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Abstract

The nuclear pore complex (NPC) serves as the sole bidirectional gateway of macromolecules in 

and out of the nucleus. Owing to its size and complexity (~1,000 protein subunits, ~110 MDa in 

humans), the NPC has remained one of the foremost challenges for structure determination. 

Structural studies have now provided atomic-resolution crystal structures of most nucleoporins. 

The acquisition of these structures, combined with biochemical reconstitution experiments, cross-

linking mass spectrometry, and cryo–electron tomography, has facilitated the determination of the 

near-atomic overall architecture of the symmetric core of the human, fungal, and algal NPCs. 

Here, we discuss the insights gained from these new advances and outstanding issues regarding 

NPC structure and function. The powerful combination of bottom-up and top-down approaches 

toward determining the structure of the NPC offers a paradigm for uncovering the architectures of 

other complex biological machines to near-atomic resolution.
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INTRODUCTION

The presence of membrane-enclosed organelles such as the nucleus is a hallmark feature of 

eukaryotic cells (1). The nucleus encloses genomic DNA within a double lipid bilayer 

termed the nuclear envelope, which separates genomic DNA from the rest of the cell. This 

architecture serves not only to isolate the genome from sources of damage but also to 

provide opportunities for gene regulation. At the same time, macromolecules such as 

messenger RNAs (mRNAs) or transcription factors must be able to traffic between the 

nucleus and cytoplasm. Nucleocytoplasmic transport, the trafficking of macromolecules in 

and out of the nucleus, occurs through nuclear pore complexes (NPCs), which are massive, 

proteinaceous macromolecular machines (Figure 1a). In humans, each NPC consists of 

~1,000 protein subunits, termed nucleoporins, and totals to a molecular mass of ~110 MDa

—making the NPC one of the largest macromolecular assemblies in cells. NPCs maintain 
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the integrity of the nuclear compartment by preventing macromolecules from freely 

diffusing in or out of the nucleus, but in contrast to most other membrane transporters, NPCs 

conduct cargoes in their native folded state (Figure 1b). This property allows for 

macromolecules to act immediately after transport, such as during signal transduction to 

activate a transcriptional program.

Each NPC resides in and stabilizes an ~800-Å-wide nuclear envelope pore that is generated 

by the fusion between the inner and outer nuclear membranes (2). The NPC generates a 

passive diffusion barrier comprising intrinsically disordered sequences termed FG repeats, a 

name reflecting their enrichment for phenylalanine and glycine residues (3–6). 

Macromolecules smaller than ~40 kDa can passively diffuse through the diffusion barrier, 

whereas larger macromolecules generally do not efficiently cross by themselves (7, 8) 

(Supplemental Movie 1). Instead, they must be ferried through by specialized transport 

factors, collectively known as nuclear transport factors. This form of facilitated transport 

through NPCs is rapid, with individual events occurring in a fraction of a second and total 

fluxes through individual NPCs totaling up to hundreds to thousands of macromolecules per 

second (4, 9). The size-exclusion limit of the diffusion barrier is not a hard cutoff but rather 

a rapidly increasing energetic barrier to the passive diffusion of macromolecules larger than 

~40 kDa (6). Moreover, the surface properties of cargo proteins can dramatically change 

their permeability, and the introduction of hydrophobic surface residues can enable proteins 

larger than the size limit to cross the diffusion barrier passively (10, 11).

Nucleocytoplasmic transport of most proteins and some cellular RNAs occurs in a Ran-

dependent manner. The mechanistic details of nucleocytoplasmic transport have been 

reviewed in great detail elsewhere (12–16). Briefly, the protein Ran is a small GTPase 

(Enzyme Commission (EC) number 3.6.5.2) that adopts different conformations in its GDP- 

and GTP-bound states. Localization of the Ran GTPase-activating protein RanGAP is 

restricted to the cytoplasm, whereas the Ran guanine exchange factor RCC1 is present only 

in the nucleus. Upon its formation in the cytoplasm, RanGDP is rapidly transported into the 

nucleus by its dedicated transporter Ntf2 (17, 18). Thus, a gradient of Ran is actively 

maintained in the cell, with an ~200-fold higher RanGTP level in the nucleus than in the 

cytoplasm (19). Cargoes usually possess nuclear localization signals (NLSs) or nuclear 

export signals (NESs) that are recognized by members of the karyopherin-β family of 

nuclear transport factors, although some cargoes are also recognized by their three-

dimensional (3D) fold or through adaptor proteins, such as karyopherin-α (12–16). During 

nuclear import, karyopherin–cargo complexes can cross the diffusion barrier and are 

disassembled upon encountering nuclear RanGTP. In contrast, during nuclear export, 

RanGTP is an obligate component of export-competent karyopherin–cargo–RanGTP 

complexes. Upon their arrival in the cytoplasm, export complexes are disassembled when 

they encounter cytoplasm-specific Ran-binding proteins and RanGAP, which cooperate to 

activate Ran’s GTPase activity (Supplemental Movie 2) (13).

A complete understanding of how the NPC is able to conduct selective nucleocytoplasmic 

transport requires a detailed understanding of its molecular architecture. The structure of the 

NPC has been the subject of intense study since NPCs were first discovered in the 1950s (2). 

Because of its size and complexity, elucidating the atomic structure of the NPC has 
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remained a frontier in structural biology. Previously, we and others have discussed the early 

electron microscopic and X-ray crystallographic characterization of the NPC (1, 20, 21). In 

this review, we describe our current understanding of the structure and function of the NPC 

and highlight recent advances that have revealed the overall architecture of the NPC at near-

atomic resolution.

The Overall Architecture of the NPC Revealed by Electron Microscopy

Much of our understanding of the overall shape and architecture of the NPC comes from 

studies performed with electron microscopy (EM). The development of EM to study the 

NPC has recently been reviewed and is only briefly discussed here (1, 20). Pores in the 

nuclear envelope were first described in 1950 when EM was applied to examine the nuclear 

envelope (22). Subsequently, the embedded NPCs were discovered (23). Early studies 

revealed that the NPC approximates a hollow cylindrical shape with eight-fold rotational 

symmetry along the axis perpendicular to the nuclear envelope (24). EM studies of the NPC 

have since been refined using a variety of technical strategies, including heavy metal 

staining, isolation of NPCs from membranes, spreading purified nuclear envelopes on grids, 

and imaging natively within vitrified cells (25–28). A similarly large assortment of model 

systems has been used, including the Baker’s yeast Saccharomyces cerevisiae, the slime 

mold Dictyostelium discoideum, oocytes of the African clawed frog Xenopus laevis, the 

unicellular algal species Chlamydomonas reinhardtii, and cultured human cells (26, 29–33). 

In aggregate, these studies have found that the overall shape and architecture of the NPC is 

evolutionarily conserved, but lineage- or species-specific differences have also emerged (for 

details, see 1).

More recently, cryo–electron tomography (cryo-ET) and subtomogram averaging have been 

utilized to generate 3D reconstructions of intact NPCs (Figure 2). Cryo-ET was first applied 

to X. laevis NPCs in 2003 (34). Subsequent cryo-ET studies yielded reconstructions of the 

D. discoideum NPC up to ~83-Å and ~58-Å resolution and the first reconstruction of a 

human NPC up to ~66-Å resolution (31, 32, 35). Rapid technical breakthroughs have now 

generated reconstructions of intact NPCs approaching up to ~20-Å resolution, providing 

sufficient resolution and quality for docking high-resolution crystal structures in a 

quantitative manner (36–39). Future technological advances have the potential to further 

improve the resolution of reconstructions to the point that secondary structure elements can 

be resolved, which would be necessary to enable flexible fitting of crystal structures into 

reconstructions. In addition, the ability to combine cryo-ET reconstructions with 

perturbation studies (e.g., acquiring NPC reconstructions from cells that have been depleted 

of specific nucleoporins) can enable direct comparisons between NPC structure and function 

(37, 38). High-resolution reconstructions of NPCs from a diverse collection of species are 

expected to further illuminate NPC evolution and the range of architectural diversity (33, 

40).

The overall architecture emerging from current cryo-ET studies is one in which the most 

central NPC proteins typically form a symmetric core, which possesses not only eight-fold 

rotational symmetry but also two-fold rotational symmetry along an axis parallel to the 

nuclear envelope (Figure 1a). This symmetric core surrounds the central transport channel 
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and serves as the scaffold onto which asymmetric nucleoporins attach on the cytoplasmic 

and nuclear faces to form structures known as the cytoplasmic filaments and nuclear basket, 

respectively. The symmetric core itself is generated by three rings: one inner ring that is 

embedded within the nuclear envelope, and two outer rings that reside on the inner or outer 

nuclear membrane. Although these organizational principles appear to be evolutionarily 

conserved, they can yield substantially differently sized NPCs (see Conservation of Nuclear 

Pore Complex Architecture section below). In humans, the NPC has an outer diameter of 

~1,200 Å, an inner diameter of ~425-Å for the central transport channel, a height of ~800 Å, 

and a molecular mass of ~110 MDa (36, 41). The S. cerevisiae NPC has similar dimensions 

but a shorter height of ~600 Å and a molecular mass of ~52 MDa (40). The C. reinhardtii 
NPC has a more dilated inner diameter, yielding a central transport channel that is ~650 Å in 

diameter, despite having approximately the same outer diameter as the human NPC (33).

Identification of Nucleoporins

Despite their large size, NPCs comprise multiple copies of only ~34 unique proteins with the 

exact number depending on the species (3, 42–44) (Figures 3 and 4). The majority of 

nucleoporins are conserved throughout eukaryotes, with recent surveys of eukaryotic 

genomes consistent with ancestral NPCs being present in the last eukaryotic common 

ancestor (45). However, nucleoporins generally display poor sequence conservation despite 

strong structural conservation, which prevents robust identification of nucleoporins in 

distantly related genomes. Early efforts identified the majority of yeast and vertebrate 

nucleoporins by employing genetic, biochemical, or computational approaches, for example, 

through screens for genetic interactions with known nucleoporins, pull-down experiments to 

identify physical complexes, or searches for proteins with homology to known nucleoporins 

(reviewed in 46, 47). The sets of nucleoporins in yeast and humans were most 

comprehensively defined later by systematic proteomics-based approaches, which involved 

isolation of highly purified NPC samples, exhaustive mass spectrometry identification of 

polypeptides, and validation of NPC localization (3, 42). Various proteomics approaches 

have since been fruitfully applied to characterize the nucleoporins, for example, in 

identification of protein–protein interactions, cross-linking and mass spectrometry mapping 

of the physical contacts within subcomplexes or entire NPCs, and quantitative mass 

spectrometry approaches to determine the stoichiometry of nucleoporins in the NPC (36–38, 

40, 48–51).

A key question regarding the architecture of the NPC has been the stoichiometry of its 

subunits. Because of the eight-fold rotational symmetry of the NPC, nucleoporins are 

incorporated in multiples of eight. Absolute quantitation of human NPCs through a 

combination of super-resolution microscopy experiments and quantitative mass spectrometry 

arrived at a stoichiometry of 32 for most human symmetric core nucleoporins but also found 

that many other nucleoporins are present in higher or lower stoichiometries (50). 

Interestingly, different cell types display altered stoichiometries for some nucleoporins, 

especially those in the periphery, suggesting that different cellular contexts may tune NPC 

composition and function (50). The stoichiometry of some S. cerevisiae nucleoporins is 

reduced compared with the human NPC (40, 52) (see detailed discussion in Conservation of 

Nuclear Pore Complex Architecture section below).
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Nucleoporins and Their Properties

Nucleoporins range in size from a few hundred to several thousand residues and possess 

molecular masses of ~30–358 kDa. A unifying nucleoporin nomenclature does not exist, and 

proteins are most often named with nucleoporin (nup) followed by a number that refers to 

their molecular mass (Figure 3). We generally refer to the nucleoporins using the human 

nomenclature throughout the text, but when discussing results obtained in a specific species, 

we denote homologs by their species (e.g., scNsp1, the S. cerevisiae homolog of human 

Nup62).

Many nucleoporins were first isolated using the mAb414 antibody, which recognizes 

glycosylated FG repeats (53). Almost half of the nucleoporins in any given species possess 

FG repeats, including nucleoporins in the symmetric core, the cytoplasmic filaments, and the 

nuclear basket. These unique and critical sequences not only form the NPC’s diffusion 

barrier but also serve as specific binding sites for nuclear transport factors. FG-repeat 

regions are intrinsically disordered, typically span hundreds of residues, and are often 

enriched in polar amino acids and depleted of charged amino acids (54). The exact 

composition and specific sequence motifs of FG repeats varies between nucleoporins and 

species.

Besides FG-repeat regions, nucleoporins comprise a relatively small set of folds (55). Most 

of the large structured domains are built out of tandem repeats of secondary structure 

elements. For example, several nucleoporins consist solely of tandem repeats of β-strands 

that fold into a domain known as the β-propeller (Figure 4). β-propellers are formed by 

multiple wedge-shaped structural units termed blades, each of which consists of four 

antiparallel β-strands. The wedge-shaped blades pack together in a circular fashion to yield 

compact, disk-shaped domains that are ~70 Å in diameter and ~40 Å in height. The β-

strands within a β-propeller domain are connected by surface-exposed loops, and these loops 

often contain insertions that mediate protein–protein interactions. Similarly, several families 

of nucleoporins are comprised primarily of antiparallel α-helical repeats, which pack into 

domains termed α-helical solenoids. α-Helical solenoids are elongated or rod-shaped 

domains that are generally larger than β-propellers, and among the nucleoporins, they 

approach up to ~200 Å in length along the longest axis (Figure 4). Different types of α-

helical repeats pack in characteristic ways to form different overall shapes, which in the 

NPC have yielded “S”-shaped, “U”-shaped, as well as irregular topologies. A few 

nucleoporins contain both β-propellers and α-helical solenoids. A small set of nucleoporins 

contain long coiled-coil domains (CCDs), typically hundreds of residues in length, which 

mediate nucleoporin–nucleoporin interactions within the NPC. In addition, several 

nucleoporins primarily consist of either disordered sequences or several folded domains 

connected by flexible linkers. Despite the fact that NPCs are embedded in nuclear envelope 

pores, very few nucleoporins—only three or four in any given species—possess 

transmembrane domains.

Modular Architecture of the Nuclear Pore Complex

Investigations on the structure of the NPC have been greatly aided by its modular 

architecture. Nucleoporins form large, stable subcomplexes, and early studies capitalized on 
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this property to isolate complexes from cells and eventually reconstitute subcomplexes in 

vitro from purified proteins (56–59). The modularity of the NPC extends to multiple levels: 

These large subcomplexes are often also modular in architecture, and the major 

subcomplexes are themselves modules of the protomers that are related by the eight-fold 

rotational symmetry of the NPC. We consider four major subcomplexes: the coat 

nucleoporin complex (CNC), which is the primary constituent of the outer rings; the inner 

ring nucleoporins; and lastly, the cytoplasmic filaments and nuclear basket nucleoporins. 

Although most nucleoporins are only present in a single subcomplex, two nucleoporins—

Nup98 and Nup62—are components of multiple subcomplexes, either owing to their 

presence in different complexes or because they bridge multiple subcomplexes.

In the following sections, we summarize advances in the biochemical reconstitution and X-

ray crystallographic characterization of nucleoporin subcomplexes that form the symmetric 

core. We then describe how this knowledge was combined with recent breakthroughs in the 

cryo-ET characterization of intact NPCs, leading to the elucidation of near-atomic 

architectures of the NPCs from three diverse species. We discuss the evolutionary 

conservation of NPC design principles as well as species-specific differences revealed by 

these recent advances. Lastly, we summarize our current understanding of the structure and 

function of the asymmetric nucleoporins, the participation of the NPC in nucleocytoplasmic 

transport, and briefly overview the insights into diseases associated with nucleoporins.

STRUCTURE AND BIOCHEMISTRY OF SYMMETRIC CORE NUCLEOPORINS 

AND COMPLEXES

Coat Nucleoporin Complex

The CNC (also referred to as the Y-complex, Nup84 complex in yeast, or Nup107–Nup160 

complex in metazoans) is the major constituent of the outer rings in the NPC, serving as a 

structural scaffold and docking site for other nucleoporins. It is also the best structurally 

characterized NPC subcomplex (60–76). The composition of the CNC can vary between 

species, with the human CNC containing 10 distinct proteins: Sec13, Seh1, Nup96, Nup75, 

Nup107, Nup160, Nup133, Nup37, Nup43, and ELYS (42, 77–81) (Figure 3). Of these 10 

nucleoporins, 7 core components are also present in S. cerevisiae (scSec13, and scSeh1, 

scNup145C, scNup85, scNup84, scNup120, and scNup133) (58, 59). Nup37 and ELYS are 

also present in some fungi, whereas Nup43 appears to be specific to metazoans (45). Sec13 

is always a component of CNCs, but the Sec13 homolog Seh1 is not a component of CNCs 

in some fungi, such as Chaetomium thermophilum and Myceliophthora thermophila(75, 82). 

Moreover, Sec13 is also an essential component of the COP-II vesicle coat, and both Sec13 

and Seh1 are also components of the GATOR2 complex, which is a multiprotein complex 

that regulates mammalian target of rapamycin (mTOR) signaling (83–86).

Early studies on the architecture of intact yeast CNCs by negative-stain EM revealed an 

elongated shape reminiscent of the letter Y, an arrangement later found to be conserved in 

the human complex (38, 59, 87). Owing to the modular assembly of the CNC, the relative 

positions of the subunits in the “Y” shape could be approximately assigned in a two-

dimensional (2D) reconstruction: The S. cerevisiae homologs of Nup160 and Nup75 
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(scNup120 and scNup85) each formed one arm of the “Y” shape, and the longer bottom 

stalk was generated by the homologs of Nup96, Nup107, and Nup133 (scNup145C, 

scNup84, and scNup133) (59). As described in detail below, the 3D molecular architecture 

of the CNC has more recently been pieced together with high-resolution crystal structures of 

the individual components (60–73, 75, 76, 88). These advances have yielded valuable 

insights not only into the interactions that mediate CNC assembly but also about the 

evolution of the nucleoporins and their functions in the NPC.

Among the smallest nucleoporins, Sec13 and Seh1 are ~30-kDa proteins containing six 

blades of a seven-bladed β-propeller. However, their structures are incomplete in the absence 

of their specific binding partners, which contribute the missing seventh blade in the form of 

a domain invasion motif (DIM) (Figure 5). In the NPC, the Sec13 and Seh1 DIMs are 

embedded within the primarily unstructured N-terminal extensions of Nup96 and Nup75, 

respectively (61, 63, 64). In addition to their N-terminal extensions, Nup96 and Nup75 

primarily consist of a domain possessing a unique α-helical architecture termed a U-bend 

solenoid (also known as ancestral coatomer element 1) (63). In U-bend solenoids, the α-

helices stack to form a rod-shaped molecule like many other solenoids, but the N-terminal 

helices of the solenoid reside in the middle of the rod rather than at an end. To form a rod 

shape, the helices stack from the N terminus to the C terminus toward one end of the rod 

before making a U-bend turn to form the second end of the rod (61, 63, 64). Several crystal 

structures of Sec13–Nup96 heterodimers (scSec13–scNup145C and a chimeric hsSec13–

scNup145C complex) and the Seh1–Nup75 heterodimer (scSeh1–scNup85) have revealed 

very similar mechanisms of interaction: The Nup96 and Nup75 DIMs complement the 

incomplete β-propellers of Sec13 and Seh1, and this primary interaction is supplemented by 

contacts between the U-bend solenoids and the bottom faces of the Sec13 and Seh1 β-

propellers (61, 63–65, 68) (Figure 5). The U-bend solenoid architecture is also found in the 

COP-II vesicle coat binding partners of Sec13, Sec16, and Sec31; the CNC component 

Nup107; and the NPC inner ring complex (IRC) component Nup93, leading to the proposal 

of a common ancestral origin for these scaffolding proteins (62, 83, 84, 89–91). In the CNC, 

the U-bend architecture is used repeatedly in a structural role to mediate major interactions. 

For example, in the stalk of the “Y” shape, Nup107 bridges Nup96 and Nup133 by 

interacting with one partner on each end of its U-bend solenoid. Crystal structures of the S. 

cerevisiae Sec13–Nup96–Nup107 heterotrimer (scSec13–scNup145C–scNup84) revealed 

that Nup96 and Nup107 interact through large hydrophobic surfaces at the U-bend ends of 

each nucleoporin (65, 68) (Figure 5). Similarly, in the structures of the Nup107–Nup133 

heterodimer, the C-terminal helices of the Nup107 solenoid pack against the side of the 

Nup133 solenoid in another large hydrophobic interface (62, 70) (Figure 5).

Similar to the U-bend solenoid nucleoporins, the core CNC nucleoporins Nup160 and 

Nup133, together with the IRC nucleoporin Nup155, may also be derived from a common 

ancestral protein (41, 70, 92). All three of these nucleoporins consist of N-terminal β-

propellers followed by large C-terminal α-helical solenoids but are otherwise structurally 

distinct (41, 60, 62, 67, 69, 70, 88, 93). Based on the crystal structures of the fungal 

homologs scNup120 and spNup120, the Nup160 β-propeller is rigidly integrated into a C-

terminal α-helical solenoid that is largely formed by a regular zigzag array of helices (Figure 

5). This integration is accomplished in part through an insertion of 4–6 α-helices in the 
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scNup120/spNup120 β-propellers that pack against the C-terminal α-helical solenoid (67, 

69, 71). In contrast, the Nup133 β-propeller appears to be flexibly connected to its C-

terminal α-helical solenoid, which is formed by a more irregular arrangement of α-helices 

(60, 70, 74) (Figure 5). The β-propellers of Nup160 and Nup133 both harbor a loop that 

contains highly conserved amphipathic lipid packing sensor (ALPS) motifs, which are 

amphipathic helices characterized by an absence of charged residues on their polar faces and 

that specifically bind curved lipid membranes (60, 67, 69, 76, 94).

The final three nucleoporins found in the human CNC—Nup37, Nup43, and ELYS—are not 

present in all species. Although homologs of Nup37 and ELYS do exist in some fungi, these 

homologs often possess dramatically altered domain architectures (71, 82, 95). For example, 

whereas fungal ELYS homologs (~300 residues) consist solely of an evolutionarily 

conserved α-helical domain, the human protein (~2,200 residues) additionally possesses an 

N-terminal β-propeller and a large C-terminal region required for chromatin association (73, 

82) (Figure 4). In metazoans, which undergo a completely open mitosis, ELYS is believed to 

recruit CNCs to chromatin to initiate postmitotic NPC assembly, a functionality that may be 

dispensable in fungal species that undergo a closed or semiopen mitosis (79, 80, 96). The 

fungal homologs of Nup160, Nup37, and ELYS from Schizosaccharomyces pombe 
(spNup120, spNup37, and spElys) and C. thermophilum (ctNup120, ctNup37, and ctElys) 

cooperatively assemble into a stable heterotrimer (71, 82). Although the α-helical domain of 

ELYS is sufficient for interaction with Nup160 and Nup37 in fungi, the N-terminal β-

propeller of ELYS also contributes to Nup160 binding in humans (73). In S. pombe, 

spNup37 binds spNup120 at an L-shaped groove formed by α-helices from both the 

solenoid domain and the α-helical insertion of the β-propeller, without directly contacting 

the spNup120 β-propeller (71, 72) (Figure 5). This interaction is primarily mediated by 

loops on the top face of the spNup37 β-propeller (71, 82). These structural data, combined 

with cross-linking mass spectrometry data, indicate that ELYS and Nup37 decorate the 

Nup160 arm of the Y-shaped CNC, whereas the metazoan-specific nucleoporin Nup43 binds 

to the other arm of the “Y” shape formed by Seh1–Nup75 (38, 97). Crystal structures of the 

murine ELYS and human Nup43 β-propeller domains have shown that they also possess a 

seven-bladed β-propeller architecture, but a detailed molecular understanding of their 

association with the CNC awaits high-resolution structural characterization (73, 97) (Figure 

5). In mammalian cells, ELYS is not symmetrically distributed but rather is asymmetrically 

localized to the nuclear face of the NPC, consistent with its interaction with chromatin (79, 

80, 96). Indeed, extra density on the Nup160 arm of the CNC attributable to ELYS is present 

only on the nuclear outer rings in the intact human NPC (38). This asymmetry is also 

supported by the reduced, half-fold stoichiometry of ELYS compared with other CNC 

components measured by quantitative mass spectrometry approaches (50). As fungal ELYS 

homologs do not possess chromatin-binding domains, characterization of other fungal NPCs 

are necessary to determine whether ELYS is asymmetrically localized in those species as 

well (95).

As summarized above, high-resolution structures of most CNC components and their 

interactions have now been determined. Negative-stain EM reconstructions of the S. 

cerevisiae and H. sapiens CNC have provided envelopes into which these crystal structures 

can be docked but have been of insufficient resolution to allow for de novo modeling of 
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missing pieces; most importantly, the central interaction hub at the center of the “Y” shape, 

where the upper arms and stalk meet (also known as the central triskelion) (38, 66, 68). Two 

crystal structures of CNC assemblies have recently provided the molecular details of this 

central hub: a 7.4-Å resolution crystal structure of a heterohexamer from S. cerevisiae 
(scSec13–scNup145C–scNup84–scNup120–scSeh1–scNup85) and a 4.1-Å resolution 

crystal structure of a heterotetramer from M. thermophila (mtSec13–mtNup145C–

mtNup120–mtNup85) (75, 76) (Figure 6a). In both structures, the C-terminal helices of 

scNup120/mtNup120 serve as the lynchpin of the central triskelion and are sandwiched 

between the C-terminal helices of scNup85/mtNup85 and scNup145C/mtNup145C. 

Additional contacts that may be specific to these species were also observed in both 

structures. In the M. thermophila structure, these contacts are made by mtSec13 with 

mtNup120 and mtNup85 as well as a helical insertion in the C-terminal region of mtNup120 

that wraps around the side of mtNup145C (75). Furthermore, mtNup85 does not possess a 

DIM, providing a molecular explanation for why Seh1 is not a member of the M. 

thermophila CNC (75). In the S. cerevisiae structure, a small helix in the flexible N-terminal 

extension of scNup145C is bound to a distal site on scNup85 (76).

A notable difference between the two structures is the angle of the Nup75 solenoid relative 

to the rest of the central triskelion (75, 76) (Figure 6a). This difference could be the result of 

species-specific differences in conformation, the overall conformational flexibility of the 

complex, or a combination of both factors. A large degree of flexibility has also been 

observed in the stalk formed by Nup107 and Nup133 in EM reconstructions of both the 

yeast and the human CNCs (38, 66, 68). An important difference between the yeast 

heterohexameric crystal structure and the negative-stain EM reconstructions of the human 

and yeast CNCs is the curvature of the arms of the “Y” shape, which may be the result of 

EM sample preparation (76). However, despite the flatness of both EM reconstructions, the 

heterohexameric S. cerevisiae structure readily fits into the EM envelopes of the yeast and 

human CNCs and can even be docked into cryo-ET reconstructions of the intact human 

NPC, highlighting the evolutionary conservation of the CNC architecture (76) (Figure 6b). 

Indeed, docking of either the S. cerevisiae CNC crystal structure or the negative-stain EM 

reconstruction of the human CNC resulted in the same arrangement of CNCs in the intact 

human NPC (38, 76).

In summary, atomic-resolution structural information is now available for the vast majority 

of the CNC, albeit predominantly from fungal species. Although fungal and human CNCs 

appear to have the same overall topology and shape, architectural differences between 

different species have also been found. High-resolution structural characterization of the 

CNCs from multiple species is necessary to appreciate the extent of evolutionary divergence 

in this essential NPC subcomplex.

Inner Ring Nucleoporins

Analysis of the symmetric core nucleoporins that reside in the inner ring, Nup53, Nup93, 

Nup155, Nup205, Nup188, Nup98, and the channel nucleoporin heterotrimer (CNT) 

nucleoporins Nup54, Nup58, and Nup62, had long been hindered by the difficulty of 

reconstituting these proteins in vitro. Deciphering the interaction network within the inner 
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ring nucleoporins in S. cerevisiae was further confounded by the presence of S. cerevisiae–

specific gene duplications that encode paralogs with partially overlapping functions not 

found in humans or other model organisms (Nup155, scNup157/scNup170; Nup53, 

scNup53/scNup59; Nup98, scNup100/scNup116/scNup145N). Recent progress in their 

biochemical and structural characterization has predominantly come from the study of inner 

ring nucleoporins from the thermophilic fungus C. thermophilum, which are both more 

biochemically robust than their mesophilic counterparts and lack the S. cerevisiae–specific 

paralogs (41, 98–101).

In contrast to the defined Y-shaped architecture of the CNC, inner ring subcomplexes 

observed by negative-stain EM are highly heterogeneous in conformation (36, 100). This is 

because, unlike the CNC, in which nucleoporin binding is mediated by large interfaces 

between folded domains, the interactions within the inner ring are predominantly mediated 

by short sequence motifs connected by flexible linkers that tether the large structured 

domains together (41, 98–101) (Figure 7). These motifs have been mapped to high 

biochemical resolution primarily in C. thermophilum, where they reside in the ctNic96 N-

terminal extension and in the primarily unstructured proteins ctNup53 and ctNup145N. 

Unlike the highly modular CNC architecture, each nucleoporin in the inner ring binds 

multiple other nucleoporins, yielding an intricate interaction network: The ctNic96 N-

terminal extension contains short sequence motifs that bind ctNup192, ctNup188, and the 

ctCNT; ctNup53 contains binding sites for ctNup192, ctNic96, and ctNup170; and 

ctNup145N contains binding sites for ctNup192, ctNup188, and ctNup170 (41, 98–101) 

(Figure 7). In addition to these inner ring nucleoporin binding sites, ctNup145N uniquely 

spans multiple subcomplexes, as it also harbors binding sites for the coat nucleoporin 

ctNup145C and the cytoplasmic filament nucleoporins ctNup82 and ctGle2 (see the section 

below titled Nup98 Spans the Nuclear Pore Complex Subcomplexes). Furthermore, these 

short motifs are often adjacent or overlapping. For example, ctNup188 binding to 

ctNup145N is mutually exclusive with ctNup192 and ctNup170 binding because the binding 

sites are overlapping, whereas ctNup192 and ctNup170 binding to ctNup145N can occur 

simultaneously despite their binding sites being adjacent (41, 100) (Figure 7). Structures of 

nearly all of the inner ring nucleoporins and some of their interactions are now available, 

revealing the molecular details of how the NPC’s inner ring is assembled (41, 70, 89, 90, 93, 

98, 99, 102–107).

Nup53 comprises a conserved central domain possessing an RNA-recognition motif 

(RRM)–like fold flanked on either side by unstructured regions (S. cerevisiae possesses two 

paralogs, scNup53 and scNup59). In C. thermophilum, these unstructured regions contain 

short, ~30-residue sequence motifs that mediate interactions with ctNic96, ctNup192, and 

ctNup170 (41, 98, 100, 101) (Figure 7). Additionally, a widely conserved C-terminal 

amphipathic α-helix in Nup53 has been shown to bind lipid membranes, possibly in 

conjunction with the transmembrane nucleoporin Ndc1 (108–111). Despite its name, the 

Nup53 RRM-like domain does not bind RNA but instead facilitates homodimerization in 

several species, an interaction that yields NPC assembly defects when disrupted (103, 112). 

Crystal structures of the Nup53 RRM-like domain from mouse, human, and the fungus 

Meyerozyma guilliermondii all contained a homodimer whose formation was mediated by 

the same conserved interface (103). Interestingly, this interface is not conserved in structures 

Lin and Hoelz Page 10

Annu Rev Biochem. Author manuscript; available in PMC 2019 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the Nup53 RRM-like domain from C. thermophilum, where the domain is a monomer in 

solution (41) (Figure 8a).

Nup93 (Nic96 in fungi) comprises a large N-terminal extension containing binding sites for 

other inner ring nucleoporins followed by a C-terminal U-bend solenoid (89, 90). Within the 

Nup93 N-terminal extension there are two conserved α-helical regions, which mediate 

interactions with the CNT and Nup205/Nup188, respectively (discussed below (98, 100, 

101, 113). In C. thermophilum, the ctNic96 U-bend solenoid contains a binding site for a 

short motif from ctNup53 (41, 100). This interaction was visualized in a crystal structure of 

the ctNic96–ctNup53 heterodimer, wherein ctNup53 forms an ~20-residue amphipathic α-

helix that packs its hydrophobic face into a hydrophobic cleft on the ctNic96 surface (41) 

(Figure 8).

Nup155 (Nup170 in fungi; an additional paralog termed Nup157 is also present in S. 

cerevisiae) is an extended, ~175-Å-long molecule formed by an N-terminal β-propeller that 

is integrated into a C-terminal α-helical solenoid. Thus, despite possessing a C-terminal α-

helical solenoid that is structurally homologous to the C-terminal α-helical solenoid found 

in the CNC component Nup133, the Nup155 β-propeller is not flexibly anchored (41, 70, 

93) (Figure 8a). A series of crystal structures of the ctNup170 solenoid revealed 

considerable conformational flexibility α-helical solenoid mediated by rotations along 

several hinge regions in the solenoid, a phenomenon also observed for Nup133 (41, 70). The 

Nup155 β-propeller is also predicted to contain an ALPS motif at the same position as 

Nup133 (41, 94). In C. thermophilum, ctNup170 binds to ctNup53 via its N-terminal β-

propeller and to ctNup145N via its C-terminal α-helical solenoid (41) (Figure 8a). Crystal 

structures of the ctNup170–ctNup53 and ctNup170–ctNup145N heterodimers showed that 

ctNup53 and ctNup145N both bind as short extended peptides to conserved hydrophobic 

surfaces on opposite ends of the ctNup170 molecule, producing an architecture in which 

these interaction surfaces are spatially separated by more than ~100 Å (41) (Figure 8b). 

Interestingly, the ctNup53 binding site on ctNup170 is adjacent to the ctNup170 ALPS motif 

and a highly conserved tryptophan-phenylalanine (WF) motif residing in a surface-exposed 

loop (41) (Figure 8b). Because the ctNup53 region that ctNup170 recognizes is immediately 

upstream in sequence of the C-terminal amphipathic helix, this arrangement has been 

proposed to spatially cluster several membrane-binding motifs (41).

Nup205 and Nup188 are evolutionarily related nucleoporins comprised almost entirely by 

α-helices. With the exception of the middle portion of Nup188, the fungal homologs of 

Nup205 and Nup188 (Nup192 and Nup188) have been visualized at high resolution in their 

entirety by X-ray crystallography (41, 98, 99, 106, 107) (Figure 8a). Nup205 and Nup188 

are predominantly built of tandem armadillo (ARM)– and HEAT [Huntingtin, elongation 

factor 3 (EF3), protein phosphatase 2A (PP2A), and TOR1]–like repeats, which stack into 

solenoids with a superhelical twist (114). Altogether, this architecture generates ~160-Å-

long α-helical solenoids that are roughly “S”– or question mark–shaped (41, 100, 106, 115). 

The karyopherin-α and karyopherin-β families of nuclear transport factors also consist of 

ARM or HEAT repeats, respectively, which has led to the proposal that the karyopherins and 

Nup205/Nup188 are derived from common ancestral proteins (41, 55, 99, 100, 106, 115). 

Consistent with this hypothesis, the fungal homologs of Nup205 and Nup188 possess some 
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karyopherin-like biochemical properties, as ctNup192 recognizes an NLS-like sequence in 

ctNup53 and the fungal homologs of Nup205 and Nup188 can bind FG repeats (99, 106). 

Because ctNup192 and ctNup188 bind competitively to overlapping motifs in both ctNic96 

and ctNup145N, they exist in mutually exclusive subcomplexes, comprising ctNic96, 

ctNup145N, ctNup53, ctNup170, the three CNT nucleoporins ctNup49, ctNup57, and 

ctNsp1, and either ctNup192 or ctNup188 (41, 98, 100, 101, 116). No structural information 

is yet available for these interactions, but biochemical and site-directed mutagenesis studies 

in S. cerevisiae and C. thermophilum have mapped the ctNic96 binding sites to the C-

terminal tails of ctNup192 and ctNup188, whereas the binding site for ctNup53 was mapped 

to the opposite end of the ctNup192 molecule (98, 99) (Figures 7 and 8a).

In summary, the inner ring nucleoporins are assembled via a different mechanism than the 

CNC. Whereas large hydrophobic interfaces between structured domains mediate CNC 

assembly, the structured domains of the inner ring nucleoporins are linked by short sequence 

motifs separated by flexible linkers. The binding sites for these short sequence motifs are 

often at opposing ends of the structured domains. This architecture provides greater potential 

for flexibility than in the CNC. Future studies are necessary to resolve the atomic details of 

these interactions to understand how they facilitate assembly of the inner ring.

Nup98 Spans the Nuclear Pore Complex Subcomplexes

Among the nucleoporins, Nup98 is unique in both its biogenesis and its interaction with 

multiple subcomplexes. Nup98 arises from the autoproteolytic cleavage of an evolutionarily 

conserved precursor protein encoded by a single gene (EC number 3.4.21.-) (77, 117, 118). 

The Nup98-Nup96 precursor (Nup145 in fungi) is cleaved by an autoproteolytic domain 

(APD) located in the middle of the polypeptide chain. Cleavage yields an N-terminal 

product, Nup98 (Nup145N in fungi), which is part of both the NPC’s inner ring and the 

cytoplasmic filaments, and a C-terminal product, Nup96 (Nup145C in fungi), a component 

of the CNC (discussed above) (77, 118–120). Nup98 possesses a modular architecture that 

can be divided into three regions: (a) an N-terminal FG-repeat region that also harbors the 

highly conserved Gle2-binding sequence (GLEBS), which binds the mRNA export factor 

Rae1 (Gle2 in fungi; see discussion on cytoplasmic filament nucleoporins below); (b) a 

largely unstructured middle section containing motifs that mediate interactions with inner 

ring nucleoporins Nup155, Nup205, and Nup188; and (c) the C-terminal APD, which can 

bind to not only the cytoplasmic filament nucleoporin Nup88 but also the CNC component 

Nup96 (121, 122). The Nup98 APD possesses a β-sandwich fold and binds the C-terminal 

residues of the domain within the active site to specifically strain the polypeptide chain for 

nucleophilic attack by a serine residue in an intein-like mechanism (102, 104, 117, 123). 

There are only minor structural rearrangements upon proteolytic cleavage, and Nup96 can 

still bind the APD after cleavage (41, 102, 104, 122) (Figure 8a).

Mitotic phosphorylation of Nup98 is necessary for NPC disassembly during mitosis, 

reflecting its critical role in NPC architecture (124). Interestingly, Nup98 is one of the few 

nucleoporins with a stoichiometry of 48 copies rather than 32 copies in the human NPC 

(50). In addition to the Nup98 homolog scNup145N, S. cerevisiae possesses two additional 

Nup145N paralogs, termed scNup116 and scNup100, but despite possessing C-terminal 
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domains that adopt the APD fold, they lack autoproteolytic cleavage activity (105, 125, 

126). Furthermore, the three S. cerevisiae paralogs are asymmetrically distributed, with 

scNup116 and scNup100 primarily residing on the cytoplasmic side and scNup145N 

residing on the nuclear side (40). Given its stoichiometry, it is likely that biochemically 

distinct Nup98 molecules also exist in the human NPC. The paralogs found in S. cerevisiae 
may have specialized for these distinct biochemical roles.

Channel Nucleoporin Heterotrimer

In addition to Nup98, the FG repeats within the central transport channel are primarily 

contributed by the channel nucleoporin heterotrimer (CNT), a subcomplex comprising 

Nup54, Nup58, and Nup62 (Nup57, Nup49, and Nsp1 in fungi, respectively) (56, 57, 127, 

128). Each channel nucleoporin contains a large N-terminal FG-repeat region followed by an 

extensive conserved coiled-coil region (Figure 4). Depending on the species, additional FG-

repeat regions are sometimes also present in the C-terminal region, as is the case for human 

Nup58. Estimates of the relative stoichiometry of channel nucleoporins in the context of the 

NPC have varied considerably (3, 50, 56, 128–132). This is largely because early models for 

both the structure and stoichiometry of the channel nucleoporins were informed by early 

reconstitution efforts that excluded subunits or utilized incomplete fragments of the 

extensive coiled-coil regions (130–132). Independent efforts to reconstitute the intact coiled-

coil regions of the three channel nucleoporins from S. cerevisiae, C. thermophilum, Rattus 
norvegicus, and X. laevis have revealed a conserved 1:1:1 stoichiometry, consistent with 

early biochemical characterizations of the natively purified R. norvegicus complex (98, 101, 

113, 129, 133). Importantly, only an intact CNT containing all three constituent 

nucleoporins can be recognized by Nup93 and therefore recruited to the NPC (98, 101, 113). 

The crystal structure of the complete C. thermophilum CNT bound to ctNic96 (ctNsp1–

ctNup49–ctNup57–ctNic96) revealed that each channel nucleoporin contains three coiled-

coil segments connected by short linkers (98) (Figure 9a). These coiled-coil segments 

assemble into parallel heterotrimeric coiled-coil domains (CCDs 1–3), with the short linkers 

mediating sharp bends between the CCDs and ultimately generating a “4”-shaped complex 

(98). ctNic96 forms a small, ~40-residue helical hairpin that binds in the opening of the “4,” 

thereby contacting all three CCDs (98). A critical consequence of this mode of interaction is 

that ctNic96 recognition of the ctCNT requires the proper assembly of the CCDs of all three 

channel nucleoporins, providing a molecular explanation for why only an intact and properly 

assembled CNT containing all three constituent nucleoporins can interact with Nup93 and 

be recruited into the NPC (98). A crystal structure of a fragment of the X. laevis CNT 

(xlNup62–xlNup54–xlNup58) containing CCD1 and CCD2 revealed an identical 

arrangement, highlighting the evolutionary conservation of this architecture (113) (Figure 

9a). Both crystal structures also revealed an insertion in the first coiled-coil segment of 

Nup54 that forms a small folded domain, which is expanded in metazoans to also include an 

additional ferredoxin-like domain, but the functional role of these insertions remain 

unknown (98, 113).

In conclusion, the CNT is recruited to the NPC via an interaction with Nup93 that requires a 

highly specific conformation of an equimolar stoichiometric complex of the three channel 

nucleoporins (98, 101, 113). Confirming the importance of this interaction mechanism, its 
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disruption results in the loss of the CNT from the nuclear envelope in S. cerevisiae (98). The 

above described stoichiometry and structural arrangement of the CNT have been observed in 

diverse species ranging from fungi to human, suggesting that this could be a conserved NPC 

design principle shared by all eukaryotes. The crystal structures also provide an explanation 

for why earlier reconstitution attempts yielded promiscuous or dynamic complexes (130–

132, 134). Specifically, N-terminal sequences critical for the proper parallel assembly of the 

three coiled-coil strands were omitted in earlier studies, including the conserved domain 

insertion in Nup54. Indeed, deletion of these residues converts the stable, monodisperse C. 
thermophilum CNT complex into a polydisperse mixture (98). Thus, models based on the 

solution behavior and crystal structures of artificial complexes assembled from truncated 

channel nucleoporin fragments that invoke variations in CNT arrangement or stoichiometry 

as a mechanism to dilate the central transport channel are implausible (130–132, 134–136).

Transmembrane Nucleoporins

Of all nucleoporins, the transmembrane nucleoporins, also known as the pore membrane 

proteins (POMs), are the least conserved and structurally characterized (Figure 4). The roles 

of the various POMs have been difficult to decipher in part owing to their apparent 

functional redundancy (95). The only universally conserved member is Ndc1, but Ndc1 also 

functions in cell division and is a component of the spindle pole body in fungi (108, 137, 

138). S. cerevisiae possess three additional POMs, scPOM152, scPOM34, and scPOM33, 

whereas humans possess two additional POMs, POM210 and POM121, which are not direct 

homologs of the fungal POMs (3, 42, 108, 138–143). Most POMs possess large regions that 

either face the nuclear envelope lumen (POM152 and POM210) or project toward the pore 

side (Ndc1, POM121, POM33, and POM34), the latter of which could facilitate interactions 

with the soluble nucleoporins (Figure 4). Although most of these regions are predicted to be 

unstructured, the pore-facing region of Ndc1 is predicted to contain several α-helices in both 

fungi and humans. Pull-down experiments suggest that the transmembrane POMs can also 

associate with each other (110).

POM210 (also known as GP210) homologs can be found in most eukaryotes except fungi, 

which instead possess the nucleoporin POM152 (45). Both proteins contain at least eight 

immunoglobulin (Ig)–like domains in their lumenal regions, but in POM210 the lumenal 

region is N-terminal to its sole transmembrane helix, whereas in POM152 the lumenal 

region is C-terminal to its three transmembrane helices (144, 145). This similarity has led to 

speculation that these proteins may have similar functions. An NMR structure of a single Ig-

like domain from scPOM152 revealed that it forms a C3-subtype Ig-like fold that does not 

utilize a canonical intramolecular disulfide bridge to stabilize its fold (145). Negative-stain 

EM analysis of scPOM152 has led to a flexible string-of-pearls model, in which the Ig-like 

domains are arranged linearly and flexibly connected to each other (145). A recent cryo-EM 

analysis of ctPOM152 is consistent with this model and further suggests that full-length 

molecules are capable of oligomerization, possibly with a head-to-tail arrangement (144). 

Future studies are needed to illuminate the structure and function of the POMs in stabilizing 

the nuclear envelope curvature and anchoring the symmetric core in nuclear envelope pores.
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THE ARCHITECTURE OF THE NUCLEAR PORE COMPLEX SYMMETRIC 

CORE

Recent studies have reported near-atomic resolution architectures of the symmetric core for 

NPCs from humans, S. cerevisiae, and the unicellular algal species C. reinhardtii (33, 36, 40, 

41). These advances have been made possible by the acquisition of improved cryo-ET 

reconstructions of intact NPCs, determination of crystal structures of most symmetric core 

nucleoporins, detailed biochemical characterization of their interactions, and high-quality 

cross-linking and mass spectrometry experiments. Importantly, the NPCs from this diverse 

set of species share the same overall architecture, underscoring the evolutionary 

conservation of the organizational principles of the NPC. However, within this conserved 

architecture, the NPCs also display examples of divergence, including differences in the 

stoichiometry of subunits, the overall dimensions of the NPC, and the presence of specific 

architectural features. Most notably, the stoichiometry of the CNC is different in the three 

species, with the human, algal, and fungal NPCs possessing 32, 24, or 16 copies of the CNC, 

respectively (33, 36, 40, 41).

Although all of these studies fundamentally fitted crystal structures of nucleoporins into 

cryo-ET reconstructions of intact NPCs, they employed a diverse set of approaches. The first 

reported composite structures were for the human NPC symmetric core and were obtained 

through docking of either high-resolution fungal crystal structures (Hoelz group) (41) or 

human homology models derived from fungal crystal structures (Beck group) (36) into an 

~20-Å resolution cryo-ET reconstruction of the intact human NPC acquired by the Beck 

group, methods that led to agreeing composite structures. In both studies, nucleoporins were 

docked by computationally searching through large numbers of randomly generated 

positions and orientations for each structure to identify the best-fitting positions. The 

composite structures of the human NPC symmetric core were consistent with high-

resolution biochemical nucleoporin–nucleoporin interaction mapping of fungal nucleoporins 

(41) and with cross-linking mass spectrometry analysis of human and fungal nucleoporin 

interactomes (36, 37). For the algal NPC, cryo-ET combined with ion beam milling yielded 

a reconstruction with a resolution approaching ~30 Å. Owing to the lower resolution of this 

reconstruction, entire subcomplexes from the human NPC rather than individual crystal 

structures were fitted. Lastly, a study led by the Rout group (40) employed an integrative 

modeling approach to obtain the architecture of the S. cerevisiae NPC. This approach 

combined quantitative mass spectrometry, chemical cross-linking, models and restraints 

generated primarily from fungal nucleoporin crystal structures, small-angle X-ray scattering, 

and a newly acquired ~28-Å cryo-ET reconstruction of the S. cerevisiae NPC with 

computational modeling. Ultimately, all of these approaches yielded near-atomic composite 

structures for each NPC and revealed the position, orientation, and stoichiometry of each 

nucleoporin (Figure 10). We first discuss the architecture of the human NPC and then use it 

as a reference to discuss the differences between the three NPCs.

The human NPC symmetric core is formed by three rings: an inner ring that resides in the 

plane of the nuclear envelope and lines the central transport channel and two outer rings, 

each of which resides above the nuclear envelope on either the nuclear or cytoplasmic side 
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(36, 41) (Figure 10). The inner ring and outer rings are sparsely connected. The symmetric 

core comprises eight distinct spokes, which are the units related by the NPC’s eight-fold 

rotational symmetry. Each spoke also possesses two-fold rotational symmetry relating its 

cytoplasmic and nuclear halves (Figure 11). The outer rings primarily, but not entirely, 

consist of CNCs. There are 4 CNCs per spoke, with 2 CNCs on either side of the nuclear 

envelope, for a total of 32 CNCs in each human NPC. The Y-shaped CNCs are oriented 

horizontally such that the Nup160 arm and Nup133 end of the stalk point toward the 

membrane, whereas the Nup75 arm points away from the nuclear envelope. In each of the 

cytoplasmic and nuclear halves of a spoke, the two CNCs are parallel but slightly offset to 

each other. On the basis of their distance from the center of the nuclear pore, we refer to 

them as inner or outer CNCs. The CNCs in adjacent spokes connect in a head-to-tail fashion, 

thereby generating continuous rings formed from the outer or inner CNCs. Because the outer 

and inner CNC rings are slightly offset in position, this arrangement yields a reticulated 

double-ring architecture. The head-to-tail interaction of horizontally arranged CNCs in the 

intact NPC is primarily mediated by Nup133–Nup160 interactions occurring between 

adjacent CNCs at the inter-spoke interfaces in the intact human NPC. A similar interaction 

was previously discovered between the scNup133 N-terminal extension and scNup120, 

consistent with the evolutionary conservation of this head-to-tail arrangement (69).

The inner and outer CNC rings have slightly different diameters (38, 76). This heterogeneity 

is facilitated by the flexibility of the Nup133 stalk, especially the flexibly attached Nup133 

β-propeller domain, consistent with the conformational heterogeneity observed in negative-

stain EM reconstructions of isolated CNCs (38, 66, 68). In addition to the CNCs, a question 

mark–shaped density consistent with an unanticipated copy of either Nup205 or Nup188 is 

present in both the nuclear and cytoplasmic outer rings, intercalated between the CNCs (37, 

41). The identity of this nucleoporin remains ambiguous because the Nup205 and Nup188 

molecules possess similar shapes and cannot be distinguished at the current resolutions of 

EM reconstructions. This surprising finding is consistent with the total stoichiometry of 

Nup205/Nup188 molecules in the NPC (48 total), of which only 32 are localized in the inner 

ring (36, 41, 50). The presence of Nup205/Nup188 molecules in the outer ring is conserved 

in the C. reinhardtii NPC but does not appear to be in the S. cerevisiae NPC (33, 40). 

Additional densities are present on both outer rings. These densities are unique to either the 

cytoplasmic or the nuclear outer ring, suggesting they contain the asymmetric cytoplasmic 

filament and nuclear basket nucleoporins, but assignment of these densities has not yet been 

possible owing to a lack of high-resolution crystal structures of these nucleoporins and the 

inability to obtain unambiguous placements of the available crystal structures during 

quantitative docking (see the section below titled Organization of the Asymmetric 

Nucleoporins) (36, 41).

Early working models for the arrangement of the coat nucleoporins captured specific aspects 

of this observed architecture, but no individual model fully predicted this arrangement. 

Specifically, the lattice model proposed an architecture similar to vesicle coats in which 

vertexes comprising β-propellers were spanned by edges comprising the α-helical solenoids 

(63). Although several α-helical solenoids are used as edges, vertexes similar to those in 

vesicle coats are not found in the NPC, with the exception of the Nup160–Nup133 

interaction. In contrast, the fence model correctly proposed the formation of four head-to-tail 
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CNC rings; however, based on biochemical and structural observations of oligomerization of 

isolated CNC components, the model incorrectly proposed that the four CNC rings would be 

stacked with alternating directionality to form a continuous coat that would span the entire 

height of the NPC (64). Lastly, an early integrative structural model of the yeast NPC 

correctly captured the separation of CNCs into outer rings and a circumferential 

arrangement, albeit with a limited resolution of the arrangement of subunits (49).

Similar to the outer rings, the cytoplasmic and nuclear halves of the inner ring spoke each 

contain two IRCs per half-spoke, for a total of 4 IRCs per spoke and 32 per NPC (36, 41). 

This stoichiometry and arrangement is evolutionarily conserved in the S. cerevisiae and C. 

reinhardtii NPCs (33, 40). Within the nuclear and cytoplasmic pairs, one IRC is more 

equatorially positioned, whereas the other is more peripherally positioned (Figure 11). 

Therefore, the IRCs in each spoke can be uniquely identified as the nuclear peripheral IRC, 

nuclear equatorial IRC, cytoplasmic peripheral IRC, or cytoplasmic equatorial IRC (Figure 

11c). The subunits within the peripheral and equatorial IRCs occupy the same positions but 

with slightly different orientations of the subunits relative to each other. This variability can 

conceivably be accommodated by the IRCs because the large structural nucleoporins are 

held together by short motifs connected by flexible linker sequences. The IRCs extend from 

the nuclear envelope to the central transport channel, but the scaffold nucleoporins are 

aligned circumferentially around the pore, resulting in each nucleoporin forming a distinct 

layer in the inner ring (Figure 12). Nup155 molecules form the outermost layer and compose 

the major structured scaffold immediately proximal to the nuclear envelope. Nup93 

molecules form the next layer by intercalating between adjacent peripheral and equatorial 

Nup155 molecules. Lastly, Nup205/Nup188 and CNT molecules generate the innermost two 

layers, respectively. In contrast to the circumferential orientation of the scaffold 

nucleoporins, the path of the primarily unstructured regions of Nup53, Nup98, and Nup93 

must extend radially from the nuclear envelope to the central transport channel to bridge the 

layers. In the human NPC, additional Nup155 molecules form structural bridges between the 

inner ring and the cytoplasmic and nuclear outer rings by inserting their N-terminal β-

propellers into the inner ring and contacting the Nup160 arm of the CNCs with their C-

terminal α-helical solenoids (36, 41). However, this feature appears to be poorly conserved, 

as it is not found in the S. cerevisiae NPC, and is present only in the nuclear half of the C. 

reinhardtii NPC (33, 40).

Conservation of Nuclear Pore Complex Architecture

Although the human, fungal, and algal NPCs have the same overall architectures, there are 

notable differences between the three NPCs as well (Figures 11 and 12). One very clear 

difference between the human and S. cerevisiae NPC is in size and mass. The human NPC 

has a mass of ~110 MDa, whereas the S. cerevisiae NPC has a mass of ~52 MDa owing to a 

reduced stoichiometry of several nucleoporins (40, 50) (Figure 3). Three differences account 

for the vast majority of this difference. First, S. cerevisiae does not possess direct or 

functional homologs of several nucleoporins, including the CNC components Nup37, 

Nup43, and ELYS and the cytoplasmic filament nucleoporin Nup358 (3). Second, the S. 

cerevisiae NPC possesses only 16 copies of the CNC, most nuclear basket nucleoporins, and 

transmembrane nucleoporins, rather than the 32 copies found in the human NPC (40, 50, 
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52). And third, S. cerevisiae possesses 32 copies of Nup155, Nup93, and Nup205/Nup188 

homologs, rather than the 48 of each found in the human NPC (40, 50, 52).

The relative arrangements of nucleoporins within a CNC and in the inner ring are essentially 

identical between the S. cerevisiae and the human NPCs. In contrast, the S. cerevisiae 
nuclear and cytoplasmic outer rings possess only a single ring, as opposed to the reticulated 

double-ring architecture found in the human NPC. This single ring architecture is consistent 

with a reduced stoichiometry of only 16 CNC copies in S. cerevisiae compared with 32 

copies in the human NPC (40, 52). An additional difference is the absence of a scaffold 

protein bridging the inner and outer rings, a role fulfilled by Nup155 molecules in the human 

NPC. These differences all contribute to the reduced overall height of the S. cerevisiae NPCs 

compared with human NPCs (~600 Å in yeast compared with ~800 Å in humans) (37, 40, 

76). Moreover, the S. cerevisiae Nup155 paralogs, scNup170 and scNup157, are specifically 

localized to the equatorial and peripheral IRCs, respectively (40). Lastly, there are no 

Nup205/Nup188 molecules in the outer ring of the S. cerevisiae NPC, in contrast to the 

additional copies interdigitated between CNCs in the outer rings of the human NPC (Figure 

11). In the inner ring, the S. cerevisiae homologs of Nup205 and Nup188 (scNup192 and 

scNup188) are localized to the equatorial and peripheral IRCs, respectively (40). Future 

work needs to establish whether this Nup188 placement is evolutionarily conserved in 

species that also possess Nup205/Nup188 molecules in the outer rings, as that would suggest 

that the ambiguous molecules in the outer ring are Nup205 molecules.

The C. reinhardtii NPC also exhibits general conservation of the architecture and 

arrangement of its subunits with some alterations in overall NPC dimensions. Specifically, 

although the outer diameter of the outer ring is approximately the same as in the human 

NPC, the inner ring is dilated compared with the yeast and human NPCs, increasing the 

diameter of the central transport channel by at least 200 Å (33) (Figure 12). The most 

notable other difference between the C. reinhardtii NPC and the human NPC is a breakdown 

of the two-fold symmetry across the plane of the nuclear envelope, resulting from the 

presence of only a single ring of CNCs on the cytoplasmic face, whereas a reticulated double 

CNC ring architecture similar to the human NPC is present on the nuclear face (33). This 

asymmetric reduction results in a stoichiometry of 24 copies of the CNC in the C. reinhardtii 
NPC. A cryo-ET reconstruction of the human NPC obtained from Nup358-depleted HeLa 

cells yielded human NPCs with a single outer cytoplasmic CNC ring (37). This observation 

has led to the proposal that Nup358 stabilizes the reticulated double CNC ring architecture 

in humans, a functional link consistent with the observation that both S. cerevisiae and C. 

reinhardtii do not possess Nup358 homologs (see Nup358 Is a Unique Multifunctional 

Component of Animal Nuclear Pore Complexes section below) (33, 40). Furthermore, in C. 

reinhardtii the presence of a single cytoplasmic outer CNC ring is concomitant with the loss 

of the structural bridge between the inner and outer CNC ring mediated by the Nup155 

homolog solely on the cytoplasmic side (33). Thus, in the three known examples, bridging 

Nup155 molecules that connect the inner and outer rings are only observed in conjunction 

with double CNC rings. Intriguingly, despite possessing a larger central transport channel, 

the three C. reinhardtii channel nucleoporins, Nup54, Nup58, Nup62, do not possess larger 

FG-repeat regions, suggesting that its diffusion barrier functions with a lower density of FG 

repeats (33).
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Organization of the Diffusion Barrier Scaffold

The physical nature and mechanism for the formation of the diffusion barrier itself continue 

to be debated. FG repeats constitute the diffusion barrier, but FG-repeat sequences from 

various nucleoporins display a range of sequence compositions and biophysical properties 

(54). In S. cerevisiae, most FG repeats are dispensable for viability, with the exception of 

those contributed by the CNT and two of the S. cerevisiae Nup98 homologs, scNup100 and 

scNup116 (127). Furthermore, genetic studies, biochemical reconstitution experiments, and 

in vivo measurements of the diffusion barrier strongly indicate that FG repeats from Nup98, 

or its homologs, make the most important contribution to the diffusion barrier, with the 

second-largest contribution made by the CNT (6, 127, 146). Indeed, Nup98 is sufficient to 

reconstitute a diffusion barrier in reconstitution experiments (146). Several models for how 

FG repeats function in a selective barrier have been proposed: the virtual gate model, which 

invokes the intrinsically disordered nature of the FG repeats to generate an entropic barrier 

to passage; a reversible collapse model based on the observation of karyopherin binding 

causing an extended FG filament to collapse in size; and a selective phase model wherein 

FG repeats self-assemble into a phase that nuclear transport factors can selectively partition 

in and out of because of their ability to interact with FG repeats (reviewed in 147–149). 

Purified FG repeats undergo phase transitions in vitro ranging from liquid–liquid phase 

separation to hydrogels to amyloid-like species that can replicate many properties of the 

diffusion barrier including selective permeability to transport factors (150). Resolution of the 

molecular nature of the diffusion barrier requires knowledge of the molecular architecture of 

the FG repeats in vivo.

Because FG repeats are intrinsically disordered, they do not adopt a single conformation that 

can be resolved at high resolution in crystal structures or EM reconstructions. However, the 

organization of the nucleoporins lining the central transport channel provides some insight 

into the organization of the diffusion barrier (33, 36, 40, 41, 98, 113). As all three 

components of the CNT possess N-terminal FG-repeat regions, the N termini of the CNT 

coiled-coil regions define the FG origins for these nucleoporins (Figure 9b). One 

consequence of the organization of the CNT into a coiled-coil structure is that the FG origins 

from each CNT are tightly clustered (98, 113). The overall arrangement of the four CNTs 

positions all of their origins at evenly spaced intervals around the central transport channel 

but within ~35 Å of the equator of the central transport channel. Therefore, although the 

entire human symmetric core encompasses ~800 Å in height and the inner ring itself is ~240 

Å in height, these FG repeats only originate from an ~70-Å-thin zone (36, 41).

The location of Nup98 FG repeats is more poorly defined, but biochemical mapping of the 

interactions between Nup98 and Nup205/Nup188 homologs in C. thermophilum indicates 

that the sequences in ctNup145N that mediate binding to ctNup192 and ctNup188 are 

immediately adjacent in sequence to the ctNup145N FG repeats (41, 101). Thus, the binding 

sites for ctNup145N on ctNup192 and ctNup188 would define the origins of the ctNup145N 

FG repeats. Further structural and biochemical characterization are necessary to precisely 

map these origins and determine whether they are conserved. Based on cross-linking and 

modeling, the FG origins of the S. cerevisiae Nup98 homologs are predicted to project from 

a position adjacent to the inner ring (40). However, because Nup116 and Nup100 are 
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localized to the cytoplasmic half of the S. cerevisiae NPC, this localization suggests that the 

critical region of the diffusion barrier for the S. cerevisiae NPC resides at the cytoplasmic 

entrance to the central channel (40).

Future studies mapping the locations of all the FG-repeat origins in multiple species and 

their biophysical behavior in situ are necessary to definitively understand the nature of the 

diffusion barrier. Further high-resolution delineation of the roles of each FG-repeat sequence 

will be aided by accurate maps of their locations. Development of alternative techniques to 

measure the structure and dynamics of the FG repeats in situ also holds great potential for 

revealing the nature of the diffusion barrier, for example, through high-speed atomic force 

microscopy experiments (151). In addition to contributing to the diffusion barrier, FG-repeat 

sequences have other roles, most importantly as specific binding sites for karyopherins 

(discussed in the section below titled Interactions Between FG Repeats and Transport 

Factors) (127, 152–154). Many nucleoporin–FG repeat interactions have now also been 

identified, leading to the proposal that an additional layer of architectural nucleoporin–FG 

repeat interactions promotes NPC stability (106, 155).

Contacts Between the Symmetric Core and the Nuclear Envelope

Because the NPC resides at the site of fusion between the inner and outer nuclear 

membranes, it must stabilize the unfavorable extreme membrane curvature in nuclear pores. 

This function is similar to those of membrane vesicle coats, but the NPC is unique compared 

with vesicle coats owing to the presence of both negative and positive membrane curvature. 

However, the mechanisms by which membrane bending is achieved remain poorly 

understood. Only a few nucleoporins in the symmetric core of the human NPC directly 

contact the nuclear envelope (36, 41). Nucleoporins possessing transmembrane domains 

necessarily reside in the nuclear envelope, but their structures and localization within the 

NPC remain unresolved. Within the composite structures, the only contacts observed 

between the CNC and the nuclear envelope are mediated by the ALPS motif–containing 

Nup160 and Nup133 β-propellers (33, 36, 40, 41). Nup155 molecules integrated within the 

inner ring form the closest layer of scaffold proteins to the nuclear envelope in the inner 

ring, and they also contact the nuclear envelope via their ALPS motif–containing β-

propellers. The inner and outer rings in humans and C. reinhardtii are connected by an 

additional set of bridging Nup155 molecules. These bridging Nup155 molecules also 

interface with the membrane with their ALPS motif–containing β-propellers within the inner 

ring, but then they extend out of the inner ring to contact the Nup160 arms of the inner 

CNCs with the C-terminal helices of their α-helical solenoids (36, 41). In this arrangement, 

the outer ring coats formed by CNCs are directly connected to the inner ring coat formed 

primarily by Nup155 and Nup93 in the human NPC. This connection of the outer and inner 

ring coats is similar on the nuclear half of the C. reinhardtii NPC, but on the cytoplasmic 

side the outer ring–inner ring contact is mediated by the outer ring Nup205/Nup188 

molecule (33). Furthermore, no ordered structural contacts have been observed in the S. 

cerevisiae NPC, although the orientation of the CNCs remains ambiguous (40). An 

interaction between scNup157 and scNup120 was previously identified, which is consistent 

with orientation of the C-terminal end of Nup157 adjacent to the outer rings (156). Higher-
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resolution reconstructions of the S. cerevisiae outer rings are necessary to definitively 

characterize the connection between the inner and outer rings in S. cerevisiae.

In contrast to the evenly spaced distribution of FG-repeat origins in the central transport 

channel, the sites of contact between the inner and outer ring coats and the membrane are 

highly clustered. This architecture is strongly reminiscent of other membrane-bending coats, 

which also consist of a scaffold of structural proteins surrounding highly clustered 

membrane contacts (157). Additional membrane contacts have been mapped to a C-terminal 

amphipathic helix in Nup53, amphipathic helices in the human nuclear basket protein 

Nup153, and fungal nuclear basket proteins Nup1 and Nup60 (109, 112, 158, 159). The 

localization of these helices in relation to other membrane contacts can only be inferred, but 

intriguingly, both the Nup53 and Nup153 amphipathic helices are constrained to be near 

ALPS-motif binding sites owing to interactions with either Nup155 or the CNCs, 

respectively (41, 158). Indeed, based on the crystal structure of the ctNup170–ctNup53 

heterodimer, the Nup53 amphipathic helix and both of the proposed Nup170 membrane-

binding motifs are clustered next to each other (41). Thus, multiple membrane-binding 

motifs may be utilized simultaneously at each membrane contact site.

Further work is necessary to gain mechanistic insight into how all of these membrane 

interactions combine to mediate NPC biogenesis. Evidence has also been found that a 

number of other membrane-associated proteins, including reticulons and the ESCRT-III 

(endosomal sorting complexes required for transport) machinery, contribute to NPC 

biogenesis, even if they are not present in mature NPCs (160–164). Further study is also 

needed to uncover the structures of the transmembrane nucleoporins and clarify their roles in 

stabilizing the sharp curvature of the nuclear envelope at nuclear pores and in recruiting the 

symmetric core of the NPC. Incorporating the transmembrane nucleoporins into in vitro 

reconstitutions of the C. thermophilum symmetric core nucleoporin complexes could 

potentially uncover the biochemical determinants of these functions in the near future.

Limitations of Current Near-Atomic Composite Structures

The composite structures of the human, S. cerevisiae, and C. reinhardtii NPCs have provided 

unprecedented insight into their near-atomic architectures. However, there are a few 

considerations to acknowledge when interpreting the currently available composite 

structures of NPCs. The foremost constraint is the low and often asymmetric resolution limit 

of the cryo-ET reconstructions from which composite structures are derived. How reliably 

individual subunits can be localized in the reconstructions depends on not only the 

resolution of the cryo-ET map but also the size of the subunit and whether features are 

apparent at low resolution. The precise orientations of individual subunits that are partially 

symmetric (e.g., disk-shaped β-propellers or rod-like α-helical solenoids) remain ambiguous 

even at the highest of the currently available resolutions. Even within the same cryo-ET 

reconstructions, the resolution can vary tremendously. For example, in the S. cerevisiae 
NPC, the inner ring is resolved to ~20 Å, whereas the outer rings are only resolved to ~45 Å. 

Consequently, the exact orientations of the S. cerevisiae CNCs and associated cytoplasmic 

filament and nuclear basket nucleoporins are ambiguous (see the section below titled 

Organization of the Asymmetric Nucleoporins) (40). Importantly, the incorporation of 
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additional spatial constraints for subunits, for example, from cross-linking and mass 

spectrometry, can only partially ameliorate this ambiguity.

Another key limitation is that the vast majority of crystal structures of nucleoporins and 

nucleoporin complexes are usually available only from fungal species, often contain only a 

fragment rather than a complete nucleoporin, and typically capture only a single 

conformation of the subunit. Thus, the current composite structures employ large numbers of 

homology models (36, 40) or otherwise make the assumption that the overall shapes and 

conformations of the subunits are conserved between species (41). However, generating 

accurate homology models for the human nucleoporins and their complexes is challenging 

owing to the poor sequence conservation of most nucleoporins, despite an overall structural 

conservation, and the fact that the β-propeller and α-helical solenoid folds of most 

nucleoporins are able to accommodate large loops or insertions between their secondary 

structure elements. As a result, the localizations of specific residues within the overall 

structure, such as those that are linked to human disease, possess some ambiguity in the 

currently available composite structures. Lastly, a related consideration is that, owing to the 

extensive averaging needed to acquire cryo-ET reconstructions, the current composite 

structures largely provide insight into only the structurally ordered and symmetric 

components of the NPC. Notably, additional densities attributed to transport factors in the 

central transport channel have been observed in several reconstructions, but the details of 

these interactions are averaged out (30, 40, 49). Similarly, regions of nucleoporins that can 

adopt different conformations, such as FG repeats or flexibly attached domains, are currently 

not resolved either. Thus, further advances in cryo-ET that enable the capture of specific 

functional states are needed to shed light on how the NPC directly participates in 

nucleocytoplasmic transport. Further acquisition of high-resolution crystal structures of 

subunits from multiple species are necessary to validate the current near-atomic composite 

structures and perform structure-guided functional studies.

ORGANIZATION OF THE ASYMMETRIC NUCLEOPORINS

Although the symmetric core accounts for a major portion of the NPC, decorations specific 

to the cytoplasmic or nuclear side formed by the asymmetric cytoplasmic filament and 

nuclear basket nucleoporins provide much of the functionality associated with the NPC. In 

some cases, these nucleoporins are much more flexible, and parts or all of the proteins may 

not be visible in EM reconstructions owing to the averaging necessary to acquire high-

resolution reconstructions. On both the cytoplasmic and nuclear sides, these nucleoporins 

contain FG repeats and binding sites for transport factor–cargo complexes as well as other 

cellular machinery. In addition to their structural flexibility, these asymmetric subcomplexes 

also display substantial divergence in composition and domain organization between humans 

and S. cerevisiae.

The Organization of the Cytoplasmic Filaments

The asymmetric nucleoporins at the cytoplasmic face of the NPC are often referred to as the 

cytoplasmic filament nucleoporins owing to the observation of long, flexible extensions into 

the cytoplasm in early micrographs of human NPCs (165). The evolutionarily conserved set 
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of cytoplasmic filament nucleoporins includes Nup214, Nup88, Nup62, Gle1, Nup42 (also 

known as CG1), Rae1, and Nup98. Homologs in S. cerevisiae are known as scNup159, 

scNup82, scNsp1, scGle1, scNup42, scGle2, and scNup145N/scNup100/scNup116. Nup358 

(also known as RanBP2) is a metazoan-specific nucleoporin, and conversely, the 

cytoplasmic filament complex in S. cerevisiae also constitutively incorporates scDyn2. In 

addition, the mRNA export factor DDX19 (scDbp5 in S. cerevisiae) rapidly associates and 

disassociates from the NPC (166). Nup62 and Nup98 are both also components of the 

symmetric core (see the section above titled Structure and Biochemistry of Symmetric Core 

Nucleoporins and Complexes).

Immunogold-labeling experiments identified the metazoan-specific nucleoporin Nup358 as 

the primary constituent of the originally observed EM-visible filaments, a finding consistent 

with the fact that similar extensive filamentous extensions are not found in the S. cerevisiae 
NPC by EM (167, 168). In contrast, cross-linking studies on both human and yeast NPC are 

consistent with an architecture in which the structured domains of most cytoplasmic-specific 

nucleoporins are integrated into or decorate the outer CNC ring (38, 40). Consistent with 

this model, considerable amounts of cytoplasmic face-specific density present in the 

cytoplasmic outer ring in recent EM reconstructions of intact human NPCs are not explained 

by the docking of symmetric core nucleoporin crystal structures (36, 41). The cytoplasmic 

filaments play critical roles in nucleocytoplasmic transport, as they not only contain several 

FG repeat nucleoporins and other binding sites for nucleocytoplasmic transport factors but 

also position and regulate the activity of the ATP-dependent RNA helicase DDX19 (EC 

number 3.6.4.13), which terminates mRNA export.

The cytoplasmic filaments possess an intricate biochemical architecture, with structured 

domains within Nup214, Nup88, and Gle1 serving as major hubs for interactions with other 

nucleoporins in the complex. Different domains within each of the nucleoporins are 

members of different hubs. However, these structured interaction domains are typically 

separated by flexible linkers that can extend for up to hundreds of residues (Figure 4). Thus, 

some domains or even entire nucleoporins, for example, the Nup214 N-terminal β-propeller 

domain and Rae1, are flexibly tethered to the core of the complex (169–171). Although a 

substantial amount of high-resolution structural detail is available for some interaction hubs 

(98, 105, 122, 126, 169–177), an integrative structural model of the S. cerevisiae complex is 

the only model for the overall assembly of the cytoplasmic filament nucleoporins (51). In 

this section, we consider four major interaction hubs: (a) a coiled-coil hub comprising the 

coiled-coil regions of Nup214, Nup88, and Nup62; (b) the Nup88 β-propeller domain hub 

built around the Nup88 β-propeller domain, the Nup98 APD, and a Nup214 α-helical motif; 

(c) the Rae1 hub, comprising the Nup98 GLEBS and Rae1; and (d) the Gle1 hub, 

comprising Gle1, Nup42, DDX19, and the Nup214 N-terminal β-propeller domain (Figure 

13a).

A molecular keystone of the cytoplasmic filaments is the heterotrimeric hub that is formed 

by the coiled-coil regions of Nup214, Nup88, and Nup62. Current structural models predict 

that the coiled-coil regions of the three proteins assemble into a heterotrimeric parallel CCD 

with an architecture akin to the CNT (see above) (51, 98, 178). This prediction is supported 
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by the observation that the same coiled-coil region of Nup62 is present in both complexes 

and by cross-linking studies performed in S. cerevisiae (51, 179–181).

Another major interaction hub forms on the Nup88 N-terminal β-propeller domain, which 

possesses binding sites for an α-helical motif in Nup214 and the Nup98 APD (122, 126). 

The human Nup98 APD can bind the scNup82–scNup159 complex, suggesting the 

mechanism of interaction is conserved between the two species (122). Indeed, crystal 

structures of the chimeric complex between the human Nup98 APD and the scNup82–

scNup159 heterodimer revealed the same architecture as observed for cognate complexes 

between the S. cerevisiae and C. thermophilum nucleoporins (98, 122, 126) (Figure 13b). In 

all three structures, the APD binds to a large loop in the scNup82/ctNup82 β-propeller 

domain by utilizing residues adjacent to and within the APD active site, which is also the 

binding site for Nup96 (scNup145C/ctNup145C) (98, 102, 122, 126). At a separate surface 

on scNup82/ctNup82, α-helical insertions in the β-propeller domain form the binding site 

for a C-terminal α-helix from the fungal homologs of Nup214 (ctNup159/scNup159). In this 

arrangement, Nup214 and Nup98 would not form direct contacts, providing a molecular 

explanation for their independent and noncooperative binding to Nup88 (98, 122, 126). It 

remains unclear whether Nup96 (scNup145C/ctNup145C) can bind to the APD in this 

complex.

Although all three S. cerevisiae paralogs of Nup98 (scNup100, scNup116, and scNup145N) 

can form analogous interactions with the S. cerevisiae homolog of Nup88 (scNup82), 

scNup116 appears to be the preferred interaction partner (122, 126, 182). Nup98 also 

contains a highly conserved GLEBS motif that mediates NPC recruitment of the mRNA 

export factor Rae1 (known as Gle2 in S. cerevisiae) (183). This heterodimeric complex 

appears to be one of several hubs flexibly tethered to the remainder of the NPC because the 

GLEBS motif is embedded in the N-terminal Nup98 FG-repeat region (Figure 4). Of the 

three S. cerevisiae paralogs of Nup98, only the cytoplasmic-specific paralog scNup116 

possesses a GLEBS motif, suggesting that the GLEBS motif may function to localize Rae1 

near the rest of the cytoplasmic mRNA export machinery (184). The crystal structure of the 

Nup98–Rae1 heterodimer has revealed that the Nup98 GLEBS motif forms an extended 

hairpin fold that forms extensive interactions with large loop insertions at the top of the 

seven-bladed Rae1 β-propeller (171) (Figure 13c). Together, the proteins form a composite, 

positively charged surface that mediates binding to single-stranded RNA (171, 176). 

Disruption of the interaction between Rae1 and Nup98 yields mRNA export defects, but the 

precise function of Rae1 in mRNA export remains unclear (171, 176, 183, 185, 186).

The final major interaction hub includes Nup42, Nup214, and DDX19 and is anchored by 

Gle1, which possesses an unstructured N-terminal region, a large central coiled-coil region, 

and a C-terminal α-helical domain that forms a MIF4G (middle of eIF4G) fold (187–190). 

This fold is found in several other factors involved in RNA biology (e.g., eIF4G, CNOT1, 

and UPF2) and mediates binding and regulation of their respective RNA helicase partners 

(191). In humans, all three domains of Gle1 are required for proper Gle1 localization (192–

194). Cross-linking data from S. cerevisiae suggest that its coiled-coil region may bind the 

Nup214–Nup88–Nup62 coiled-coil hub, but the paucity of other cross-links between Gle1 

and the remainder of the NPC has led to the proposal that it is also flexibly tethered to the 
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remainder of the NPC (40). A direct interaction between an N-terminal region of human 

Gle1 and Nup155 has also been identified (192). These interactions are consistent with a 

localization of the Gle1 interaction hub above the central transport channel, where it would 

be poised to regulate DDX19 activity on nascent exported mRNAs. The Gle1 C-terminal 

domain serves as the interaction platform for both Nup42 and DDX19 (174, 177, 189, 190, 

195–197). DDX19 can in turn simultaneously bind to the Nup214 β-propeller domain, 

which is connected by an extended unstructured linker to the Nup214–Nup88–Nup62 CCD 

interaction hub (172, 189, 198). Genetic analyses and biochemical mapping identified a C-

terminal fragment in Nup42 that binds to the Gle1 C-terminal domain (177, 187, 189, 190, 

193, 197). Crystal structures of the Gle1–Nup42 complex from C. thermophilum, S. 

cerevisiae, and H. sapiens revealed that, in all three species, the C-terminal fragment of 

Nup42 adopts the same compact fold, which has a hydrophobic core that buries surface-

exposed hydrophobic residues on a highly conserved Gle1 surface located on the opposite 

side from the DDX19 binding site (177) (Figure 13e). The regulation of DDX19 activity and 

its role in mRNA export are discussed below.

Despite substantial progress in characterizing the individual interaction hubs, how the 

individual hubs assemble together and integrate into the NPC remains less clear. Much 

greater progress has been made in determining the overall architecture of the S. cerevisiae 
holo complex than the human complex through application of the same integrative structural 

approach that was later used to determine the composite structure of the yeast NPC (51). In 

S. cerevisiae, the coiled-coil hub and scNup82 β-propeller domain hub form an ordered 

complex, whereas the scGle2 and scGle1 hubs are more flexibly attached (51). The ordered 

portion of the holo complex forms a “P”-shaped architecture built of an asymmetric 

arrangement of two scNup159–scNup82–scNsp1 complexes (51, 179). In this arrangement, 

two Nup82 β-propeller interaction platforms form a central core around which the two 

CCDs assemble in two distinct, elongated conformations (51).

Whether this assembly mechanism is conserved in humans remains unclear, owing to a key 

difference between the structure of human Nup214 and the S. cerevisiae homolog, wherein 

scNup159 contains a unique ~100-residue dynein interaction domain (DID) consisting of 

five tandem motifs that can each bind a molecule of the dynein light-chain protein scDyn2. 

scDyn2 forms a constitutive homodimer, and the scNup159 DID motif forms a β-strand that 

extends scDyn2’s β-sheet core (175) (Figure 13d). In S. cerevisiae, the scDyn2–scNup159 

DID interaction occurs constitutively, with up to 25% of the cellular pool of Dyn2 associated 

with NPCs, and functionally homodimerizes the scNup159–scNup82–scNsp1 assembly (51, 

175, 179, 199). The overall shape and oligomerization state of the intact human 

heterotrimeric complex remain unclear, as the Dyn2–DID interaction is not widely 

conserved.

Another example of divergence of the interaction network within the cytoplasmic filament 

complex is found in C. thermophilum, where an interaction has been identified between the 

ctNup159–ctNup82–ctNsp1 complex and a sequence motif in the ctNup145C N-terminal 

extension that may be analogous to the interaction between the Nup93 assembly sensor and 

the CNT, but this interaction does not appear to be conserved to S. cerevisiae (98, 101, 178). 

Interactions between the Nup214–Nup88–Nup62 complex and the CNCs have been 
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observed in both fungi and humans, consistent with the integration of the cytoplasmic 

filament nucleoporins into the cytoplasmic outer ring (38, 51, 98, 200, 201). In S. cerevisiae, 

the complex is anchored to the NPC via the Nup85 arm of the CNC, an orientation that is 

supported by the observation that disruption of the Nup85 arm yields the most dramatic 

defects in mRNA export and Nup82 localization (40, 51). This architecture would position 

both the FG repeats and more flexibly tethered nucleoporins involved in mRNA export to 

project into the central transport channel.

Regulation of mRNA Export at the Cytoplasmic Face of the Nuclear Pore Complex

One critical role for the cytoplasmic filament nucleoporins is spatially restricted activation of 

DDX19 (Dbp5 in fungi) in the final step of mRNA export (195, 196). The bulk of mRNAs 

are transported through the diffusion barrier by the conserved, heterodimeric transport factor 

Nxf1–Nxt1 (previously termed p15–TAP in humans, and Mex67–Mtr2 in S. cerevisiae) in a 

mechanism that is Ran-independent (202). Instead, the ATPase activity of DDX19 facilitates 

the removal of Nxf1–Nxt1 from mRNAs, which leads to their release into the cytoplasm 

(203) (Figure 14). The NPC ensures that DDX19 acts only on mRNAs that have reached the 

cytoplasm by recruiting and activating DDX19 via nucleoporins (Nup214 and Gle1) that 

exclusively reside on the cytoplasmic face of the NPC. Extensive studies on the interplay 

between these nucleoporins and DDX19 in yeast and humans have provided a clearer picture 

of the mechanistic details of the DDX19 activation cycle.

DDX19 is a member of a family of proteins known as the DEAD-box RNA helicases, which 

couple ATP hydrolysis to binding or remodeling RNA (204) (Figure 13f). DDX19 is a slow 

ATPase and possesses weak RNA unwinding activity (196). Gle1 and RNA binding to 

DDX19 synergistically stimulates DDX19’s ATPase activity (174, 177, 195, 196). In S. 

cerevisiae, this activity requires the small-molecule inositol hexaphosphate (IP6), which 

bridges the interaction between scGle1 and the S. cerevisiae homolog of DDX19, scDbp5 

(195, 196) (Figure 13g). There are conflicting reports on whether IP6 plays a similar role in 

humans (177, 197). Nup214 is required for steady-state localization of DDX19 to the NPC 

and binds DDX19 via its N-terminal β-propeller domain, which is flexibly tethered to the 

NPC through an unstructured linker (172, 173, 189, 198) (Figure 13g,h). Although this 

interaction is required for localization to the NPC, DDX19 binding to RNA and the Nup214 

β-propeller domain are mutually exclusive, and DDX19 associates dynamically with NPCs 

(166, 169, 170, 173) (Figure 13f,h).

Similar to other DEAD-box helicases, DDX19 possesses two RecA-like domains, referred to 

as the N-terminal domain (NTD) and C-terminal domain (CTD), and binds ATP and single-

stranded RNA at distinct sites at the interface between the NTD and CTD (173, 205). When 

bound to RNA, DDX19 forms a closed conformation, wherein its catalytic residues are 

positioned to catalyze ATP hydrolysis, explaining RNA’s stimulatory effect on DDX19 

activity (173, 205). Nup214 binds to the DDX19 NTD, whereas the major Gle1-binding 

surface is on the DDX19 CTD (173, 174, 177). Because a covalent phosphate moiety is 

attached to each position of its inositol ring, IP6 is a highly negatively charged molecule. As 

revealed by crystal structures of the S. cerevisiae complex, IP6 simultaneously binds to 

positively charged residues in both scGle1 and the scDbp5 CTD, effectively acting as a 
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small-molecule tether between the two proteins (174) (Figure 13g). In contrast, the Nup214-

binding interface on DDX19 partially overlaps with its RNA-binding surface, explaining the 

mutually exclusive nature of their interaction (169, 173) (Figure 13f,h). Because Nup214 

and RNA binding are mutually exclusive, Nup214 inhibits RNA-dependent DDX19 

activation. However, in in vitro assays, Gle1 alleviates Nup214 inhibition (174, 177).

One difference between the human and S. cerevisiae systems appears to be the presence of 

an autoinhibitory α-helix within the N-terminal region of human DDX19, which can bind 

between the NTD and CTD to trap DDX19 in an autoinhibited state (205) (Figure 13f). This 

α-helix does not appear to be present in scDbp5, but the N-terminal region of scDbp5 also 

possesses autoinhibitory activity (174). This difference may explain why, in the crystal 

structures of the scGle1–scDbp5 complex, the two DEAD-box domains of scDbp5 were 

partially separated through additional contacts between the scDbp5 NTD and scGle1, 

whereas in the crystal structure of the human complex, DDX19 remains in a partially 

autoinhibited state (174, 177) (Figure 13e,g). Gle1 binding induces conformational 

rearrangements in the DDX19 CTD that destabilize interactions with the autoinhibitory α-

helix, in part explaining its ability to stimulate DDX19’s ATPase activity (177). However, 

mutation of the Gle1 residues that form contacts in the partially open state suppress DDX19 

and Dbp5 activity, indicating that the separation of the NTD and CTD is also a critical step 

in DDX19 activation (174, 177) (Figure 14).

A recent study reported that human DDX19 activation did not require IP6 (177). This report 

was supported by structural analysis of human Gle1, which revealed a loss of electrostatic 

potential at the homologous pocket to the fungal IP6-binding pocket, an absence of 

detectable IP6 binding by human Gle1, and biochemical characterization of the Gle1–

DDX19 interaction. In contrast, a separate study found a stimulatory role for IP6 in vitro and 

observed mRNA export defects in human cells when putative IP6-binding residues in Gle1 

were disrupted (197). Future studies are necessary to conclusively define the role of IP6 in 

humans in DDX19 activation.

The precise order of molecular events in DDX19 activation remains debated, although 

proposed models agree on the overall principles of activation (174, 177, 206). One working 

model is that Gle1 binding to DDX19 triggers conformational changes that favor RNA 

binding, in part by relieving autoinhibition (174, 177) (Figure 14). RNA binding promotes 

ATP hydrolysis by favoring a closed, catalytically competent conformation of DDX19. In 

addition to its clear role in DDX19 localization to the NPC, Nup214 has several proposed 

functions, including promoting an open conformation of DDX19, as an ADP exchange 

factor, or accelerating DDX19 release from Gle1 (174, 207, 208). Detailed kinetic analyses 

are necessary to completely describe the molecular details of DDX19 activation (207, 209). 

Furthermore, major questions remain unanswered, including the spatial organization of these 

factors in relationship to each other and the rest of the NPC during the dynamic DDX19 

activation cycle. Perhaps most importantly, how ATPase activity is coupled to mRNA 

remodeling and the displacement of specific proteins from mRNAs remains poorly 

understood.
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Nup358 Is a Unique Multifunctional Component of Animal Nuclear Pore Complexes

Metazoans possess an additional cytoplasmic filament nucleoporin, Nup358 (also known as 

RanBP2), which comprises several modular domains connected by flexible linkers or FG 

repeats (210, 211) (Figure 4). The domain structure of Nup358 varies from species to 

species, but in humans, Nup358 contains an N-terminal α-helical domain, four Ran-binding 

domains (RanBDs) distributed throughout the protein, a tandem array of eight Ran-binding 

zinc-finger domains, a small region that serves as a binding site for SUMOylated RanGAP 

and the SUMO E3 ligase Ubc9, and a catalytically active C-terminal cyclophilin domain 

(EC number 5.2.1.8) (Figure 4). Nearly all of these domains have now been structurally 

characterized, with the important exception of most of the N-terminal α-helical domain 

(212–215). As shown with immunogold labeling, the C-terminal end of Nup358 can project 

upward of ~50 nm into the cytoplasm, suggesting that Nup358 is anchored to the NPC via 

its N-terminal end (167). This arrangement is supported by fluorescence microscopy 

experiments that mapped the NPC binding site to the N-terminal α-helical region (216). 

Based on a cryo-ET reconstruction of human NPCs from Nup358-depleted cells, Nup358 

molecules were proposed to dock onto the cytoplasmic outer CNC rings (38). However, the 

precise mechanisms of Nup358 recruitment to the NPC remain poorly understood, as it also 

depends on the presence of Nup88 and Nup214 (217). Besides a structural role in the 

organization of the outer CNC ring on the cytoplasmic side of the NPC (see Conservation of 

Nuclear Pore Complex Architecture section above) and providing binding sites for Ran in its 

GDP- and GTP-bound states, Nup358 also has important roles in protein import and export 

as well as regulating mRNA export (218–222).

Nuclear Basket Nucleoporins

Basket-like structures were first observed by EM decorating the nuclear face of NPCs (165). 

The nuclear basket nucleoporins directly interact with the nucleocytoplasmic transport 

machinery, provide anchoring sites for mRNA export and quality control factors, and link 

the NPC to the transcriptional regulatory machinery (223). In humans, the nuclear basket 

consists of the nucleoporins Nup50, Nup153, and Tpr. S. cerevisiae possesses homologs of 

Tpr (scMlp1/scMlp2) and Nup50 (scNup2) and additionally possesses the nucleoporins 

scNup1 and scNup60, which both appear to be functionally similar to Nup153, if not 

directly homologous (Figure 3). Nup153 contains a C-terminal FG-repeat region as well as a 

tandem array of four Ran-binding zinc-finger domains that are homologous to those found in 

Nup358 (see below) (224). Tpr consists of a massive coiled-coil region spanning more than 

1,500 residues, which can homo-oligomerize, followed by a highly acidic C-terminal region 

that is presumed to be mostly disordered, with the NPC-targeting region located within the 

N-terminal coiled-coil region (225). Lastly, Nup50 contains an N-terminal region that 

mediates interactions with both Nup153 and karyopherin-α, a middle FG-repeat region, and 

a C-terminal Ran-binding domain (226).

Nup153 is required for the localization of Tpr and Nup50 in the human NPC, suggesting that 

Nup153 anchors the other nuclear basket components to the NPC (227, 228). Interaction 

mapping studies and cross-linking studies have consistently found that the nuclear basket 

components interact with components of the CNC (40, 201, 229–231). This organization is 

consistent with immunogold labeling experiments that found Nup153 localized proximal to 
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the outer ring, whereas the C-terminal end of Tpr extends into the nucleus and is the primary 

constituent of the fibrillar extensions originally observed by EM (232). Thus, the nuclear 

basket displays a similar organizing principle to the cytoplasmic filaments, in which a subset 

of components localizes to the NPC via interactions with the CNC, anchoring the projection 

of large, flexible domains into the nucleus or cytoplasm. Further highlighting these similar 

architectural principles, in S. cerevisiae, the nuclear basket components appear to be 

anchored to the scNup85 arm of the CNC, analogous to the cytoplasmic filament complex 

(40).

INTERACTIONS BETWEEN NUCLEOPORINS AND TRANSPORT FACTORS

Interactions Between FG Repeats and Transport Factors

In addition to forming the diffusion barrier, one of the most important functions of FG 

repeats is specifically binding to transport factor–cargo complexes, which facilitates rapid, 

selective transport through the diffusion barrier. Although the diffusion barrier has not been 

visualized by high-resolution structure determination methods, the interactions between FG 

repeats and transport factors have been visualized in X-ray crystal structures.

Crystal structures of individual FG repeats bound to karyopherins have shown that the 

karyopherin-β family members contain hydrophobic pockets on their convex surfaces in the 

grooves between HEAT repeats that serve as the binding sites for FG repeats (233–237). FG 

repeats bind by inserting a phenylalanine residue into a hydrophobic pocket, which usually 

necessitates a sharp backbone turn enabled by the following glycine residue, explaining the 

specificity for the FG motif. Although the interactions between individual FG repeats and 

karyopherin-β family members are weak, multiple FG repeat binding sites are on the surface 

of each karyopherin-β that can be engaged simultaneously by multiple FG repeats from the 

same nucleoporin (235–237) (Figure 15a–c). These interactions can therefore exhibit the fast 

binding kinetics necessary for rapid transport while remaining highly specific through the 

avidity of multivalent interactions with FG repeats (238, 239). Different types of FG repeats 

bind to the same pockets on karyopherin-β family members, but nucleoporins display vastly 

different binding affinities to karyopherins. Multiple mechanisms appear to be at play in 

tuning the preference of the karyopherins for different FG nucleoporins, including the 

spacing of FG repeats, additional interactions in the sequences connecting FG repeats, and 

even specialized sequences that confer additional affinity (233, 235, 237, 240).

The other major family of FG repeat–binding proteins includes the RanGDP nuclear import 

factor Ntf2 and the heterodimeric mRNA export factor Nxf1–Nxt1, which are characterized 

by the presence of Ntf2-like domains. Ntf2 facilitates nuclear import of Ran and forms a 

homodimer that recognizes FG repeats at symmetrical binding sites (241, 242). Nxf1 is a 

multidomain protein containing two FG repeat–binding domains: (a) a ubiquitin-associated 

(UBA) domain and (b) an Ntf2-like domain that also facilitates heterodimerization with 

Nxt1, which itself consists of a sole Ntf2-like domain. The UBA domain recognizes a single 

FG repeat via a hydrophobic surface (243) (Figure 15d). The Ntf2 homodimer possesses 

symmetric binding sites for FG repeat motifs (241) (Figure 15e). In contrast, the 

heterodimeric assembly of Ntf2-like domains in the Nxf1–Nxt1 complex only contains one 

FG binding site on the Nxf1 surface (244) (Figure 15f). Despite their drastically different 
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folds, Ntf2-like and karyopherin-β family members recognize similar conformations of the 

FG motif and display similar rapid binding properties (238).

Nuclear Localization Signal–Like Interactions

Some interactions between karyopherins and nucleoporins mimic the interactions between 

karyopherins and their cargoes. NLS-like sequences have been identified in many 

nucleoporins, some of which may facilitate their nuclear import. One example is scNup53, 

which possesses an NLS near its C terminus that is recognized by scKap121 via its NLS 

binding site (245) (Figure 15g). In contrast, ctNup53 contains a karyopherin-α binding motif 

that overlaps with its ctNup192 binding site, which is near its N terminus (99). Similarly, 

POM121 is recognized by karyopherin-α via both the major and minor NLS binding sites in 

a manner similar to canonical NLS recognition (246) (Figure 15h). Some of these 

interactions may not be critical to NPC function itself but may be related to targeting the 

nucleoporins to the nucleus or to mitotic structures during cell division (247).

In contrast, a highly conserved interaction between karyopherin-α and the nuclear basket 

offers another paradigm for NLS-like interactions between nucleoporins and nuclear 

transport factors. Nup50 and its homologs contain an NLS-like sequence that binds to 

karyopherin-α with a higher affinity than canonical NLS sequences (226). Crystal structures 

of mammalian and yeast karyopherin-α bound to their cognate Nup50 homologs reveal that 

their NLS-like sequences all bind with the same mechanism via an extensive interface that 

overlaps with the major and minor NLS binding sites on karyopherin-α and also bind to a 

surface not used for NLS recognition (226, 248) (Figure 15i). As Nup50 resides at the 

nucleus-facing nuclear basket, this interaction is believed to displace import cargoes and 

prepare karyopherin-α for export back into the cytoplasm.

Interactions with Ran

In the human nuclear basket, a Ran-binding domain (RanBD) in Nup50 and a tandem array 

of four zinc-finger domains in Nup153 serve as binding sites for the small GTPase Ran. In 

the human cytoplasmic filaments, Nup358 contains four additional RanBDs as well as a 

tandem array of eight zinc-finger domains homologous to those in Nup153. Together, these 

nucleoporins potentially provide up to ~500 Ran binding sites per NPC. RanBDs have a 

strong preference for binding to RanGTP, whereas the zinc-finger domains have a weaker 

preference for RanGDP (249). Crystal structures have revealed the molecular basis for these 

preferences wherein the two domains recognize features of Ran, particularly the switch I 

region, which adopt dramatically different conformations in the presence of GDP or GTP 

(214, 224, 250) (Figure 15j,k). Altogether, these binding sites are thought to increase the 

local concentration of Ran at NPCs to increase the efficiency of nucleocytoplasmic 

transport.

In animals, Nup358 also provides an anchoring site for RanGAP, the GTPase-activating 

protein for Ran. This interaction is mediated by the posttranslational SUMOylation of 

RanGAP with SUMO-1, leading to the formation of a complex between RanGAP*SUMO-1 

(where the * denotes a covalent linkage), Nup358, and the SUMO E3 ligase Ubc9 (215, 

251). As revealed by a crystal structure of this heterotrimeric complex, the specificity for 
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RanGAP*SUMO-1 is mediated in part by direct recognition of the isopeptide bond between 

RanGAP and SUMO-1 (215) (Figure 15l). Although a soluble fraction of RanGAP also 

exists in the cytoplasm, the Nup358 binding site is stoichiometrically occupied by 

RanGAP*SUMO-1 (252, 253). This subcomplex, which is flanked by FG repeats and 

RanBDs in Nup358, can act as a disassembly factor for nuclear export complexes (222).

Links to Transcriptional Regulation and mRNA Processing

At the nuclear basket, the NPC also serves as a hub for organizing nuclear architecture and 

coordinating gene transcription, mRNA processing, and mRNA export. These functions are 

fulfilled through interactions with nuclear transcription and processing factors as well as 

potential direct interactions between nucleoporins and genomic loci (223, 254, 255). The 

interaction between the nuclear basket and the evolutionarily conserved transcription 

elongation and RNA export (TREX-2) complex links the NPC to transcriptional regulation, 

mRNA processing, and mRNA export (256, 257). In S. cerevisiae, the heterotrimeric 

scSac3–scSus1–scCdc31 module of the TREX-2 complex mediates localization of the 

TREX-2 complex at the NPC by binding to a flexible N-terminal motif in scNup1 that 

vaguely resembles an FxFG motif (258). However, a crystal structure has revealed a distinct 

interaction mechanism (258) (Figure 15m). Furthermore, this scNup1 motif does not bind to 

canonical FG repeat-binding proteins, and the TREX-2 complex does not bind to canonical 

FG repeats (258). Thus, the TREX-2 anchoring mechanism at the NPC is similar to but 

distinct from other FG-repeat interactions. TREX-2 also localizes to the NPC in humans, but 

the exact molecular determinants appear to be different (259, 260). As a whole, these results 

show how the TREX-2 complex links fundamental nuclear processes, including the 

regulation of gene expression and mRNA export, to the NPC. Furthermore, the similarity of 

the Nup1 motif to canonical FG motifs raises the possibility that other FG-like sequences in 

nucleoporins may have been adapted to bind other cellular machinery. Future work is 

expected to illuminate how the nuclear basket coordinates these complex processes.

NUCLEOPORIN STRUCTURE AND DISEASE

Perturbations in NPC function are associated with a wide array of diseases including cancer, 

neurodegenerative diseases, developmental diseases, and viral infection. Some of the earliest 

discovered associations between the NPC and disease were chromosomal rearrangements 

resulting in fusions of a transcription factor or kinase to a nucleoporin, such as Tpr, Nup98, 

Nup214, and Nup358 (223, 261). More recently, links have been reported between 

neurodegenerative diseases and nucleocytoplasmic transport defects, including 

mislocalization of transport factors and nucleoporins in amyotrophic lateral sclerosis (ALS) 

and Huntington’s disease (HD) (262–265). These connections between age-related 

neurodegenerative diseases and the NPC are particularly striking because nucleoporins are 

some of the longest-living proteins in nondividing cells such as neurons (266).

Role of Nucleoporin Mutations in Disease

With the increasing number of sequenced human genomes, a growing number of mutations 

in nucleoporins have now been linked to diseases, including acute myeloid leukemia and 

various other cancers, triple A syndrome, lethal congenital contracture syndrome (LCCS), 
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ALS, atrial fibrillation, gonadal dysgenesis, steroid-resistant nephrotic syndrome (SRNS), 

acute necrotizing encephalopathy (ANE), and infantile bilateral striatal necrosis (IBSN) 

(223, 261, 267–273). As structures of the nucleoporins involved in many of these diseases 

are now available, there are opportunities to map the mutations onto the structures and to 

generate testable hypotheses for how they could contribute to disease. However, many 

structures are only available for fungal homologs, which often possess poor sequence 

homology despite strong structural conservation, and predictions for the functional 

consequences of mutations based on homology models may be inaccurate. Thus, structural 

and functional characterization of the human nucleoporins are necessary to accurately define 

the mechanisms of dysfunction.

The effect of mutations on the cytoplasmic filament nucleoporin Gle1 offers a paradigm for 

how some mutations may affect nucleoporin function, as one of the few disease-linked 

nucleoporins for which mutations can be mapped directly onto a crystal structure. Missense 

mutations in Gle1 linked to LCCS were found to affect residues involved in intramolecular 

hydrogen bonds or within the hydrophobic core (177). Several of these mutations reduced 

Gle1 stability in vitro and led to mislocalization of the mutant protein in cultured human 

cells (177, 274). Mutations in other nucleoporins including Nup62, Nup155, Nup205, 

Nup107, and Nup93 are also predicted to affect nucleoporin–nucleoporin interactions or 

intramolecular interactions that could similarly be important for protein stability (177, 269, 

271, 273, 275, 276).

A number of gene fusions involving nucleoporins, often resulting from chromosomal 

rearrangements, have been identified in cancers, particularly in leukemias. Fusions have 

been shown to occur with Nup98, Nup214, Nup358, and Tpr, but it has not been established 

whether all of these fusion products are drivers of oncogenesis or progression (reviewed in 

223, 261). For some, specific mechanisms have been uncovered that could promote 

oncogenesis. For example, in the Tpr-MET kinase fusion, residues 2–142 of Tpr replace the 

regulatory domains of the MET kinase to yield a constitutively active kinase (277). This 

isolated fragment of Tpr homodimerizes and further oligomerizes, and although these 

oligomerization states may not occur in the context of the full-length protein and within the 

NPC, they are certainly important for oncogenic MET activation (278). In this example, 

fusion with a nucleoporin seems to be coincidental. However, other cases such as the wide 

array of cancer-associated Nup98 fusion proteins, for which the direct mechanisms are not 

as clear, raise the question whether concomitant loss of a functional nucleoporin also 

promotes oncogenesis (279). As further data becomes available, it is likely that more 

diseases will be linked to nucleoporins. Future structural and mechanistic studies of 

nucleoporins in both functional and dysfunctional contexts may lead to new avenues for 

therapeutics.

Interactions Between Nucleoporins and Viral Factors

Many viruses have developed mechanisms for subverting the NPC to gain access to the 

nucleus, export viral RNAs from the nucleus, or inhibit host nucleocytoplasmic transport. 

Viral hijacking of nuclear transport factors is a common strategy (280–282). Here, we 
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briefly highlight insights gained from the structural characterization of interactions between 

nucleoporins and viruses.

Vesicular stomatitis virus (VSV) is a zoonotic virus that encodes a protein, the VSV matrix 

protein, which directly binds to the Rae1–Nup98 heterodimer. This interaction occurs 

competitively with RNA, and VSV matrix protein binding to Rae1–Nup98 leads to severe 

mRNA export defects (283, 284). A crystal structure of the VSV matrix protein–Rae1–

Nup98 complex not only revealed how an acidic motif in the VSV matrix protein was bound 

on the side of the Rae1–Nup98 heterodimer but also simultaneously facilitated the 

identification of the physiological nucleic acid binding surface on Rae1–Nup98 (171, 176) 

(Figure 16). Thus, characterization of viral–nucleoporin interactions has yielded insights not 

only into viral virulence but also into normal NPC function.

Many interactions between HIV proteins and nucleoporins have been identified, and they 

occur throughout the HIV life cycle. During nuclear import of the HIV genome, intact HIV 

capsids have been observed docking at NPCs in an interaction mediated by Nup358 (285, 

286). HIV capsid protein (CA) binds to the Nup358 cyclophilin domain (212, 287), and a 

crystal structure of the Nup358 cyclophilin domain bound to the HIV CA protein revealed 

that Nup358 binds a proline-rich loop in HIV CA with its cyclophilin domain active site 

(288) (Figure 16). Although the Nup358 cyclophilin domain catalyzes peptidyl-prolyl 

isomerization of a model cyclophilin A substrate very inefficiently, it catalyzes the 

isomerization of HIV CA more rapidly, indicating that the domain is catalytically active and 

may have a substrate preference distinct from cyclophilin A (212, 288). Thus, HIV may use 

isomerization by the NPC to trigger capsid disassembly or rearrangement immediately 

before nuclear entry (288). Within the nucleus, the HIV CA can bind to the FG-repeat region 

of Nup153 (289). A crystal structure of this interaction revealed that the FG motif in Nup153 

binds to an oligomeric interface between two monomers in the HIV CA hexamer (290) 

(Figure 16). Interactions between Nup153 and other viral capsid proteins have also been 

observed, and they may serve as a subsequent signal to release the genome after nuclear 

entry (289, 291). Future studies on the interaction between viral factors and nucleoporins 

hold the potential for new insights into not only the mechanisms of viral infection but also 

the physiological roles of nucleoporins in healthy cells.
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SUMMARY POINTS

1. The crystal structures of nearly all symmetric core nucleoporins have been 

determined at atomic resolution, revealing that nucleoporins possess structural 

similarities to both membrane-bending coats and soluble transport factors.

2. Cryo–electron tomography (cryo-ET) reconstructions of the human, yeast, 

and algal nuclear pore complexes (NPCs) have been acquired to resolutions at 

which individual nucleoporins can be resolved.

3. The combination of crystal structures and cryo-ET reconstructions, as well as 

other sources of restraints, including biochemical reconstitution, cross-linking 

mass spectrometry, and computational modeling, have yielded near-atomic 

composite structures of the human, yeast, and algal NPCs. These advances 

bridged the resolution gap between the high- and low-resolution structural 

techniques and established the stoichiometry and positioning of nucleoporins 

within intact NPCs.

4. The powerful combination of bottom-up and top-down approaches toward 

determining the structure of the NPC offers a paradigm for uncovering the 

architectures of other complex biological machines to near-atomic resolution.

5. The NPC consists of a defined spoke architecture with a concentric 

cylindrical organization of subunits.

6. Considering the massive size of the NPC, the symmetric core makes only 

relatively few contacts with the nuclear envelope pore membrane. These 

membrane contacts are spatially clustered and are mediated by amphipathic 

lipid packing sensor (ALPS)–containing β-propeller domains or amphipathic 

helices.

7. The channel nucleoporins, Nup62, Nup54, and Nup58, are positioned so that 

their FG repeats project evenly from the midpoint of the central transport 

channel. Their recruitment to the NPC by Nup93 depends on recognition of a 

stable, specific conformation of an equimolar complex formed by the three 

channel nucleoporins.

8. The symmetric core of the NPC forms a relatively rigid scaffold that provides 

binding sites for the asymmetric nucleoporins intercalated in the nuclear and 

cytoplasmic coat nucleoporin complex (CNC) rings.

9. Overall, the NPC architecture is evolutionarily conserved, most notably in the 

head-to-tail arrangement of the CNCs and the architecture of the inner ring. 

Notable differences include the absence of a second CNC ring on one or both 

sides of the nuclear envelope that has been observed thus far with a 

concurrent absence of Nup155 bridges.

10. Structural and biochemical characterization of the cytoplasmic filament 

nucleoporins has identified the major interaction hubs and provided snapshots 
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of the DDX19 catalytic cycle in the termination of messenger RNA (mRNA) 

export.

FUTURE ISSUES

1. An atomic-resolution model of the entire NPC will require continued progress 

in improving the resolution of cryo-ET reconstructions to allow flexible 

fitting of crystal structures, which will also reveal how nucleoporin 

conformations change in the context of the intact NPC.

2. A complete inventory of high-resolution crystal structures of nucleoporin–

nucleoporin interactions is needed to complete the composite structure of the 

symmetric core. Notable examples are the many critical interactions between 

the unstructured linker nucleoporins and the structured nucleoporin domains 

in the inner ring.

3. Further biochemical, structural, and functional analyses are needed to 

determine the roles of the pore membrane proteins (POMs) in NPC structure, 

function, and assembly.

4. Further reconstitution experiments are necessary to determine the molecular 

architectures of the cytoplasmic filaments and the nuclear basket, to learn how 

they are anchored to the NPC symmetric core, how asymmetry between the 

nuclear and cytoplasmic faces is established and maintained, and how they 

contribute to mRNA export and the regulation of gene expression.

5. Structures of nucleoporins and NPCs from many divergent species are needed 

to provide insight into the evolutionary history of the NPC.

6. The combination of perturbation studies and cryo-ET creates the possibility of 

trapping transport or assembly intermediates to acquire movies of the NPC in 

motion during various nucleocytoplasmic transport events.

7. The complete in vitro reconstitution of the entire NPC from recombinant 

proteins will enable quantitative measures of nucleocytoplasmic transport in 

vitro and allow for a comprehensive interrogation of individual nucleoporin 

function.

8. What are the different molecular determinants that control NPC assembly 

during interphase or after mitosis? An accounting of the energy balance sheet 

for membrane bending is needed to determine the driving forces for 

membrane bending and the stabilization of nuclear envelope pores.

9. The consequences of altered NPC composition or structure due to cell-

specific differences need to be established.

10. The mechanistic basis of nucleoporin diseases and the action of viral 

virulence factors that target the NPC need to be elucidated.

11. Once the near-atomic architecture of the entire intact human NPC is 

completed, the nucleoporin nomenclature should be revised such that the 
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nucleoporin names reflect their location and function in the intact NPC rather 

than their molecular masses, which differ across species.
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Figure 1. 
Overview of the NPC. (a) Schematic representation of the NPC architecture. A cutaway 

view depicting half of an NPC is shown. (b) Comparison of sizes of the NPC with other 

membrane transporters and example nucleocytoplasmic transport cargoes. Surface 

representations of human Aquaporin-1 (PDB 1FQY), bacterial SecYEG (PDB 1RHZ), 

Drosophila melanogaster Importin13–Mago–Y14 (PDB 2X1G), mammalian Crm1–

Ran(GTP)–Snurportin (PDB 3GJX), and a Saccharomyces cerevisiae 60S preribosomal 

particle (PDB 3JCT) are shown to scale with the human NPC symmetric core (41, 292–296). 

Abbreviations: NPC, nuclear pore complex; PDB, Protein Data Bank; POMs, pore 

membrane proteins.
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Figure 2. 
Progress in cryo-ET reconstructions of the NPC. Surface representations of cryo-ET 

reconstructions are shown to scale for Dictyostelium discoideum (EMD 1097), Homo 
sapiens (2012, EMD 5411; 2013, EMD 2444; 2015, EMD 3103), Chlamydomonas 
reinhardtii (EMD 4355), Xenopus laevis (EMDs 3005–3008), and Saccharomyces cerevisiae 
(EMD 7321) (31–33, 35, 36, 38–40). When possible, the nuclear envelope was colored 

yellow. For the D. discoideum reconstruction and first H. sapiens reconstruction, the nuclear 

envelope is present but not colored. For the S. cerevisiae reconstruction, the NPCs were 
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purified and the nuclear envelope is not present. Abbreviations: cryo-ET, cryo–electron 

tomography; EMD, Electron Microscopy Databank; NPC, nuclear pore complex.
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Figure 3. 
Nomenclature for nucleoporins in Saccharomyces cerevisiae, Chaetomium thermophilum, 

and Homo sapiens, grouped by subcomplex. Asterisks (*) indicate that Nup98 and Nup62 

and their homologs are also found in the cytoplasmic filaments or nuclear basket. The single 

dagger (†) indicates that ELYS is only a member of the nuclear coat nucleoporin complex in 

humans, rather than being symmetrically distributed. Its distribution in fungi remains 

uncertain. The double dagger (‡) indicates that Nup205/Nup188 molecules are also localized 

in the outer rings in humans. Stoichiometries of the nucleoporins in intact NPCs are 

indicated in parentheses next to the S. cerevisiae and H. sapiens nucleoporins (40, 50, 52). 
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Abbreviations: NPC, nuclear pore complex; nups, nucleoporin proteins; POMs, pore 

membrane proteins.
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Figure 4. 
Domain architectures of human nucleoporins and summary of structural characterization of 

individual nucleoporins. Bars above domain architectures indicate regions of the 

nucleoporins for which high-resolution structures are available, colored by the species from 

which the structures were determined. Abbreviations: nups, nucleoporin proteins; POMs, 

pore membrane proteins; NTD, N-terminal domain; CTD, C-terminal domain.
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Figure 5. 
Structures of nucleoporins in the CNC. A schematic of the NPC is shown in the top right 

corner, with the region of the NPC in which these nucleoporins are found colored in yellow. 

Crystal structures of scSeh1–scNup85 (PDB 3F3F), scSec13–scNup145C–scNup84 (PDB 

3IKO), Nup107–Nup133 (PDB 3I4R), spNup120–spNup37 (PDB 4FHN), Nup133 (PDB 

1XKS), mmELYS (PDB 4I0O), and Nup43 (PDB 4I79) are shown in ribbon representation 

(64, 68, 70, 71, 73, 97). Abbreviations: ALPS, amphipathic lipid packing sensor; CNC, coat 

nucleoporin complex; DIM, domain invasion motif; NPC, nuclear pore complex; PDB, 

Protein Data Bank.
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Figure 6. 
Architecture of the CNC. A schematic of the NPC is shown in the bottom left corner 

highlighting, with the region of the NPC in which these nucleoporins are found colored in 

yellow. Crystal structures of the (a) scSec13–scNup145C–scNup84–scSeh1–scNup85–

scNup120 heterohexamer (PDB 4XMM) and mtSec13–mtNup145C–mtNup85–mtNup120 

heterotetramer (PDB 4YCZ) are shown in the same orientation and coloring (75, 76). A 

crystallization chaperone antibody is omitted from the scCNC heterohexamer for clarity. 

Note the different angle that the Nup85 arm forms in the two structures. (b) A negative-stain 
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electron tomography reconstruction of the human CNC (EMD 2443) is shown with the 

crystal structure of the scCNC heterohexamer fitted into it (38, 76). The arrangement of all 

subunits within the human CNC is shown in a composite structure obtained through fitting 

of individual CNC component structures into a cryo–electron tomographic reconstruction of 

the intact human NPC. Abbreviations: CNC, coat nucleoporin complex; EMD, Electron 

Microscopy Databank; NPC, nuclear pore complex; PDB, Protein Data Bank.
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Figure 7. 
Biochemical interaction map for nucleoporins from the thermophilic fungus Chaetomium 
thermophilum. Lines or pairs of dashed lines connecting two nucleoporins indicate 

interactions mapped to the respective regions of those nucleoporins. The ctCNT and ctCNC, 

which are formed through large hydrophobic interfaces, are depicted as diagrams 

representing the experimentally observed shapes of the complexes rather than the individual 

nucleoporins. The ctNup82–ctNup159 and ctCNT–ctNic96 interactions are represented by 

diagrams of the interactions, rather than lines connecting the nucleoporins, as they have been 

characterized via X-ray crystallography. Figure adapted from Reference 41 with permission. 

Abbreviations: APD, autoproteolytic domain; CNC, coat nucleoporin complex; CNT, 

channel nucleoporin heterotrimer; RRM, RNA-recognition motif.
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Figure 8. 
Structures of nucleoporins in the IRCs. A schematic of the NPC is shown in the top right 

corner, with the region of the NPC in which these nucleoporins are found colored in orange, 

green, and blue. (a) A crystal structure of ctNic96–ctNup53 (PDB 5HB3), composite model 

of ctNup192 (derived from PDBs 4KNH, 5HB4, and 5CWV), model of fungal Nup188 

(derived from PDB 4KF7 and 5CWU), composite model of ctNup170 (derived from PDBs 

5HAX, 5HB0, and 5HB1), crystal structure of Nup98 bound to the N terminus of Nup96 

(PDB 1KO6), and crystal structure of ctNup53 (PDB 5HB7) are shown in ribbon 

representation (41, 102). (b) Zoomed views of the ctNic96–ctNup53, ctNup170–ctNup53, 

and ctNup170–ctNup145N interactions. Figure adapted from Reference 41 with permission. 
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Abbreviations: IRCs, inner ring complexes; NPC, nuclear pore complex; PDB, Protein Data 

Bank; RRM, RNA-recognition motif.
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Figure 9. 
Structure of the CNT. A schematic of the NPC is shown in the top right corner, with the 

region of the NPC in which these nucleoporins are found colored in red. (a) Crystal 

structures of the ctNup49–ctNup57–ctNsp1–ctNic96 complex (PDB 5CWS) and a model of 

xlNup54–xlNup58–xlNup62 (combining PDBs 5C2U and 5C3L) are shown in ribbon 

representation in the same orientation and coloring (98, 113). Crystallization chaperone 

antibody (ctCNT–ctNic96) and nanobody (xlCNT) were omitted from both structures for 

clarity. In the xlNup54–xlNup58–xlNup62 complex, CCD3 was omitted for crystallization. 
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The Nup54 ferredoxin-like domain is not present in fungi. (b) Positioning of the CNTs in the 

human NPC maps the origins from which their N-terminal FG repeats project into the 

central transport channel to form the diffusion barrier (colored spheres). The CNTs from a 

single spoke are shown in ribbon representation. The FG origins form two stacked rings at 

the very center of the central transport channel. The inset shows the entire NPC with a box, 

indicating the orientation of the zoomed view. Abbreviations: CCD, coiled-coil domain; 

CNT, channel nucleoporin heterotrimer; NPC, nuclear pore complex; PDB, Protein Data 

Bank.
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Figure 10. 
Composite structure of the human NPC symmetric core. (a) A view of the entire NPC from 

the cytoplasmic side with docked crystal structures shown in ribbon representation. The gray 

surface represents the nuclear envelope. (b) A cutaway of the NPC viewed from the plane of 

the nuclear envelope with docked crystal structures shown in ribbon representation. Because 

Nup188 and Nup205 possess very similar overall shapes and cannot be distinguished at 

current resolutions, the assignment of the six positions per spoke is tentative. Figure adapted 
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from Reference 41 with permission. Abbreviations: CNC, coat nucleoporin complex; CNT, 

channel nucleoporin heterotrimer; NPC, nuclear pore complex.
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Figure 11. 
Arrangement of subunits within an NPC spoke. (a) The arrangement of subunits in one 

spoke from the human NPC symmetric core (left) and the arrangement of subunits from one 

spoke in the Saccharomyces cerevisiae NPC symmetric core (right) are shown from the 

same view in a surface view. (b) The same views as in panel a, but with the Nup205/

Nup192, Nup188, CNC, and CNT molecules removed to show the organization of molecules 

in the inner ring coat. (c) Schematics of the arrangement of subunits in the spokes. The 

precise orientation of the CNC in the S. cerevisiae NPC is ambiguous owing to the low 
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resolution of the outer rings in the currently available reconstruction. Abbreviations: CNC, 

coat nucleoporin complex; CNT, channel nucleoporin heterotrimer; NPC, nuclear pore 

complex.
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Figure 12. 
Conservation of NPC architecture. Schematics of the human, Chlamydomonas reinhardtii, 
and Saccharomyces cerevisiae NPC architectures are shown, depicting overall differences 

observed among the three species in the top view (a), side view (b), and two-dimensional (c) 

schematics. Notably, the S. cerevisiae NPC is shorter in height than the human NPC, is 

embedded in a thinner nuclear envelope, but has approximately the same size transport 

channel and inner ring complex. The C. reinhardtii NPC has a dilated inner ring and is 

embedded in a thinner nuclear envelope compared with the human NPC but has the same 
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outer diameter. Abbreviations: CNC, coat nucleoporin complex; CNT, channel nucleoporin 

heterotrimer; NPC, nuclear pore complex; nups, nucleoporin proteins; POMs, pore 

membrane proteins.
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Figure 13. 
Structures of cytoplasmic filament nucleoporins. A schematic of the NPC is shown in the top 

right corner, with the region of the NPC in which these nucleoporins are found colored in 

cyan. (a) Schematic representation of the cytoplasmic filament interaction hubs. FG repeats 

and other regions are omitted for clarity. Dashed lines indicate nucleoporins that are 

connected to different interaction hubs via flexible linkers. (b) Crystal structure of the 

scNup82–scNup159–scNup116 complex (PDB 3PBP) shown in ribbon representation (126). 

(c) Crystal structure of the Rae1–Nup98 complex (PDB 3MMY) shown in ribbon 
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representation (171). (d) Crystal structure of the scNup159–scDyn2 complex (PDB 4DS1) 

shown in ribbon representation (175). (e) Crystal structure of the Gle1–Nup42–DDX19 

complex (PDB 6B4J) shown in ribbon representation (177). Gle1 binds to DDX19 and 

Nup42 on opposite surfaces of the protein. (f) Crystal structure of the DDX19–U10 RNA 

complex (PDB 3G0H) shown in the same orientation as the Gle1–Nup42–DDX19 complex 

(205). DDX19 binds RNA and nucleotide on opposite surfaces of the protein. (g) Crystal 

structure of the scGle1–scDbp5–scNup159 complex (PDB 3RRM) shown in ribbon 

representation in the same orientation and coloring as the Gle1–Nup42–DDX19 complex 

(174). (h) Crystal structure of the DDX19–Nup214 complex (PDB 3FMP) shown in the 

same orientation as the scGle1–scDbp5–scNup159 complex (169). Abbreviations: AMP-

PNP, Adenylyl-imidodiphosphate; CTD, C-terminal domain; NPC, nuclear pore complex; 

NTD, N-terminal domain; PDB, Protein Data Bank
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Figure 14. 
A schematic representation of the proposed regulatory cycle of the activation of DDX19 by 

the NPC. DDX19 resides in an autoinhibited conformation. Gle1 binding to the DDX19 

CTD results in conformational rearrangements in the CTD that destabilize the autoinhibited 

conformation (1). Nup214 binding may promote a more open conformation of DDX19 and 

complete release from autoinhibition (2). Nucleotide exchange may be promoted while 

DDX19 is in a more open conformation (3). DDX19 is able to adopt the autoinhibited 

conformation in both ATP- and ADP-bound states and may cycle between the autoinhibited 

and closed conformations (4). Upon binding RNA, DDX19 adopts a closed, catalytically 

active state and structural rearrangements are incompatible with Gle1 binding (5). ATP 

hydrolysis causes release of bound RNA and recycling of DDX19 to the beginning of the 

cycle (6). Figure adapted from Reference 177. Abbreviations: 42, Nup42; CTD, C-terminal 

domain; NPC, nuclear pore complex; NTD, N-terminal domain; ATP, adenosine 

triphosphate; ADP, adenosine diphosphate.
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Figure 15. 
Structures of the interactions between the NPC and nucleocytoplasmic transport machinery. 

(a) Crystal structure of Karyopherin-β bound to an FG repeat from scNup116 (PDB 1O6P) 

(233). (b) Crystal structure of scKaryopherin-β bound to an FG repeat from scNup1 (PDB 

5OWU) (240). (c) Crm1–Ran(GTP)–Snurportin-1 complex bound to several FG repeats 

from Nup214 (PDB 5DIS) (237). (d) Crystal structure of the Nxf1 UBA domain bound to 

the synthetic FG peptide (PDB 1OAI) (243). (e) Crystal structure of scNTF2 bound to a 

synthetic FG peptide (PDB 1GYB) (241). (f) Crystal structure of the Nxf1–Nxt1 complex 
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bound to a FG repeat from Nup214 (PDB 1JN5) (244). (g) Crystal structure of scKap121 

bound to an NLS-like peptide from scNup53 (PDB 3W3Y) (245). (h) Crystal structure of 

mmKaryopherin-α1 bound to the NLS from rnPom121 (PDB 4YI0) (246). (i) Crystal 

structure Karyopherin-α5 bound to the NLS-like sequence from Nup50 (PDB 3TJ3) (297). 

(j) Crystal structure of the rnNup153 ZnF domain bound to Ran(GDP) (PDB 3GJ3) (224). 

(k) Crystal structure of the Nup358 RanBD1 bound to Ran(GTP) (PDB 1RRP) (214). (l) 
Crystal structure of the Nup358–UBC9–RanGAP*SUMO-1 complex (PDB 1Z5S) (215). 

(m) Crystal structure of the scSac3–scSus1–scCdc31 TREX-2 complex bound to an FG-like 

sequence from scNup1 (PDB 4MBE) (258). Abbreviations: NLS, nuclear localization signal; 

NPC, nuclear pore complex; PDB, Protein Data Bank; RanBD, Ran-binding domain; UBA, 

ubiquitin-associated; ZnF, zinc finger.
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Figure 16. 
Structures of interactions between the NPC and viral factors. Crystal structures of the 

Nup358–HIV-1 CA protein complex (PDB 4LQW), Rae1–Nup98 GLEBS–VSV M protein 

complex (PDB 4OWR), and Nup153–HIV-1 CA protein complex (PDB 4U0C) are shown in 

ribbon representation (176, 288, 290). Abbreviations: CA, capsid protein; CTD, C-terminal 

Domain; GLEBS, Gle2-binding sequence; NPC, nuclear pore complex; PDB, Protein Data 

Bank; VSV, vesicular stomatitis virus.
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