF3•Ran(GDP) F35S (Thrombin) 15 mg/ml 0.1 M Bis-TRIS (pH 6.5) 
19% (w/v) PEG 3350 

20% (v/v) glycerol 

rnNUP153 ZnF4•Ran(GDP) F35S (Thrombin) 15 mg/ml 0.1 M Bis-TRIS (pH 6.5) 
19% (w/v) PEG 3350 

20% (v/v) glycerol 

NUP358 RanBD-I•Ran(GMPPNP) 8 mg/ml 0.2 M potassium sodium 
tartrate tetrahydrate 
20 % (w/v) PEG 3,350 

20% (v/v) glycerol 

NUP358 RanBD-II•Ran(GMPPNP) 20 mg/ml 0.125 M magnesium formate 
15 % (w/v) PEG 3,350 

20% (v/v) ethylene glycol 

NUP358 RanBD-III•Ran(GMPPNP) 5 mg/ml 0.2 M sodium formate 
20 % (w/v) PEG 3,350 

25% (v/v) ethylene glycol 

NUP358 RanBD-IV QNYDNKQV•Ran(GMPPNP) 3.5 mg/ml 0.1 M HEPES (pH 7.0) 
0.1 M ammonium sulfate 
20 % (w/v) PEG 3,350 

25% (v/v) glycerol 

NUP50 RanBD•Ran(GMPPNP) 20 mg/ml 0.1 M HEPES (pH 7.5) 
0.2 M ammonium sulfate 
25 % (w/v) PEG 3,350 

20% (v/v) ethylene glycol 

NUP88 NTD•NUP98 APD 15 mg/ml 0.1 M TRIS (pH 8.3) 
0.22 M NaCl 
20% (w/v) PEG 4000 

Paratone-N 
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Table S8. X-ray crystallographic analysis of NUP358145-673 
Data collection     
Protein 1 NUP358145-673 NUP358145-673 NUP358145-673 NUP358145-673  

Wildtype Wildtype Wildtype Wildtype 
PDB code 7MNJ    
Synchrotrona SSRL SSRL SSRL SSRL 
Beamline BL 12-2 BL 12-2 BL 12-2 BL 12-2 
Space group P43212 P43212 P43212 P43212 
Cell parameters     
    a (Å) 
    b (Å) 
    c (Å) 

133.5 
133.5 
286.9 

136.4 
136.4 
289.6 

136.6 
136.6 
289.6 

136.3 
136.3 
288.9 

    a (°) 
    b (°) 
    g (°) 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

 Native Se peak Se inflection Se remote 
Wavelength (Å) 1.03320 0.97920 0.97940 0.95370 
Resolution (Å) 30.0 – 3.8 30.0 – 4.2 30.0 – 4.3 30.0 – 4.4 
Rmerge (%)b 8.7 (149) 13.7 (176) 14.3 (164) 16.2 (196) 
Rmeas (%)b 9.0 (155) 14.3 (183) 14.9 (170) 16.8 (205) 
Rpim (%)b 2.4 (43.6) 3.9 (49.3) 4.0 (46.2) 4.6 (58.6) 
CC1/2 (%)b 99.9 (93.5) 100.0 (84.5) 100.0 (85.6) 100.0 (75.5) 
<I> / <sI>b 18.3 (2.1) 15.6 (2.3) 15.3 (2.5) 14.1 (1.9) 
Completeness (%)b 100.0 (98.8) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 
No. observationsb 654,682 (60,258) 517,269 (52,138) 481,005 (47,613) 444,858 (40,060) 
No. unique reflectionsb,c 26,310 (2,545) 20,692 (2,008) 19,360 (1,872) 17,981 (1,752) 
Redundancyb 24.9 (23.7) 25.0 (26.0) 24.8 (25.4) 24.7 (22.9) 
Wilson B factor (Å2) 155 171 172 182 
     
Refinement     
Resolution (Å) 30.0 – 3.8    
No. reflections total 26,172    
No. reflections test set 1,292 (4.9%)    
Rwork / Rfree (%) 20.8 / 24.2    
No. atoms 12,695    
    Protein 12,695    
    Ligand/ion 0    
    Water 0    
B-factors (Å2) 210    
    Protein 210    
    Ligand/ion -    
    Water -    
R.m.s. deviations     
    Bond lengths (Å)  0.002    
    Bond angles (°) 0.4    
     
Ramachandran plotd     
    Favored (%) 98.3    
    Additionally allowed (%) 1.7    
    Outliers (%) 0    

a SSRL, Stanford Synchrotron Radiation Lightsource 
b Highest-resolution shell is shown in parentheses  
c Friedel pairs were merged  
d As determined by MolProbity (127) 
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Table S9. X-ray crystallographic analysis of NUP358145-673 seleno-L-methionine mutants 
Data collection        
Protein NUP358145-673 

I652M 
NUP358145-673 
I615M/I599M 

NUP358145-673 
I599M 

NUP358145-673 
L401M/I599M 

NUP358145-673 
I169M/I481M 

NUP358145-673 
L385M/I599M 

NUP358145-673 
I372M/I599M 

Synchrotrona SSRL APS SSRL SSRL SSRL SSRL APS 
Beamline BL 12-2 23 ID-D BL 12-2 BL 12-2 BL 12-2 BL 12-2 23 ID-D 
Space group P43212 P43212 P43212 P43212 P43212 P43212 P43212 
Cell parameters        
    a (Å) 
    b (Å) 
    c (Å) 

133.6 
133.6 
291.3 

135.6 
135.6 
289.8 

134.0 
134.0 
288.3 

136.2 
136.2 
291.6 

133.8 
133.8 
291.5 

133.1 
133.1 
286.8 

135.5 
135.5 
289.6 

    a (°) 
    b (°) 
    g (°) 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

 Se peak Se peak Se peak Se peak Se peak Se peak Se peak 
Wavelength (Å) 0.97910 0.97936 0.97950 0.97920 0.97950 0.97920 0.97936 
Resolution (Å) 30.0 – 4.5 30.0 – 5.2 30.0 – 6.3 30.0 – 6.3 30.0 – 4.7 30.0 – 5.5 30.0 – 5.0 
Rmerge (%)b 24.3 (389) 28.9 (502) 27.6 (258) 16.9 (527) 18.3 (153) 19.3 (375) 27.5 (518) 
Rmeas (%)b 24.8 (396) 29.6 (513) 28.3 (264) 17.2 (539) 19.0 (159) 19.6 (383) 28.1 (529) 
Rpim (%)b 4.7 (76.1) 6.1 (106) 6.0 (56.1) 3.3 (110) 5.2 (44.5) 3.8 (72.6) 5.8 (109) 
CC1/2 (%)b 99.9 (60.3) 99.9 (73.2) 99.7 (86.8) 99.9 (70.5) 99.9 (89.4) 99.9 (72.6) 100.0 (71.2) 
<I> / <sI>b 15.3 (1.6) 16.0 (1.3) 11.7 (1.4) 20.7 (1.3) 9.7 (1.0) 19.3 (1.9) 16.8 (1.3) 
Completeness (%)b 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 99.0 (88.3) 100.0 (100.0) 100.0 (99.8) 100.0 (100.0) 
No. observationsb 833,414 

(77,052) 
469,578 
(46,501) 

232,212 
(23,396) 

299,622 
(23,303) 

350,720 
(33,574) 

437,310 
(43,864) 

527,226 
(52,764) 

No. unique reflectionsb,c 16,277 (1,572) 10,962 (1,061) 6,065 (589) 6,259 (549) 14,414 (1,405) 8,883 (857) 12,270 (1,196) 
Redundancyb 51.2 (49.0) 42.8 (43.8) 38.3 (39.7) 47.9 (42.4) 24.3 (23.9) 49.2 (51.2) 43.0 (44.1) 
Wilson B factor (Å2) 225 246 308 440 214 317 238 
         

a SSRL, Stanford Synchrotron Radiation Lightsource; APS, Advanced Photon Source 
b Highest-resolution shell is shown in parentheses  
c Friedel pairs were merged  
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Table S10. X-ray crystallographic analysis of NUP358NTD and NUP358NTD ANE1 
mutants 
Data collection     
Protein 1 NUP3581-752 NUP3581-752 NUP3581-752 NUP3581-752  

Wildtype ANE1 T585M ANE1 T653I ANE1 I656V 
Protein 2 sAB-14 sAB-14 sAB-14 sAB-14 
PDB code 7MNL 7MNM 7MNN 7MNO 
Synchrotrona APS APS SSRL SSRL 

Beamline 23 ID-B 23 ID-B BL 12-2 BL 12-2 
Space group P6522 P6522 P6522 P6522 
Cell parameters     
    a (Å) 
    b (Å) 
    c (Å) 

161.4 
161.4 
644.7 

160.4 
160.4 
642.2 

161.5 
161.5 
647.4 

161.6 
161.6 
645.4 

    a (°) 
    b (°) 
    g (°) 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

 Native Native Native Native 
Wavelength (Å) 1.03314 1.03318 0.97946 1.03317 
Resolution (Å) 20.0 – 3.95 30.0 – 4.7 30.0 – 6.7 30.0 – 6.7 
Rmerge (%)b 37.9 (588) 58.6 (482) 77.9 (638) 55.4 (322) 
Rmeas (%)b 38.4 (596) 59.4 (488) 78.3 (641) 56.2 (326) 
Rpim (%)b 6.0 (95.1) 9.4 (77.8) 7.7 (62.1) 9.1 (52.9) 
CC1/2 (%)b 99.9 (45.5) 99.9 (58.6) 99.6 (67.5) 99.3 (62.1) 
<I> / <sI>b 10.3 (1.0) 6.6 (1.1) 11.0 (1.5) 8.5 (1.6) 
Completeness (%)b 99.2 (99.8) 99.6 (100.0) 98.9 (100.0) 98.6 (98.9) 
No. observationsb 1,772,720 (176,902) 1,037,121 (182,414) 955,034 (275,234) 348,970 (95,598) 
No. unique reflectionsb,c 44,627 (4,585) 26,575 (4,697) 9,674 (2,677) 9,487 (2,593) 
Redundancyb 39.7 (38.6) 39.0 (38.8) 98.7 (102.8) 36.8 (36.9) 
Wilson B factor (Å2) 181 295 549 398 
     
Refinement     
Resolution (Å) 20.0 – 3.95 30.0 – 4.7 30.0 – 6.7 30.0 – 6.7 
No. reflections total 44,483 26,442 9,591 9,417 
No. reflections test set 2,213 (5.0%) 1,304 (4.9%) 456 (4.8%) 445 (4.7%) 
Rwork / Rfree (%) 19.2 / 24.1 20.4 / 25.4 21.7 / 26.3 20.5 / 25.4 
No. atoms 17,358 17,453 17,499 17,474 
    Protein 17,358 17,453 17,499 17,474 
    Ligand/ion 0 0 0 0 
    Water 0 0 0 0 
B-factors (Å2) 204 246 331 317 
    Protein 204 246 331 317 
    Ligand/ion - - - - 
    Water - - - - 
R.m.s. deviations     
    Bond lengths (Å)  0.002 0.002 0.003 0.002 
    Bond angles (°) 0.5 0.5 0.6 0.6 
     
Ramachandran plotd     
    Favored (%) 98.7 98.3 98.4 98.3 
    Additionally allowed (%) 1.3 1.7 1.6 1.7 
    Outliers (%) 0 0 0 0 

a SSRL, Stanford Synchrotron Radiation Lightsource; APS, Advanced Photon Source 
b Highest-resolution shell is shown in parentheses  
c Friedel pairs were merged  
d As determined by MolProbity (127) 
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Table S11. X-ray crystallographic analysis of NUP358NTD seleno-L-methionine mutants 
Data collection          
Protein 1 NUP3581-752 

D140M/I599M 
NUP3581-752 
D152M/I599M 

NUP3581-752 
D693M/I599M 

NUP3581-752 
I171M/I599M 

NUP3581-752 
I322M/I599M 

NUP3581-752 
I427M/I599M 

NUP3581-752 
I453M/I599M 

NUP3581-752 
I539M/I599M 

NUP3581-752 
I559M/I599M 

Protein 2 sAB-14 sAB-14 sAB-14 sAB-14 sAB-14 sAB-14 sAB-14 sAB-14 sAB-14     
  

 
   

Synchrotrona APS APS SSRL APS SSRL SSRL SSRL SSRL SSRL 
Beamline 23 ID-B 23 ID-B BL 12-2 23 ID-D BL 12-2 BL 12-2 BL 12-2 BL 12-2 BL 12-2 
Space group P6522 P6522 P6522 P6522 P6522 P6522 P6522 P6522 P6522 
Cell parameters          
    a (Å) 
    b (Å) 
    c (Å) 

160.2 
160.2 
639.9 

161.0 
161.0 
644.0 

160.5 
160.5 
643.7 

160.6 
160.6 
641.9 

160.9 
160.9 
642.7 

161.8 
161.8 
645.4 

160.4 
160.4 
642.9 

161.9 
161.9 
646.4 

160.8 
160.8 
643.7 

    a (°) 
    b (°) 
    g (°) 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

 Se peak Se peak Se peak Se peak Se peak Se peak Se peak Se peak Se peak 
Wavelength (Å) 0.97923 0.97922 0.97910 0.97937 0.97944 0.97921 0.97920 0.97929 0.97949 
Resolution (Å) 30.0 – 6.0 30.0 – 7.0 30.0 – 4.7 30.0 – 7.5 30.0 – 5.7 30.0 – 6.3 30.0 – 5.3 30.0 – 4.25 30.0 – 4.3 
Rmerge (%)b 35.1 (268) 47.9 (256) 30.3 (323) 45.5 (115) 42.1 (345) 40.9 (247) 30.8 (305) 37.5 (389) 49.3 (365) 
Rmeas (%)b 35.7 (271) 48.6 (260) 30.7 (327) 46.6 (118) 42.7 (350) 41.5 (250) 31.3 (309) 38.0 (394) 49.9 (370) 
Rpim (%)b 6.0 (44.6) 8.0 (42.0) 4.9 (51.4) 9.9 (24.2) 6.9 (55.0) 6.7 (39.4) 5.3 (51.1) 6.0 (61.4) 7.9 (59.0) 
CC1/2 (%)b 99.7 (77.2) 99.3 (76.7) 99.9 (62.6) 98.4 (90.9) 99.7 (63.5) 99.5 (77.9) 99.8 (78.8) 99.8 (62.3) 99.8 (65.8) 
<I> / <sI>b 9.5 (1.9) 7.3 (1.8) 12.3 (1.6) 6.0 (3.0) 9.8 (1.6) 10.2 (2.1) 11.9 (1.7) 9.7 (1.4) 8.6 (1.5) 
Completeness 
(%)b 

99.1 (99.6) 98.7 (100.0) 99.4 (99.1) 98.4 (100.0) 99.1 (99.4) 99.0 (99.9) 98.8 (98.9) 99.7 (99.7) 99.7 (99.8) 

No. 
observationsb 

440,163 
(129,500) 

303,958 
(86,803) 

1,020,322 
(184,556) 

145,273 
(43,416) 

572,998 
(166,519) 

430,299 
(125,907) 

630,389 
(151,852) 

1,411,824 
(173,500) 

1,352,239 
(173,737) 

No. unique  
reflectionsb,c 

13,015 
(3,602) 

8,352 
(2,310) 

26,547 
(4,651) 

6,820 
(1,890) 

15,278 
(4,225) 

11,444 
(3,181) 

18,541 
(4,290) 

36,253 
(4,269) 

34,750 
(4,507) 

Redundancyc 33.8 (36.0) 36.4 (37.6) 38.4 (39.7) 21.3 (23.0) 37.5 (39.4) 37.6 (39.6) 34.0 (35.4) 38.9 (40.6) 38.9 (38.5) 
Wilson B factor 
(Å2) 

387 662 324 516 359 364 349 238 242 

           

a SSRL, Stanford Synchrotron Radiation Lightsource; APS, Advanced Photon Source 
b Highest-resolution shell is shown in parentheses  
c Friedel pairs were merged  
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Table S12. X-ray crystallographic analysis of NUP358NTD seleno-L-methionine mutants 
Data collection         
Protein 1 NUP3581-752 

I615M/I599M 
NUP3581-752 
I626M/I599M 

NUP3581-752 
I652M/I599M 

NUP3581-752 
L401M/I599M 

NUP3581-752 
N709M/I599M 

NUP3581-752 
Q137M/I599M 

NUP3581-752 
T92M/I599M 

NUP3581-752 
V668M/I599M 

Protein 2 sAB-14 sAB-14 sAB-14 sAB-14 sAB-14 sAB-14 sAB-14 sAB-14     
  

 
  

Synchrotrona SSRL SSRL SSRL SSRL SSRL SSRL SSRL SSRL 
Beamline BL 12-2 BL 12-2 BL 12-2 BL 12-2 BL 12-2 BL 12-2 BL 12-2 BL 12-2 
Space group P6522 P6522 P6522 P6522 P6522 P6522 P6522 P6522 
Cell parameters         
    a (Å) 
    b (Å) 
    c (Å) 

160.5 
160.5 
650.7 

160.5 
160.5 
645.1 

160.8 
160.8 
645.8 

161.3 
161.3 
644.2 

161.6 
161.6 
636.4 

161.2 
161.2 
645.2 

160.9 
160.9 
648.1 

160.2 
160.2 
647.1 

    a (°) 
    b (°) 
    g (°) 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

90.0 
90.0 
120.0 

 Se peak Se peak Se peak Se peak Se peak Se peak Se peak Se peak 
Wavelength (Å) 0.97947 0.97949 0.97951 0.97929 0.97922 0.97922 0.97949 0.97910 
Resolution (Å) 30.0 – 6.5 30.0 – 6.4 30.0 – 5.8 30.0 – 5.8 30.0 – 5.9 30.0 – 6.5 30.0 – 5.6 30.0 – 4.5 
Rmerge (%)b 38.6 (263) 35.3 (203) 44.5 (245) 39.2 (332) 36.6 (289) 32.3 (210) 39.8 (329) 36.5 (323) 
Rmeas (%)b 39.1 (266) 35.8 (206) 45.6 (250) 39.7 (336) 37.1 (291) 33.0 (215) 40.3 (334) 37.0 (327) 
Rpim (%)b 6.3 (43.5) 5.8 (33.2) 9.9 (52.0) 6.4 (52.9) 6.2 (47.8) 6.4 (41.3) 6.4 (52.0) 5.8 (50.2) 
CC1/2 (%)b 99.6 (75.2) 99.7 (81.9) 99.3 (67.0) 99.7 (65.3) 99.6 (66.8) 99.6 (7.6) 99.7 (72.4) 99.9 (67.8) 
<I> / <sI>b 9.9 (1.9) 10.4 (2.3) 5.8 (1.5) 10.0 (1.5) 9.2 (1.8) 8.9 (1.9) 9.3 (1.6) 10.7 (1.6) 
Completeness (%)b 98.7 (98.9) 98.8 (99.2) 99.2 (99.6) 98.9 (99.1) 99.1 (100.0) 99.0 (100.0) 99.3 (99.9) 99.3 (99.9) 
No. observationsb 385,426 

(105,437) 
397,949 
(111,545) 

300,981 
(90,375) 

539,571 
(156,204) 

481,226 
(138,712) 

270,195 
(75,397) 

613,880 
(178,204) 

1,180,062 
(177,326) 

No. unique  
reflectionsb,c 

10,447 (2,890) 10,815 (2,968) 14,546 (4,014) 14,449 (3,971) 13,790 (3,819) 10,376 (2,885) 16,129 (4,450) 30,272 (4,318) 

Redundancyb 36.9 (36.5) 36.8 (37.6) 20.7 (22.5) 37.3 (39.3) 34.9 (36.3) 26.0 (26.1) 38.1 (40.0) 39.0 (41.1) 
Wilson B factor (Å2) 366 448 334 419 414 479 356 268 
          

a SSRL, Stanford Synchrotron Radiation Lightsource  
b Highest-resolution shell is shown in parentheses  
c Friedel pairs were merged  
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Table S13. X-ray crystallographic analysis of NUP358OE 
Data collection   
Protein 1 NUP358805-832 OE NUP358805-832 OE 
Stoichiometry 4 4 
PDB code 7MNK  
Synchrotrona SSRL SSRL 
Beamline BL 12-2 BL 12-2 
Space group I422 I422 
Cell parameters   
    a (Å) 
    b (Å) 
    c (Å) 

99.9 
99.9 
60.2 

99.9 
99.9 
60.2 

    a (°) 
    b (°) 
    g (°) 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

 Native S peak 
Wavelength (Å) 0.90000 1.30000 
Resolution (Å) 30.0 – 1.1 20.0 – 1.45 
Rmerge (%)b 6.0 (295) 5.2 (16.2) 
Rmeas (%)b 6.3 (308) 5.4 (17.9) 
Rpim (%)b 1.7 (86.8) 1.5 (7.5) 
CC1/2 (%)b 100.0 (55.3) 100.0 (98.9) 
<I> / <sI>b 24.1 (1.1) 27.0 (9.5) 
Completeness (%)b 100.0 (99.9) 99.9 (87.4) 
No. observationsb 1,558,137 (144,840) 51,021 (2,360) 
No. unique reflectionsb,c 61,560 (6,077) 26,904 (1,123) 
Redundancyb 25.3 (23.8) 1.9 (1.9) 
Wilson B factor (Å2) 14 11 
   
Refinement   
Resolution (Å) 30.0 – 1.1  
No. reflections total 61,541  
No. reflections test set 2,090 (3.4%)  
Rwork / Rfree (%) 15.5 / 16.7  
No. atoms 1,487  
    Protein 1,294  
    Ligand/ion 55  
    Water 138  
B-factors (Å2) 23  
    Protein 21  
    Ligand/ion 49  
    Water 36  
R.m.s. deviations   
    Bond lengths (Å)  0.012  
    Bond angles (°) 1.3  
   
Ramachandran plotd   
    Favored (%) 100.0  
    Additionally allowed (%) 0  
    Outliers (%) 0  

a SSRL, Stanford Synchrotron Radiation Lightsource 
b Highest-resolution shell is shown in parentheses  
c Friedel pairs were merged  
d As determined by MolProbity (127) 
  



 

 

833 
Table S14. X-ray crystallographic analysis of NUP358 ZnF•Ran(GDP) complexes 
Data collection        
Protein 1 Ran(GDP) F35S Ran(GDP) F35S Ran(GDP) F35S Ran(GDP) F35S Ran(GDP) F35S Ran(GDP) F35S Ran(GDP) F35S 
N-terminal tag None His6-thrombin His6-thrombin  His6-thrombin  His6-thrombin  His6-thrombin  His6-thrombin  
Protein 2 NUP3581407-1443 

ZnF2 
NUP3581407-1443 
ZnF2 

NUP3581471-1507 
ZnF3 

NUP3581535-1571 

ZnF4 
NUP3581598-1634 
ZnF5e 

NUP3581716-1752 
ZnF7 

NUP3581774-1809 
ZnF8 

PDB code 7MNP 7MNQ 7MNR 7MNS 7MNT 7MNU 7MNV 
Synchrotrona SSRL SSRL APS SSRL APS SSRL SSRL 
Beamline BL12-2 BL12-2 23 ID-B BL12-2 23 ID-B BL12-2 BL12-2 
Space group P212121 P212121 P21212 P6522 P212121 P6522 P21212 
Cell parameters        
    a (Å) 
    b (Å) 
    c (Å) 

60.2 
79.8 
108.8 

59.8 
78.7 
56.3 

59.6 
80.2 
54.8 

92.5 
92.5 
194.8 

53.0 
94.3 
108.2 

92.7 
92.7 
196.0 

60.5 
80.5 
58.3 

    a (°) 
    b (°) 
    g (°) 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
120.0 

90.0 
90.0 
90.0 

90.0 
90.0 
120.0 

90.0 
90.0 
90.0 

 Zn remote Zn peak Zn peak Zn peak Zn peak Zn peak Zn peak 
Wavelength (Å) 1.03317 1.28291 1.28238 1.28210 1.28283 1.28275 1.28247 
Resolution (Å) 30.0 – 2.05 30.0 – 2.05 30.0 – 1.8 30.0 – 2.1 30.0 – 2.45 30.0 – 2.0 30.0 – 1.8 
Rmerge (%)b 11.5 (132) 9.4 (192) 7.8 (98.6) 17.2 (224) 11.0 (317) 15.5 (221) 10.8 (174) 
Rmeas (%)b 12.6 (147) 10.2 (210) 9.2 (124) 17.9 (232) 11.4 (329) 16.4 (235) 11.7 (189) 
Rpim (%)b 5.2 (63.9) 3.9 (83.7) 4.9 (74.6) 4.8 (62.0) 3.1 (88.6) 5.4 (79.6) 4.5 (73.7) 
CC1/2 (%)b 99.9 (74.1) 99.9 (60.3) 99.8 (57.5) 99.9 (66.4) 99.9 (54.1) 99.9 (63.2) 99.9 (58.5) 
<I> / <sI>b 12.5 (1.6) 13.9 (1.2) 13.7 (1.3) 21.2 (1.8) 21.8 (1.6) 14.0 (1.4) 14.0 (1.2) 
Completeness (%)b 99.4 (95.3) 99.4 (95.6) 99.7 (95.8) 100.0 (99.9) 100.0 (100.0) 100.0 (100.0) 99.6 (96.4) 
No. observationsb 326,611 (28,669) 215,148 (17,443) 153,861 (9,866) 754,508 (73,905) 524,547 (52,237) 584,705 (55,080) 341,183 (31,307) 
No. unique 
reflectionsb,c 

33,217 (3,140) 17,126 (1,596) 24,915 (2,354) 29,596 (2,860) 20,617 (2,020) 34,531 (3,346) 26,934 (2,561) 

Redundancyb 10.9 (9.1) 12.6 (10.9) 6.2 (4.2) 25.5 (25.8) 25.4 (25.9) 16.9 (16.5) 12.7 (12.2) 
Wilson B factor (Å2) 30 40 23 32 66 31 25 
        
Refinement        
Resolution (Å) 30.0 – 2.05 30.0 – 2.05 30.0 – 1.8 30.0 – 2.1 30.0 – 2.45 30.0 – 2.0 30.0 – 1.8 
No. reflections total 33,084 17,055 24,867 29,526 20,568 34,459 26,877 
No. reflections test 
set 

1,614 (4.9%) 891 (5.2%) 1,230 (5.0%) 1,477 (5.0%) 1,019 (5.0%) 1,784 (5.2%) 1,422 (5.3%) 

Rwork / Rfree (%) 19.4 / 23.1 19.0 / 20.9 16.0 / 19.6 17.5 / 20.3 21.2 / 25.7 20.2 / 22.4 15.9 / 18.6 
No. atoms 4,194 2,009 2,173 2,234 3,882 2,157 2,181 
    Protein 3,868 1,914 1,931 2,045 3,795 1,931 1,945 
    Ligand/ion 60 30 30 30 60 30 36 
    Water 266 65 212 159 27 196 200 
B-factors (Å2) 45 65 37 48 98 45 40 
    Protein 46 66 37 48 99 45 40 
    Ligand/ion 34 51 26 34 84 32 35 
    Water 42 54 40 51 75 48 43 
R.m.s. deviations        
    Bond lengths (Å)  0.002 0.002 0.011 0.004 0.003 0.002 0.009 
    Bond angles (°) 0.6 0.6 1.1 0.7 0.6 0.6 0.9 
        
Ramachandran 
plotd 

       

    Favored (%) 97.7 98.3 98.7 98.3 98.3 98.3 97.9 
    Additionally 
allowed (%) 

2.3 1.7 1.3 1.7 1.7 1.7 2.1 

    Outliers (%) 0 0 0 0 0 0 0 

a SSRL, Stanford Synchrotron Radiation Lightsource; APS, Advanced Photon Source 
b Highest-resolution shell is shown in parentheses  
c Friedel pairs were merged  
d As determined by MolProbity (127) 
e Primary sequence of NUP358 ZnF5 is identical to ZnF61657-1693 
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Table S15. X-ray crystallographic analysis of NUP153 ZnF•Ran(GDP) complexes 

a SSRL, Stanford Synchrotron Radiation Lightsource; APS, Advanced Photon Source 
b Highest-resolution shell is shown in parentheses  
c Friedel pairs were merged  
d As determined by MolProbity (127) 
  

Data collection          
Protein 1 Ran(GDP) 

F35S 
Ran(GDP) 
F35S 

Ran(GDP) 
F35S 

Ran(GDP) 
F35S 

Ran(GDP) 
F35S 

Ran(GDP) 
F35S 

Ran(GDP) 
F35S 

Ran(GDP) 
F35S 

Ran(GDP) 
F35S 

N-terminal tag None His6-
thrombin  

None His6-
thrombin  

None None His6-
thrombin  

None His6-
thrombin  

Protein 2 NUP153 
ZnF1649-687 

NUP153651-

687 ZnF1 
NUP153713-

749 ZnF2 
NUP153713-

749 ZnF2 
NUP153781-

817 ZnF3 
NUP153781-

817 ZnF3 
NUP153781-

817 ZnF3 
NUP153838-

874 ZnF4 
NUP153838-

874 ZnF4 
PDB code 7MO1  7MO2  7MO3 7MO4  7MO5  
Synchrotrona SSRL SSRL SSRL SSRL SSRL SSRL SSRL SSRL APS 
Beamline BL12-2 BL12-2 BL12-2 BL12-2 BL12-2 BL12-2 BL12-2 BL12-2 23 ID-B 
Space group P21212 P21212 P21 P21212 P21 P21 P212121 P21212 P21212 
Cell parameters          
    a (Å) 
    b (Å) 
    c (Å) 

60.3 
79.6 
55.1 

60.0 
79.8 
54.8 

58.1 
60.4 
79.4 

61.0 
79.7 
57.7 

69.0 
62.6 
70.6 

67.7 
61.2 
69.8 

61.1 
80.8 
114.4 

59.8 
80.1 
54.5 

60.2 
78.7 
54.8 

    a (°) 
    b (°) 
    g (°) 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.1 
90.0 

90.0 
90.0 
90.0 

90.0 
105.1 
90.0 

90.0 
104.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

 Zn remote Zn peak Zn remote Zn peak Zn remote Zn remote Zn peak Zn remote Zn peak 
Wavelength (Å) 1.03317 1.28272 1.03317 1.28272 1.03317 0.97946 1.28272 1.03317 1.28279 
Resolution (Å) 30.0 – 1.6 30.0 – 1.6 30.0 – 1.65 30.0 – 1.9 30.0 – 2.05 30.0 – 2.4 30.0 – 1.6 30.0 – 1.55 30.0 – 1.85 
Rmerge (%)b 7.8 (172) 5.8 (89.8) 7.3 (108) 8.6 (161) 4.7 (169) 7.9 (135) 5.1 (116) 6.8 (173) 6.7 (134) 
Rmeas (%)b 8.1 (179) 6.3 (97.8) 7.9 (119) 9.4 (176) 5.5 (198) 8.6 (146) 5.5 (126) 7.4 (187) 7.3 (148) 
Rpim (%)b 3.0 (49.8) 2.4 (38.0) 3.0 (48.1) 3.6 (68.4) 2.8 (101) 3.3 (55.2) 2.1 (49.1) 2.8 (71.1) 2.8 (61.5) 
CC1/2 (%)b 100.0 (65.3) 99.9 (87.3) 99.9 (49.3) 99.9 (77.8) 99.9 (57.8) 99.8 (75.1) 100.0 (74.3) 99.9 (58.8) 99.9 (63.5) 
<I> / <sI>b 19.0 (1.5) 24.6 (2.9) 13.8 (1.5) 13.5 (1.2) 15.7 (1.1) 11.3 (1.3) 23.2 (2.0) 15.3 (2.3) 20.1 (1.7) 
Completeness (%)b 100.0 (99.5) 99.0 (97.5) 98.5 (96.6) 99.9 (99.4) 93.2 (93.7) 98.6 (98.5) 99.0 (97.1) 99.9 (99.9) 100.0 

(100.0) 
No. observationsb 467,759 

(22,144) 
445,449 
(42,096) 

444,419 
(18,540) 

282,478 
(27,077) 

247,248 
(24,296) 

145,075 
(14,427) 

961,259 
(88,740) 

498,936 
(50,078) 

291,124 
(23,395) 

No. unique 
reflectionsb,c 

35,851 
(1,762) 

35,072 
(3,423) 

65,381 
(3,167) 

22,744 
(2,221) 

34,158 
(3,415) 

21,520 
(2,104) 

74,712 
(7,263) 

38,670 
(50,078) 

22,891 
(2,238) 

Redundancyb 13.0 (12.6) 6.7 (6.4) 68 (5.9) 12.4 (12.2) 7.2 (7.1) 6.7 (6.9) 12.9 (12.2) 12.9 (13.1) 12.7 (10.5) 
Wilson B factor 
(Å2) 

21 23 21 38 49 63 23 21 31 

          
Refinement          
Resolution (Å) 30.0 – 1.6  30.0 – 1.65  30.0 – 2.05 30.0 – 2.4  30.0 – 1.55  
No. reflections 
total 

35,806  65,364  34,076 21,484  38,623  

No. reflections test 
set 

1,756 (4.9%)  3,284 (5.0%)  1,626 (4.8%) 1081 (4.4%)  1,871 (4.8%)  

Rwork / Rfree (%) 15.1 / 17.5  21.1 / 24.1  20.4 / 22.8 21.4 / 23.7  16.2 / 19.0  
No. atoms 2,235  4,320  4,004 3,914  2,176  
    Protein 1,983  3,832  3,861 3,828  1,918  
    Ligand/ion 30  60  60 60  30  
    Water 222  428  83 26  228  
B-factors (Å2) 35  38  89 98  36  
    Protein 35  38  90 98  35  
    Ligand/ion 23  29  64 79  24  
    Water 39  37  65 75  40  
R.m.s. deviations          
    Bond lengths 
(Å) 

0.013  0.012  0.013 0.012  0.013  

    Bond angles (°) 1.2  0.9  0.9 0.8  1.2  
          
Ramachandran 
plotd 

         

    Favored (%) 97.8  97.7  97.7 97.9  97.9  
    Additionally 
    allowed (%) 

2.2  2.3  2.3 2.1  2.1  

    Outliers (%) 0.0  0.0  0.0 0.0  0.0  
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Table S16. X-ray crystallographic analysis of NUP358/50 RanBD•Ran(GMPPNP) 
complexes 
Data collection      
Protein 1 NUP3581171-1306 

RanBD1 
NUP3582011-2148 
RanBD2 

NUP3582309-2443 
RanBD3 

NUP3582911-3045 RanBD4  NUP50337-468 
RanBD  

Wildtype Wildtype Wildtype WHTMKNYY/QNYDNKQV Wildtype 
Protein 2 Ran(GMPPNP) Ran(GMPPNP) Ran(GMPPNP) Ran(GMPPNP) Ran(GMPPNP) 
PDB code 7MNW 7MNX 7MNY 7MNZ 7MO0 
Synchrotrona APS SSRL APS SSRL APS 
Beamline 23 ID-B BL 12-2 23 ID-B BL 12-2 23 ID-D 
Space group I222 P212121 P212121 P31 P212121 
Cell parameters      
    a (Å) 
    b (Å) 
    c (Å) 

137.4 
137.8 
172.9 

94.2 
134.0 
182.5 

110.2 
136.0 
158.8 

142.7 
142.7 
96.7 

66.6 
73.2 
152.9 

    a (°) 
    b (°) 
    g (°) 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
90.0 

90.0 
90.0 
120.0 

90 
90 
90 

 Native Native Native Native Se peak 
Wavelength (Å) 1.00000 0.97946 1.00000 1.03317 0.97942 
Resolution (Å) 30.0 – 2.40 30.0 – 2.4 30.0 – 2.70 30.0 – 2.35 30.0 – 2.45 
Rmerge (%)b 28.6 (268) 16.1 (230) 21.7 (174) 14.1 (165) 11.0 (251) 
Rmeas (%)b 30.8 (288) 17.4 (251) 23.4 (188) 15.8 (185) 11.9 (271) 
Rpim (%)b 11.5 (106) 6.6 (98.8) 8.8 (70.9) 6.9 (84.1) 4.5 (102) 
CC1/2 (%)b 99.7 (47.0) 99.7 (54.7) 99.6 (69.9) 99.8 (59.9) 99.8 (55.2) 
<I> / <sI>b 6.7 (1.3) 9.7 (1.1) 8.4 (1.5) 12.4 (1.8) 15.3 (1.1) 
Completeness (%)b 99.8 (98.2) 98.8 (96.9) 100.0 (99.8) 99.9 (99.8) 100.0 (99.6) 
No. observationsb 880,269 (87,689) 1,189,731 (107,541) 900,779 (88,275) 935,004 (86,810) 369,132 (36,629) 
No. unique reflectionsb,c 64,146 (6,219) 89,794 (8,716) 66,178 (6,497) 91,578 (9,170) 28,242 (2,762) 
Redundancyb 13.7 (14.1) 13.2 (12.3) 7.1 (7.0) 10.2 (9.5) 13.1 (13.3) 
Wilson B factor (Å2) 36 46 44 44 56 
      
Refinement      
Resolution (Å) 30.0 – 2.4 30.0 – 2.4 30.0 – 2.7 30.0 – 2.35 30.0 – 2.45 
No. reflections total 64,143 89,660 66,076 91,515 28,183 
No. reflections test set 3,185 (5.0%) 2,353 (2.6%) 3,310 (5.0%) 4,426 (4.8%) 2,618 (4.9%) 
Rwork / Rfree (%) 20.2 / 24.1 19.2 / 23.0 21.4 / 26.2 18.3 / 22.5 21.2 / 23.9 
No. atoms 11,709 16,979 16,688 17,360 5,503 
    Protein 11,177 16,397 16,223 16,669 5,369 
    Ligand/ion 132 198 198 270 71 
    Water 400 384 267 473 63 
B-factors (Å2) 56 69 76 60 78 
    Protein 56 70 77 61 79 
    Ligand/ion 45 47 50 42 67 
    Water 44 55 53 51 59 
R.m.s. deviations      
    Bond lengths (Å)  0.004 0.004 0.003 0.002 0.004 
    Bond angles (°) 0.7 0.7 0.6 0.5 0.7 
      
Ramachandran plotd      
    Favored (%) 98.3 98.1 98.0 97.5 98.0 
    Additionally allowed 
(%) 

1.7 1.9 2.0 2.5 2.0 

    Outliers (%) 0 0 0 0 0 

a SSRL, Stanford Synchrotron Radiation Lightsource; APS, Advanced Photon Source 
b Highest-resolution shell is shown in parentheses  
c Friedel pairs were merged  
d As determined by MolProbity (127) 
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Table S17. X-ray crystallographic analysis of NUP88NTD•NUP98APD 
Data collection  
Protein 1 NUP881-493 NTD 
Protein 2 NUP98732-880 APD 
  
PDB code 7MNI 
Synchrotrona APS 
Beamline 23 ID-B 
Space group P1 
Cell parameters  
    a (Å) 
    b (Å) 
    c (Å) 

59.8 
72.1 
73.0 

    a (°) 
    b (°) 
    g (°) 

92.5 
103.7 
100.4 

 Native 
Wavelength (Å) 1.00003 
Resolution (Å) 20.0 – 2.0 
Rmerge (%)b 13.1 (98.4) 
Rmeas (%)b 14.3 (116) 
Rpim (%)b 5.6 (60.4) 
CC1/2 (%)b 99.6 (51.3) 
<I> / <sI>b 7.5 (1.3) 
Completeness (%)b 97.8 (96.6) 
No. observationsb 456,229 (16,182) 
No. unique reflectionsb,c 76,633 (4,472) 
Redundancyc 6.0 (3.6) 
Wilson B factor (Å2) 36 
  
Refinement  
Resolution (Å) 20.0 – 2.0 
No. reflections total 76,489 
No. reflections test set 3,639 (4.8%) 
Rwork / Rfree (%) 17.5 / 20.8 
No. atoms 9,442 
    Protein 9,024 
    Ligand/ion 0 
    Water 418 
B-factors (Å2) 56 
    Protein 56 
    Ligand/ion - 
    Water 49 
R.m.s. deviations  
    Bond lengths (Å)  0.002 
    Bond angles (°) 0.5 
  
Ramachandran plotd  
    Favored (%) 98.7 
    Additionally allowed (%) 1.3 
    Outliers (%) 0.09 

a APS, Advanced Photon Source 
b Highest-resolution shell is shown in parentheses 
c Friedel pairs were merged 
d As determined by MolProbity (127) 
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Table S18. Inventory of experimental nup structures in the composite structure of the 
human NPC 
Human nup or nup complex Experimental structure PDB ID References 

CNC  
(SEC13•NUP96•SEH1•NUP75•NUP160•NUP107• 
NUP84•NUP133•NUP37•NUP43) 

S. cerevisiae CNC-hexamer  
(Sec13•Nup145C•Seh1•Nup85•Nup120•Nup84NTD) 4XMM (27) 

H. sapiens NUP107CTD•NUP133 3I4R (20) 

H. sapiens NUP133NTD 1XKS (14) 

H. sapiens NUP43 4I79 (26) 

H. sapiens NUP37 4FHM (24) 

NUP155•NUP98R3•NUP53R3 

C. thermophilum Nup170NTD•Nup53R3 5HAX (38) 

C. thermophilum Nup170CTD 5HAY (38) 

C. thermophilum Nup170CTD 5HAZ (38) 

C. thermophilum Nup170CTD•Nup145NR3 5HB0 (38) 

C. thermophilum Nup170SOL 5HB1 (38) 

NUP93SOL•NUP53R2 H. sapiens NUP93SOL•NUP53R2 7MW0 (42) 

NUP205•NUP93R2•NUP98R1•NUP53R1 

C. thermophilum Nup192NTD 4KNH (37) 

C. thermophilum Nup192DHead•Nic96187-301 7MVT (42) 

C. thermophilum Nup192•Nic96R2•Nup145NR1•Nup53R1 7MVV (42) 

NUP188•NUP93R2•NUP98R2 C. thermophilum Nup188•Nic96R2•Nup145NR2 7MVZ (42) 

CNT•NUP93R1 

(NUP62•NUP58•NUP54•NUP93R1) 

C. thermophilum CNT•Nic96R1 
(Nsp1•Nup49•Nup57•Nic96R1) 5CWS (11) 

X. laevis NUP54 ferredoxin-like domain 5C2U (10) 

NUP53RRM H. sapiens NUP53RRM 4LIR N/A 

NUP88NTD•NUP98APD H. sapiens NUP88NTD•NUP98APD 7MNI This study 

NUP214NTD•DDX19 H. sapiens NUP214NTD•DDX19 3FMO (54) 

CFNC-hub model 
C. thermophilum CNT•Nic96R1 
(Nsp1•Nup49•Nup57•Nic96R1) 5CWS (11) 

X. laevis CNT (NUP62•NUP58•NUP54) 5C3L (10) 

GLE1CTD•NUP42GBM H. sapiens GLE1CTD•NUP42GBM 6B4F (63) 

ELYSNTD M. musculus ELYSNTD 4I0O (25) 

NUP358NTD H. sapiens NUP358NTD 7MNL This study 

NUP358OE H. sapiens NUP358OE 7MNK This study 

NUP358ZnF2•Ran(GDP) H. sapiens NUP358ZnF2•Ran(GDP) 7MNP This study 

NUP358ZnF3•Ran(GDP) H. sapiens NUP358ZnF3•Ran(GDP) 7MNR This study 

NUP358ZnF4•Ran(GDP) H. sapiens NUP358ZnF4•Ran(GDP) 7MNS This study 

NUP358ZnF5/6•Ran(GDP) H. sapiens NUP358ZnF5/6•Ran(GDP) 7MNT This study 

NUP358ZnF7•Ran(GDP) H. sapiens NUP358ZnF7•Ran(GDP) 7MNU This study 

NUP358ZnF8•Ran(GDP) H. sapiens NUP358ZnF8•Ran(GDP) 7MNV This study 

NUP358RanBD-I•Ran(GMPPNP) H. sapiens NUP358RanBD-I•Ran(GMPPNP) 7MNW This study 

NUP358RanBD-II•Ran(GMPPNP) H. sapiens NUP358RanBD-II•Ran(GMPPNP) 7MNX This study 

NUP358RanBD-III•Ran(GMPPNP) H. sapiens NUP358RanBD-III•Ran(GMPPNP) 7MNY This study 

NUP358RanBD-IV•Ran(GMPPNP) H. sapiens NUP358RanBD-IV•Ran(GMPPNP) 7MNZ This study 

NUP358E3•SUMO-RanGAP•UBC9 H. sapiens NUP358E3•SUMO-RanGAP•UBC9 1Z5S (153) 

NUP358CTD H. sapiens NUP358CTD 4I9Y (129) 
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C o n c l u s i o n s  a n d  o u t s t a n d i n g  q u e s t i o n s  

This thesis reports the near-atomic composite structure of the human NPC in both dilated 

and constricted states, complete with details of the cytoplasmic face and the linker-scaffold. 

The effort completes the inventory of high-resolution structures capturing snapshots of 

interactions between linker and scaffold nucleoporins, disambiguates the location of the 

question-mark shaped NUP205 and NUP188, discovers novel locations for NUP205 and 

NUP93 copies in the outer rings, and identifies the topology of the linker-mediated 

connections between different parts of the NPC. Having completed the structural 

characterization of the symmetric core, this thesis proceeds to reveal the composition, 

stoichiometry, and protein-protein interaction network of the NPC’s cytoplasmic face 

through biochemical reconstitution, high-resolution structure determination, and docking 

of those structures into cryo-ET reconstructions of intact human NPCs.  

Notably, the studies that constitute the whole of this thesis introduce and explore several 

fundamental concepts and principles of the NPC’s structure and function. The 

determination of the four-shaped structure of the coiled-coil channel nucleoporin 

hetero-trimer (CNT) in complex with its Nic96 assembly sensor, described in Chapter II, 

represented a milestone towards the determination of the structure of the intact NPC. 

Perhaps more importantly, the structure introduced the idea of assembly sensors in the 

NPC, which in Chapter IV leads to the search for the motifs that anchor another coiled-coil 

complex, the cytoplasmic filament nucleoporin complex (CFNC). The idea that linear 

motifs interspersed between unstructured linker sequences could tie different parts of the 

NPC together was then further developed and brought to completion in Chapter III, 

culminating with the description of the linker-scaffold architecture that allows the NPC to 

undergo large-scale iris-like dilation and constriction while also consolidating its tightly 

packed inner ring spokes or the rigid head-to-tail arrangement of the outer rings—

identifying the NPC as the cell’s largest mechanosensitive channel. 
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Building on these findings and using the near-atomic composite structure of the human 

NPC as a roadmap, future work will have to address the following non-exhaustive list of 

outstanding questions: 

1. As discussed in the introduction, the rate of mRNA export observed in vivo is greater 

than the in vitro turnover rate of the ATP-dependent helicase DDX19. What is the 

molecular mechanism of mRNA export and does the NPC coordinate the process? If so, 

how do cytoplasmic filament nucleoporins and, more generally, the spatial organization 

provided by the NPC enhance the efficiency or processivity of the DDX19 helicase? 

2. As observed in Chapter IV, rapid depletion of NUP358 strongly tampers expression of 

reporter genes, without, however, significantly affecting bulk mRNA export from the 

nucleus. Does the NPC communicate with the downstream process of translation, 

perhaps through NUP358-mediated mRNA handover? 

3. What is the function of RAE1, a component of the cytoplasmic filament nucleoporin 

complex (CFNC) that is essential for mRNA export and commonly targeted by viral 

virulence factors, including during SARS-CoV-2 infection? 

4. Having elucidated the architecture of the NPC’s cytoplasmic face and identified the 

location of the asymmetric nucleoporin ELYS on the nuclear side, what is the 

composition and architecture of the nuclear basket? What nucleoporins does the excess 

asymmetric cryo-ET density observed on the nuclear side correspond to? 

5. What are the atomic structure, stoichiometry, and location of the integral membrane 

components of the NPC, referred to as POMs, and what are the function and interactome 

of their soluble domains, both pore-facing and luminal? 

6. How is asymmetry established in assembling NPCs? As illustrated in Chapter IV, some 

asymmetric nucleoporins compete for equivalent attachment sites on nuclear and 

cytoplasmic outer rings. Even so, what mechanisms prevent, for example, a pentameric 

NUP358 bundle from attaching to the occupyting the nuclear outer ring? Does 

Ran-dependent import and export of nucleoprins establish the polarity of the NPC? 
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7. Beyond being found in the evolutionarily conserved positions in the inner ring, 

where it provides the assembly sensor for the symmetric core’s channel nucleoporin 

hetero-trimer (CNT) complex, the human Nic96 homolog NUP93 is re-used in outer 

rings of the human NPC to recruit the cytoplasmic filament nucleoporin complex 

(CFNC). Since the same NUP93 assembly sensor motif is employed to recruit both CNT 

and CFNC complexes, what prevents the CNT from localizing to cytoplsmic face in lieu 

of the CFNC, and vice versa, what prevents the CFNC from competing with the CNT 

for assembly into the inner ring? 

8. Despite striking conservation of nucleoporin shapes, nuceloporin-nuceloporin 

interactions, and the overall architecture of the NPC, species-specific differences may 

reveal important evolutionary adaptations. What is the advantage of the 

metazoan-specifc NUP358 anchoring its twelve Ran-recruiting domains to NPC’s 

cytoplasmic face that is not necessary in, for example, fungi? In a similar vein, CFNC 

homologs are recruited to the cytoplasmic face of the human and C. thermophilum NPCs 

via linear anchoring motifs presented by different components of the outer ring, neither 

of which exist in the S. cerevisiae NPC. How is the CFNC recruited to the S. cerevisiae 

NPC? 

9. What are the mechanisms and triggers of NPC assembly and disassembly? Do NPCs 

assemble spontaneously, or is their assembly landscape likely to lead to spurious 

complexes that cannot be incorporated into the NPC? Does building an NPC require 

hierarchical assembly pathways and do machineries dedicated to driving these pathways 

exist? Given the importance of the linker-scaffold in maintaining the structural integrity 

of the NPC, what are the roles of of post-translational modifications in scaffold-binding 

linker regions in the assembly and disassembly of NPCs? 

10. As discussed in Chapter I, purified FG repeats peptides have been shown to form 

liquid-liquid phase separation that over time matures into hydrogels or even amyloids. 

In vitro, the liquid-liquid and hydrogel phases recapitulate the physiological 

size-selectivity and permeability to karyopherin•cargo complexes. What are the 

biophysical properties of the FG-repeat mass in the ~50 nm-diameter central transport 
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channel? How do dilation and constriction or the constant transit of karyopherins 

affect these properties? 

11. How do the dilation and constriction of the NPC’s inner ring and central transport 

channel affect nucleocytoplasmic transport? Does dilation effectively dilute the 

concentration of FG repeats in the central transport channel? Do dilation and 

constriction affect passive diffusion and karyoperhin-mediated transport differently? 

12. Does the cell take advantage of the NPC’s mechanosensation through putative 

moduation of nucleocytoplasmic transport to effect changes on gene expression? If so, 

what signaling pathways are involved and what is the activation mechanism? 

Conversely, how would cells whose cytoskeletons are experiencing constant application 

of force, as is the case in pulsating cardiocytes, migrating dendritic cells, or 

extravasating metastatic cancer cells, control the activation of these hypothetical 

singaling pathways?  

13. What are the maximum dilation and minimum constriction diameters of the inner ring? 

How does the size of lateral channels, which emerge between spokes of the inner ring 

as a consequence of NPC dilation, affect transport of integral membrane protein cargos 

between outer and inner nuclear membranes? 

14. What are the molecular mechanisms of nucleoporin-associated diseases and foreign 

pathogen hijacking of nucleocytoplasmic transport thorugh interactions with the NPC? 

How are malfunctioning NPCs or damaged nucleoporins detected and replaced by the 

cell to maintain efficient nucleocytoplasmic transport? 


