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Abstract

The cytoplasmic filament nucleoporins of the nuclear pore complex (NPC) are critically involved 

in nuclear export and remodeling of mRNA ribonucleoprotein particles and are associated with 

various human malignancies. Here, we report the crystal structure of the Nup98 C-terminal 

autoproteolytic domain, frequently missing from leukemogenic forms of the protein, in complex 

with the N-terminal domain of Nup82 and the C-terminal tail fragment of Nup159. The Nup82 β 

propeller serves as a non-cooperative binding platform for both binding partners. Interaction of 

Nup98 with Nup82 occurs through a reciprocal exchange of loop structures. Strikingly, the same 

Nup98 groove promiscuously interacts with Nup82 and Nup96 in a mutually excusive fashion. 

Simultaneous disruption of both Nup82 interactions in yeast causes severe defects in mRNA 

export, while the severing of a single interaction is tolerated. Thus, the cytoplasmic filament 

network of the NPC is robust, consistent with its essential function in nucleocytoplasmic transport.
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Introduction

In eukaryotic cells, the spatial segregation of transcription in the nucleus and translation in 

the cytoplasm imposes the requirement of transporting thousands of macromolecules 

between these two cellular compartments. Nuclear pore complexes (NPCs) are the sole 

gateways that mediate this macromolecular exchange, harnessing soluble transport 

receptors.1–4 After transcription and splicing in the nucleus, mRNA is packaged into mRNA 

ribonucleoprotein particles (mRNPs), which are then exported through NPCs. Subsequently, 

mRNPs are remodeled at the cytoplasmic face of the NPC in preparation for translation.5–8
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The NPC features a doughnut-shaped symmetric core with a central transport channel that is 

asymmetrically decorated by a “nuclear basket” structure and cytoplasmic filaments.4 

Biochemical and genetic analyses have established that NPCs are composed of an 

evolutionarily conserved set of ~30 distinct proteins, collectively termed nucleoporins 

(nups), that each occur in multiple copies. Computational approaches have revealed that 

nups primarily consist of α-helical regions, β propellers, and unstructured phenylalanine-

glycine (FG) repeats.4,9 The FG repeats were identified as docking sites for a collection of 

various transport factors, which in turn recognize signal sequences on cargo substrates for 

nuclear import and export.1,4,10 Besides serving as tentacles to ensnare transport factor-

substrate complexes, these unstructured regions also generate a diffusion barrier to separate 

the cytoplasm from the nuclear compartment.1,4

In vertebrates, the cytoplasmic filaments are primarily composed of three proteins: Nup88, 

Nup214, and Nup358.4 Nup88 and Nup214 share similar domain organizations with an N-

terminal β propeller and a C-terminal α-helical region. In addition, Nup214 contains an 

extensive unstructured FG repeat region following its α-helical domain. The cytoplasmic 

filaments bind various mRNA export factors that are critical for mRNP remodeling events. 

These include the DEAD-box helicase Ddx19 that interacts directly with Nup214 and its 

ATPase-activating protein Gle1,11–17 as well as Nup98, a proto-oncogene that has been 

identified in numerous leukemogenic fusions with a variety of partner genes.18,19 Together, 

the cytoplasmic filament nups and their associated mRNA export factors form an interaction 

network that orchestrates the remodeling of mRNPs at the cytoplasmic face of the NPC prior 

to translation (Fig. 1a).

The Nup98 polypeptide chain encodes one structured domain at its C-terminal end, which 

possesses autoproteolytic activity and mediates the evolutionarily conserved, co-

translational cleavage of a larger Nup98-Nup96 precursor polypeptide chain or an 

alternatively spliced Nup98 variant.20–22 In addition, the autoproteolytic domain of Nup98 is 

critical for NPC targeting,22 a feature that is lost in leukemogenic forms of the protein and 

that is therefore believed to play a role in cellular transformation.18,23–25 The remaining 

unstructured ~700 residue N-terminal part of Nup98 contains numerous GLFG repeats, a 

variant of the more abundant FG repeats, and the Gle2-binding sequence (GLEBS) that 

serve as docking sites for the mRNA export factors p15•TAP and Rae1, respectively.26–32 

The C-terminal cleavage product of the Nup98-Nup96 precursor, Nup96, tightly associates 

with Sec13.33 The resulting heterodimeric nucleoporin pair forms the centerpiece of an 

evolutionarily conserved heptameric complex that is an essential architectural component of 

the outermost cylinder of the symmetric NPC core.34–37 Although the N- and C-terminal 

parts of the Nup98-Nup96 precursor protein remain noncovalently associated in vitro, the 

proteolytic cleavage is critical for the proper incorporation of the two nucleoporins in the 

NPC.21

The mammalian Nup98-Nup96 homolog in S. cerevisiae is Nup145, which gives rise to 

Nup145N and Nup145C after autoproteolytic cleavage.20 The N-terminal cleavage product, 

Nup145N, has an identical domain organization as Nup98 and only differs in the absence of 

the GLEBS motif.4 Instead, the yeast genome uniquely encodes two additional GLFG 

nucleoporins, Nup116 and Nup100, with Nup116 containing a GLEBS motif.4,38,39 In vivo 
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analysis of the three GLFG nucleoporins of S. cerevisiae has revealed that while the 

knockout of Nup145 is lethal, the deletion of Nup116 and Nup100 only yield mild 

phenotypes, respectively.38,39

In order to gain deeper insight into the interaction network of the cytoplasmic filaments and 

to determine how Nup98 is anchored to the NPC, we assembled a heterotrimeric complex, 

composed of a large N-terminal fragment of the yeast homolog of Nup88, Nup82, a C-

terminal tail region of the yeast homolog of Nup214, Nup159, and the autoproteolytic 

domain of mouse Nup98, and determined its crystal structure. Strikingly, the structure 

reveals that the substrate-binding groove of the Nup98 autoproteolytic domain 

promiscuously interacts with a protruding loop of the N-terminal domain of Nup82. By 

structure-guided site-directed mutagenesis, we identified hot-spot residues that sever the 

interactions in the heterotrimer and established their evolutionary conservation in the 

mammalian Nup98•Nup88 complex. Furthermore, we demonstrate biochemically that the 

promiscuous binding properties of the Nup98 autoproteolytic domain are evolutionarily 

conserved and that the three yeast GLFG nucleoporins are functionally divergent. In vivo, 

we show that a severe mRNA export defect only occurs when both interactions in the 

heterotrimer are disrupted simultaneously, demonstrating the robust nature of the 

cytoplasmic filament interaction network.

Results

Biochemical characterization

To elucidate the domain organization of human Nup88, we performed secondary structure 

predictions and sequence conservation analyses and determined the approximate domain 

boundaries of two structurally distinct regions separated by an unstructured linker. Based on 

these results, a series of expression constructs for the N-terminal all-β-sheet region were 

generated (Fig. 1b). We identified a stable fragment composed of residues 1–493, which we 

termed the Nup88 N-terminal domain (NTD) that exists as a monomer in solution, as 

determined by multi-angle light scattering coupled to size exclusion chromatography (Fig. 

1b, c). Previously, a larger N-terminal fragment of human Nup88 (residues 1–584) was 

shown to interact with the C-terminal half of human Nup98 (residues 506–920) in pull-down 

experiments,19 providing a candidate for a binding partner of hNup88NTD. Moreover, the 

crystal structure of the autoproteolytic domain (APD) of hNup98 has already been 

determined.22 Indeed, we were able to form a stable 1:1 complex between hNup88NTD and 

mouse Nup98APD (residues 732–880; mNup98APD) with a measured molecular mass of 69.9 

kDa (calculated 72.9 kDa) (Fig. 1d). Extensive efforts failed to yield crystals for both 

hNup88NTD and the mNup98APD•hNup88NTD nucleoporin pair. Therefore, we screened 

complexes for crystal formation in which components of the mammalian 

mNup98APD•hNup88NTD heterodimer were replaced with homologous fragments from other 

species. We obtained stable complexes between the C-terminal domains of several Nup98 

homologs and hNup88NTD or the corresponding region of its yeast homolog Nup82 

(residues 1–452; yNup82NTD). In addition, we previously established that yNup82NTD 

forms a stable heterodimer with a 36-residue C-terminal tail fragment of yNup159 (residues 

1425–1460; yNup159T).40 We assembled a stable chimeric heterotrimer with 1:1:1 
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stoichiometry and measured a molecular mass of 68.8 kDa (calculated 72.7 kDa) between 

mNup98APD and the yNup82NTD•yNup159T pair that was successful in crystallization 

attempts (Fig. 1d).

Crystal structure determination

Crystals of the ~70 kDa chimeric mNup98APD•yNup82NTD•yNup159T complex appeared in 

the monoclinic space group P21 with three heterotrimers in the asymmetric unit (Fig. S1). 

The structure was refined to a 3.4 Å resolution with Rwork and Rfree values of 24.9% and 

28.5%, respectively. The final model contains residues 2–452 of yNup82NTD, residues 734–

880 of mNup98APD, and residues 1432–1458 of yNup159T. No electron density was 

observed for the 9 N-terminal and 2 C-terminal residues of yNup159T and the 2 N-terminal 

residues of mNup98APD. These residues are presumed to be disordered and, therefore, were 

omitted from the final model. For details of the data collection and refinement statistics, see 

Table 1. The three complexes in the asymmetric unit align with a root mean square deviation 

(RMSD) of ~0.5 Å, suggesting limited conformational flexibility of the heterotrimer. Based 

on the monomeric state of this complex in solution, we will focus the structural analysis on 

the mNup98APD•yNup82NTD•yNup159T heterotrimer.

Architectural overview

The polypeptide chain of yNup82NTD folds into a seven-bladed β propeller that deviates 

from the canonical fold by several helical insertions, long loops, and lack of a typical Velcro 

closure (Fig. 2). The “top” face of the disc-shaped β propeller harbors an extended loop that 

contributes to a bipartite interface with mNup98APD. In turn, mNup98APD features a 

protruding loop that contributes an essential salt bridge to the interface. mNup98APD folds 

into a central β sandwich flanked at each end by an α helix. The yNup159T fragment forms 

an amphipathic α helix that is snugly cradled between two α-helical insertions and the β 

strands of blade 5 at the lower edge of the Nup82 β propeller. Although mNup98APD and 

yNup159T bind to yNup82NTD in close vicinity, there are no direct contacts between them. 

Thus, yNup82NTD serves as an adapter protein that links the other two nucleoporins.

Nup82 N-terminal domain

The seven-bladed yNup82 β propeller is lacking the canonical Velcro closure that typically 

intertwines blade 1 and 7 by providing a fourth β strand to the terminal seventh blade.41 

Instead, a 22-residue N-terminal extension contains a short segment (residues 7–13) that 

holds blades 1 and 7 together by forming numerous hydrophobic contacts and hydrogen 

bonds with both blades. This N-terminal extension is tethered to the core of the β propeller 

via a flexible linker (Fig. 2). Moreover, the yNup82NTD propeller scaffold features three 

important decorations: the 16-residue 3D4A loop and the 70- and 26-residue insertions in 

the 4CD and 6CD loops, respectively (Fig. 2c). The two insertions form hairpins that are 

composed of the antiparallel αB and αC helices (4CD) and a helix-loop motif (6CD). These 

non-canonical additions are critically involved in interactions with mNup98APD and 

yNup159T. Finally, the 4D5A loop contains the αD helix and the short β strand 5E, which 

contributes an extra strand to blade 5.
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mNup98 autoproteolytic domain

mNup98APD adopts a β sandwich that is complemented by the α helices αA and αB at both 

ends, as previously described for the autoproteolytic domain of its human homolog(Fig. 

3).22 One of the two β sheets is formed by six antiparallel β strands, while the opposing β 

sheet contains only two antiparallel β strands, resulting in a groove on the molecular surface 

between helix αB and strand β5. In the structure of the hNup98APD•hNup986kD complex, 

this groove facilitates the autoproteolytic cleavage of the Nup98-Nup96 precursor protein or 

of an alternatively spliced Nup98 variant that contains a C-terminal 6kDa fragment instead 

of Nup96 (Fig. 3).22 Cleavage is achieved by binding and orienting an extended segment 

containing the sequence HF↓SKYGL, with the autoproteolytic cleavage site indicated by the 

arrow.22,42 Strikingly, in the mNup98APD•yNup82NTD•yNup159T heterotrimer, the 

mNup98APD groove is utilized for binding the 3D4A loop of yNup82NTD, recognizing a 

FGL segment at the tip of the loop that closely resembles the corresponding YGL motif of 

hNup986kDa (Fig. 2). By forming three hydrogen bonds with the backbone of strand β5, the 

FGL motif complements the two-stranded β sheet with a short additional β strand. We refer 

to the 3D4A loop as the “FGL loop” in the following text. A comparison of mNup98APD 

with the previously determined structure of hNup98APD•hNup986kDa reveals limited 

conformational flexibility of the autoproteolytic domain, as illustrated by an RMSD of ~0.8 

Å (Fig. 3).

mNup98APD-Nup82NTD interface

mNup98APD intimately interacts with yNup82NTD via a large rugged interface. Although the 

buried surface area is continuous on both interaction partners, the interface is dominated by 

long loops protruding from both mNup98APD and yNup82NTD into recessed areas on the 

respective partner (Fig. 4a, b and S2a, b). Therefore, the interface is bipartite and the 

interaction can be described as a “reciprocal hook” (Fig. 2c). Interaction site I is formed by 

the extended yNup82NTD FGL loop at the top face of the β propeller, which faithfully 

mimics the interaction of hNup986kDa with hNup98APD (Fig. 3, 4a). In interaction site II, the 

β6-αB connector and helix αB of mNup98APD contact the 4BC loop, helix αD, and strand 

5E of yNup82NTD (Fig. 4b). The salient feature of this interaction is a salt bridge between 

K831 of mNup98APD at the tip of the β6-αB connector, the “K loop”, and D204 of 

yNup82NTD at the bottom of an otherwise hydrophobic “D pocket”. This electrostatic 

interaction is reinforced by a hydrophobic bracelet formed by I287, F290, and Y295 around 

the apolar base of the side chain of K831 (Fig. 4b). Altogether, the interaction between the 

two proteins covers ~2,200 Å2 of buried surface area and involves 26 and 25 residues of 

yNup82NTD and mNup98APD, respectively (Fig. S3 and S4a).

yNup82NTD-yNup159T interface

The central 22 residues of yNup159T form a well-defined straight amphipathic α helix that 

binds in a yNup82NTD surface groove (Fig. 4c and S2c). The N-terminal half of the 

yNup159T helix contacts helix αB of the 4CD hairpin at the bottom of the yNup82NTD β 

propeller, whereas the C-terminal half is clamped between the exposed β strands of blade 5 

(5C, 5D, and 5E) and the 6CD hairpin (helix αE and αE–6D linker) at the side of the β 

propeller. The latter interaction is mediated by numerous hydrophobic contacts and 
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constitutes the major determinant for the interaction. Altogether, the interaction between the 

two proteins covers ~1,800 Å2 of buried surface area and involves 25 and 20 residues of 

yNup82NTD and yNup159T, respectively (Fig. S3 and S4b). The interface between 

yNup159T and yNup82NTD is of comparable size with respect to that between yNup82NTD 

and mNup98APD, but of higher shape complementarity (Sc parameter of 0.72 vs. 0.56).

Evolutionary conservation

In order to identify key residues for the interaction of yNup82NTD with mNup98APD and 

yNup159T and to assess the evolutionary conservation of interactions within the 

heterotrimeric complex, we employed structure-guided mutagenesis and probed the resulting 

mutants for complex formation by size exclusion chromatography. All generated mutants 

were indistinguishable from their respective wild-type proteins in their behavior on a gel 

filtration column, demonstrating proper folding. Experiments with yNup159T were 

performed with an N-terminally SUMO-labeled version to enable spectrophotometric 

detection of the protein.

To test the interaction between yNup82NTD and mNup98APD, we generated three 

yNup82NTD mutants: (1) an interaction site I mutant in which the entire FGL loop (residues 

172–176; yNup82ΔFGL) was removed, (2) an interaction site II mutant in which three 

residues of the D pocket were mutated to alanine (D204A, F290A, and Y295A; 

yNup82DFY), and (3) the combination of both mutations (yNup82ΔFGL+DFY) (Fig. 5). We 

found that yNup82ΔFGL alone had no detectable effect, while yNup82DFY and 

yNup82ΔFGL+DFY abrogated mNup98APD binding. These analyses established site II as the 

major determinant of the mNup98APD-yNup82NTD interaction. We therefore explored site II 

in more detail by mutating the invariant K loop K831 of mNup98APD to alanine and found 

this residue to be essential for complex formation, in agreement with its prominent role in 

forming a salt bridge with D204 of yNup82NTD (Fig. 5b). To abolish the interaction between 

yNup82NTD and yNup159T, we generated a yNup82NTD mutant in which five residues of 

the 6CD loop were mutated to alanine (L393A, I397A, L402A, L405A, and F410A; 

yNup82LILLF), as previously described.40

When the yNup82ΔFGL+DFY and yNup82LILLF mutations are combined in the 

yNup82ΔFGL+DFY+LILLF mutant, the interactions with both yNup159T and mNup98APD are 

disrupted (Fig. 5b). Notably, the yNup82NTD-yNup159T and yNup82NTD-mNup98APD 

interactions are unaffected by the yNup82ΔFGL+DFY and Nup82LILLF mutants, respectively. 

Taken together, these data confirm that yNup82NTD binds to mNup98APD and yNup159T in 

a non-cooperative manner, thus serving as an inert binding platform for both proteins.

To test whether the interactions visualized in the chimeric 

mNup98APD•yNup82NTD•yNup159T heterotrimer structure reflect the interactions in the 

human complex, we probed the K loop hot-spot mutation of mNup98APD (K831A) for its 

ability to form a complex with hNup88NTD. Indeed the introduction of the mNup98APD K 

loop mutation dramatically weakens the interaction with hNup88NTD, demonstrating that the 

K loop-D pocket interaction is evolutionarily conserved (Fig. 5b). While a primary sequence 

alignment reveals that the K loop lysine of hNup98APD is invariant from yeast to human, 

significant sequence deviation precludes a meaningful alignment of yNup82NTD and 
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yNup159T to their human homologs, hNup88 and hNup214 (Fig. S3 and S4). This 

evolutionary divergence prohibits structure-guided mutagenesis of these proteins and 

hampers the identification of the corresponding D pocket residues of hNup88NTD. However, 

we tested whether the corresponding C-terminal domains of the yeast GLFG nucleoporins, 

yNup100CTD, yNup116CTD, and yNup145NAPD, are capable of forming chimeric 

complexes with hNup88NTD. Surprisingly, while mNup98APD interacts with yNup82NTD, 

the three yeast GFLG nucleoporins failed to yield detectable chimeric complexes with 

hNup88NTD (Fig. 5B and 7). These findings are in concordance with our present and 

previous structural data.40 While mNup98APD and yNup116CTD bind to overlapping surface 

areas of yNup82NTD, the different surface morphologies and properties between the two 

classes of C-terminal domains result in completely different interfaces and binding affinities 

with yNup82NTD, which underlie their functional divergence.

Alternative interactions

Previous studies have established that hNup98APD remains associated with hNup96 or the 

alternatively spliced hNup986kDa fragment after proteolytic cleavage.21,22 Our structural 

analysis of the mNup98APD•yNup82NTD•yNup159T heterotrimer now reveals that the 

mNup98APD substrate-binding groove also mediates the interaction with the FGL loop of 

the yNup82NTD β-propeller. To determine whether the promiscuous interaction of 

mNup98APD with yNup82NTD•yNup159T is recapitulated in the human complex, we tested 

whether hNup88NTD is capable of severing the hNup98APD•hNup986kDa heterodimer. 

Indeed, a size exclusion chromatography analysis reveals that hNup98APD forms mutually 

exclusive complexes with hNup88NTD and hNup986kDa (Fig. 6a). To test whether these 

promiscuous interactions are evolutionarily conserved in the yeast system, we first 

determined if the autoproteolytic domain of the yeast homolog of hNup98, yNup145N, 

forms a stable complex with the ySec13•yNup145C nucleoporin pair. Indeed, a stable 

yNup145NAPD•ySec13•yNup145C heterotrimer can be assembled (Fig. 7a). As was the case 

for the human complex, yNup145NAPD interacts with ySec13•yNup145C and 

yNup82NTD•yNup159T in a mutually exclusive fashion, as indicated by the dissociation of 

the yNup145NAPD•yNup82NTD•yNup159T heterotrimer when mixed with the 

ySec13•yNup145C nucleoporin pair (Fig. 6b). Accordingly, the yNup82NTD•yNup159T pair 

is incapable of disrupting the yNup145NAPD•yNup145C•ySec13 heterotrimer under the 

conditions tested, suggesting that yNup145NAPD binds with higher affinity to 

ySec13•yNup145C (Fig. 6b). Finally, we tested if the non-catalytic C-terminal domains of 

the two other GLFG nucleoporins of S. cerevisiae, yNup100 and yNup116, also 

promiscuously interact with ySec13•yNup145C and yNup82NTD•yNup159T. Strikingly, 

while the C-terminal domains of both proteins were capable of forming stable complexes 

with yNup82NTD (Fig. 5b), they failed to interact with ySec13•yNup145C (Fig. 7b, c).

Taken together, these data establish that the promiscuous binding events of hNup98APD are 

evolutionarily conserved and are in agreement with our structural analysis (Fig. 3). 

Moreover, while Nup98 is the only GLFG nucleoporin in vertebrates our biochemical data 

establish that the three GLFG nucleoporins of S. cerevisiae are functionally distinct and that 

only yNup145NAPD is capable of forming two alternative complexes by utilizing the 

catalytic groove as a promiscuous binding site. These data suggest that yNup100CTD and 

Stuwe et al. Page 7

J Mol Biol. Author manuscript; available in PMC 2014 November 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



yNup116CTD remain exclusively associated with yNup82NTD•yNup159T, while 

yNup145NAPD is capable of changing binding partners. Further analyses are required to 

determine the functional role of these promiscuous binding events in the context of the 

assembled NPC.

In vivo analysis

Previous studies in yeast have established lethality of the yNup82 deletion, as well as a 

severe mRNA export defect of yNup82 mutant strains, which is accompanied by 

mislocalization of yNup82.43,44 In the heterotrimer, yNup82NTD serves as an adapter protein 

that mediates non-cooperative binding to mNup98APD or the three yeast LFG nucleoporins, 

as well as yNup159T. To investigate the physiological relevance of the yNup82-mediated 

interactions in vivo, we analyzed growth and mRNA export in yNup82-deficient S. 

cerevisiae strains reconstituted with GFP-tagged yNup82 variants (Fig. 8a).

The complete removal of the N-terminal domain of yNup82, yNup82ΔNTD, yields a 

temperature-sensitive phenotype in which cells display severe growth retardation at 37 °C. 

This growth defect is accompanied by a loss of yNup82 from the nuclear rim and a massive 

mRNA export defect. Nuclear retention of poly(A) mRNA, as determined by fluorescence in 

situ hybridization (FISH) using an Alexa647-labeled oligo dT50 probe, is observed in 75 % 

of the cells (Fig. 8b–d). Disruption of either the mNup98APD or yNup159T binding sites in 

yNup82 ΔFGL+DFY or LILLF, respectively, does not impair cell growth, in line with 

minimal effects on yNup82 targeting to the nuclear envelope and mRNA export (ΔFGL

+DFY 5 %; LILLF 12 %). However, the combination of both sets of mutations in a ΔFGL

+DFY+LILLF Nup82 variant results in a phenotype resembling complete yNup82ΔNTD 

abrogation with respect to cell growth, Nup82 localization and mRNA export (Fig. 8b–d). 

These data strongly suggest that yNup82NTD plays a critical role in mRNA export by 

mediating the simultaneous association with yNup159 and one of the three yeast GLFG 

nucleoporins, yNup100, yNup116, and yNup145N.

Discussion

The cytoplasmic filaments of the NPC play an indispensable role in the export and 

unpackaging of mRNPs, a prerequisite aspect of the central dogma of molecular biology in 

eukaryotes due to the spatial segregation of transcription in the nucleus and translation in the 

cytoplasm. In humans, alterations of the human cytoplasmic filament nucleoporins Nup98, 

Nup88, and Nup214 are associated with a number of malignancies, but a mechanism linking 

modified mRNA export to cellular transformation has yet to be identified. In an effort to 

shed light on the workings of the mRNA export nucleoporins under normal and disease 

conditions, we determined the core structure of the chimeric Nup98•Nup82•Nup159 

heterotrimer, which contains the proto-oncoprotein Nup98 and the yeast homologs of Nup88 

and Nup214.

A recurring theme of the structural characterization of the NPC is the uncovering of 

promiscuous and mutually exclusive binding events that have been proposed to be important 

aspects of the architecture and function of the NPC.4,11,13,45–48 Our analyses here reveal that 

the autoproteolytic domain of Nup98 is also capable of forming mutually exclusive 
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complexes with two different nucleoporins, one with the N-terminal region of the coat 

nucleoporin Nup96 and another with the N-terminal domain of the cytoplasmic filament 

nucleoporin Nup88. While the human genome only encodes one GLFG nucleoporin, Nup98, 

the yeast S. cerevisiae has three GLFG nucleoporins, Nup100, Nup116, and Nup145N. Of 

these three yeast proteins only Nup145N is synthesized as a larger precursor protein that 

undergoes post-translational autoproteolysis, identical to Nup98. We have now 

demonstrated that the three yeast GLFG nucleoporins are functionally distinct. While the 

autoproteolytic domain of Nup145N is capable of forming two mutually exclusive 

alternative interactions with both Nup82 and Nup145C, as we show for Nup98, the 

corresponding catalytically inactive C-terminal domains of Nup100 and Nup116 only form a 

complex with Nup82. This important functional difference provides an explanation for the 

different phenotypes that are associated with the individual deletions of these proteins from 

the yeast genome.39,49 Future experiments are required to determine in more detail how this 

observed nucleoporin interaction promiscuity is involved in NPC function. However, the 

competition and exchange of the three GLFG nucleoporins at the cytoplasmic face of the 

NPC are expected to be mechanistically important in the mRNA export pathway.

In yeast, the N-terminal domain of Nup82 functions as a key binding platform in the 

cytoplasmic filament network (Fig. 9). The disruption of only one Nup82 interaction 

surface, either with Nup159 or with the three GLFG nucleoporins, including the hNup98 

homolog Nup145N, can be tolerated by the cytoplasmic filament network, demonstrating its 

robust nature. However, the simultaneous disruption of both interactions results in a severe 

mRNA export defect accompanied by a loss of Nup82 from the nuclear envelope, 

comparable to the deletion of the entire Nup82 N-terminal domain. These findings 

rationalize previous difficulties in elucidating the underlying mechanism of mRNA export 

defects associated with Nup82 mutants and emphasize the importance of structural 

knowledge at atomic resolution for a detailed functional analysis of the NPC.43,44,50

Together with the previously determined structures of the cytoplasmic filament nucleoporins 

and their association with the mRNA export machinery, our present study advances the 

structural characterization of the cytoplasmic filament interaction network of the human 

NPC.

Materials and Methods

Bacterial expression constructs

For bacterial expression in E. coli, DNA fragments of S. cerevisiae Nup82, Nup159, 

Nup100, Nup145N, Nup116, Nup145C and Sec13, H. sapiens Nup88 and Nup98, and M. 

musculus Nup98 were amplified by PCR and cloned into the vectors pET-Duet-1 

(Novagen), pET24b (Novagen), pET28a that was modified to contain an N-terminal 

PreScission protease cleavable hexahistidine-tag, and pET28b that was modified to contain 

an N-terminal hexahistidine-SUMO tag.51,52 Point mutants were generated by QuikChange 

site-directed mutagenesis (Stratagene) and confirmed by DNA sequencing. Details of the 

bacterial expression constructs are listed in Table S1.
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Protein expression, purification, and complex preparation

All proteins were expressed in E. coli BL21-CodonPlus(DE3)-RIL cells (Stratagene) that 

were grown in LB media containing appropriate antibiotics. Protein expression was induced 

at OD600 of ~0.7 with 0.5 mM isopropyl-β-D-thiogalactoside at 18 °C for 14 hours. The 

cells were harvested by centrifugation and lysed with a cell disruptor (Avestin) in a buffer 

containing 20 mM TRIS, pH 8.0, 500 mM NaCl, 5 mM β-mercaptoethanol (β-ME), 0.5 mM 

phenylmethylsulfonyl fluoride (Sigma), 2 µM bovine lung aprotinin (Sigma), and complete 

EDTA-free protease inhibitor cocktail (Roche). After centrifugation at 40,000 × g for 60 

minutes, the cleared lysate was loaded onto a Ni-NTA column (Qiagen) and eluted via an 

imidazole gradient. Protein-containing fractions were pooled, dialysed using a buffer 

containing 20 mM TRIS, pH 8.0, 100 mM NaCl, and 5 mM dithiothreitol (DTT), and 

subjected to cleavage with PreScission protease (GE Healthcare) for 12 hours at 4 °C or 

Ulp1 protease for 3 hours at 21 °C. Following hexahistidine-tag or hexahistidine-SUMO-tag 

removal, the cleaved protein was concentrated, and purified over a HiLoad Superdex 200 

16/60 gel filtration column (GE Healthcare) in a buffer containing 20 mM TRIS, pH 8.0, 

100 mM NaCl, and 5 mM DTT. For formation of the mNup98APD•yNup82NTD•yNup159T 

heterotrimer, purified mNup98APD and the yNup82NTD•yNup159T pair were mixed in an 

approximate 1.5:1 molar ratio, incubated for 30 minutes on ice, and separated on a HiLoad 

Superdex 200 16/60 gel filtration column using a buffer containing 20 mM TRIS, pH 8.0, 

100 mM NaCl, and 5 mM DTT. The pure protein fractions were pooled, concentrated, and 

immediately used for further experiments.

Crystallization, data collection, structure determination, and refinement

Crystals of the mNup98APD•yNup82NTD•yNup159T heterotrimer were obtained at 4 °C by 

vapor diffusion in hanging drops using 2 µL of the protein complex (8 mg/mL) and 2 µL of a 

reservoir solution consisting of 18.5 % (w/v) PEG 3350 and 100 mM potassium thiocyanate 

(KSCN). Plate-shaped crystals grew to a maximum size of ~100 × 100 × 15 µm3 within two 

weeks. Crystals were cryoprotected in 19.0 % (w/v) PEG 3350, 100 mM KSCN, and 20 % 

(v/v) ethylene glycol and then flash-cooled in liquid nitrogen. X-ray diffraction data were 

collected at 100 K at beamline 12-2 at the Stanford Synchrotron Radiation Lightsource 

(SSRL). X-ray intensities were processed using XDS53 and the HKL2000 denzo/scalepack 

package,54 and the CCP4 package55 was used for subsequent calculations. The structure was 

solved by molecular replacement.56 A complete model was built with the programs O57 and 

COOT,58 and refined with CNS.59 The final model has good stereochemistry and spans 

residues 2–452 of yNup82, residues 734–880 of mNup98, and residues 1432–1458 of 

yNup159. The stereochemical quality of the model was assessed with PROCHECK60 and 

MolProbity.61 The MolProbity score is 3.08 (84th percentile). Details of the data collection 

and refinement statistics are summarized in Table 1. The atomic coordinates and structure 

factors have been deposited in the Protein Data Bank under accession code 3TKN.

Analytical size exclusion chromatography

Protein interaction experiments were carried out on a Superdex 200 10/300 GL gel filtration 

column (GE Healthcare) equilibrated in a buffer containing 20 mM TRIS, pH 8.0, 100 mM 

NaCl, and 5 mM DTT. Proteins were mixed at approximately equimolar ratios and 
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incubated for 30 minutes on ice. Complex formation was monitored by injection of the 

preincubated proteins and the individual components in isolation. All proteins were analyzed 

under the same buffer conditions, and complex formation was confirmed by SDS-PAGE of 

the protein-containing fractions, followed by Coomassie brilliant blue staining. All 

experiments were conducted using a yNup82NTD variant that carries a C396S mutation to 

reduce aggregation and a SUMO-yNup159T fusion to allow for spectrophotometric 

detection.

Multiangle light scattering

Purified proteins were characterized by multiangle light scattering following size exclusion 

chromatography.62 Protein at various concentrations (50–100 µM) was injected onto a 

Superdex 200 10/300 GL gel filtration chromatography column (GE Healthcare) 

equilibrated in a buffer containing 20 mM TRIS, pH 8.0, 100 mM NaCl, and 5 mM DTT. 

The chromatography system was connected in series with an 18-angle light scattering 

detector (DAWN HELEOS II, Wyatt Technology), a dynamic light scattering detector 

(DynaPro Nanostar, Wyatt Technology), and a refractive index detector (Optilab t-rEX, 

Wyatt Technology). Data was collected every 1 second at a flow rate of 0.5 mL/min at 25 

°C. Data analysis was carried out using the program ASTRA 6, yielding the molar mass and 

mass distribution (polydispersity) of the sample.

Yeast strains and in vivo analysis

The open reading frame of yNup82 in the S. cerevisiae haploid strain BY4741 was replaced 

with the kanMX6 cassette by homologous recombination. Due to the lethality of the yNup82 

knockout, the BY4741 strain was complemented with a pRS416-mCherry construct, 

carrying the Nop1 promoter and the full-length protein. Subsequently, pRS315-GFP 

constructs carrying various yNup82 variants were introduced. The pRS416-mCherry 

constructs were shuffled out using 5-fluoroorotic acid (5-FOA) (Zymo Research). The 

transformants were selected twice on SD-Leu plates containing 5-FOA to ensure the loss of 

the full-length yNup82 pRS416-mCherry construct prior to analysis. The details of the yeast 

expression constructs are listed in Table S1.

Yeast growth analysis, in vivo localization, and FISH mRNA export assay

The yeast strains carrying GFP-Nup82 variants were grown at 30 °C to mid-log phase in 

SD-Leu media and diluted to 10 million cells/mL. This stock was used to generate a 10-fold 

dilution series, of which 10 µL were spotted on SD-Leu plates and grown at 23 °C, 30 °C, 

and 37 °C for 2–3 days. For analysis at the restrictive temperature, cells were grown at 30 

°C until OD600 of ~0.4, subsequently the cells were shifted to 37 °C, and grown for another 

4 hours before analysis. For localization, live cells were analyzed with fluorescence 

microscopy, using a Carl Zeiss AxioImagerZ.1 equipped with an AxioCamMRm camera. 

The FISH experiments were carried out as previously described.63,64 Briefly, liquid cultures 

of yeast strains carrying GFP-Nup82 variants were grown at 30 °C until OD600 of ~0.4, 

shifted to 37 °C, grown for another 4 hours, followed by formaldehyde fixing, and analysis 

by FISH using an Alexa-647-labeled 50-mer oligo dT probe (Integrated DNA 
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Technologies). The statistical analysis was carried out using four independent images per 

strain.

Illustration and figures

The sequence alignments were generated using ClustalX65 and colored with Alscript.66 

Figures were generated using PyMOL (www.pymol.org) and the electrostatic potential was 

calculated with APBS.67

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Assembly and crystal structure of a heterotrimeric Nup98 NPC anchoring 

complex

2. Site-directed mutagenesis establishes evolutionary conservation of interfaces

3. Cytoplasmic filaments of the NPC form a robust protein-protein interaction 

network

4. Simultaneous disruption of both Nup82 interactions yields a severe mRNA 

export defect
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Fig. 1. Biochemical analysis of mammalian and chimeric Nup98 assemblies
(a) Schematic architecture of the NPC (left panel). The cylindrical symmetric core (orange) 

is decorated with cytoplasmic filaments (cyan) and a nuclear basket (magenta) and anchored 

in the nuclear envelope by integral pore membrane proteins (POMs, green). Natively 

unfolded FG repeats of a number of nups make up the transport barrier in the central channel 

and are indicated by a transparent plug. Schematic diagram of the cytoplasmic filament 

interaction network of the yeast and human NPC (right panel) as discussed in the text. (b) 

Domain organization of human Nup88 and the yeast homolog Nup82, mouse Nup98, and 
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yeast Nup159. For hNup88 and yNup82, the N-terminal domain (NTD, blue) and the C-

terminal α-helical domain (dark gray) are indicated. For mNup98, GLFG repeat regions 

(gray), the Gle2-binding sequence (GLEBS, dark gray), the unstructured region (gray), the 

autoproteolytic and NPC-targeting domain (APD, green), and the C-terminal extension 

(termed 6kDa fragment in the human protein) (gray) are indicated. For Nup159, the NTD 

(dark gray), the FG repeat region (gray), the unstructured region (gray), the dynein light 

chain interacting domain (DID, dark gray), the C-terminal α-helical region (dark gray), and 

the tail region (T, red) are indicated. The blue bar represents the domain boundaries of the 

human Nup88 N-terminal domain used for interaction studies. The black bars above the 

domain structures denote the crystallized fragments. (c) Multi-angle light scattering (MALS) 

analysis of the mammalian mNup98APD•hNup88NTD heterodimer. The differential 

refractive indices of mNup98APD (red), hNup88NTD (blue), and mNup98APD•hNup88NTD 

(green) are plotted against the elution volumes from a Superdex 200 10/300 GL gel filtration 

column (GE Healthcare) and are overlaid with the determined molecular masses for the 

selected peaks. (d) MALS analysis of the chimeric mNup98APD•yNup82NTD•yNup159T 

heterotrimer. The differential refractive indices of mNup98APD (red), 

yNup82NTD•yNup159T (blue), and mNup98APD•yNup82NTD•yNup159T (green) are plotted 

against the elution volumes from a Superdex 200 10/300 GL gel filtration column (GE 

Healthcare) and are overlaid with the determined molecular masses for the selected peaks.
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Fig. 2. Structural overview of the heterotrimer
(a) Cartoon representation of the mNup98APD•yNup82NTD•yNup159T complex, showing 

the yNup82NTD in blue with various non-canonical insertions highlighted in yellow (3D4A 

or FGL loop), gray (4CD), and orange (6CD). The mNup98APD is displayed in green with 

the β6-αB connector (K loop) colored in magenta. yNup159T is shown in red. A 180° 

rotated view is shown on the right. (b) Cartoon representation of mNup98APD• 

yNup82NTD•yNup159T, rotated by 90° with respect to panel A, left panel. The seven blades 

of the β propeller are numbered. (c) Schematic representation of the architectures of the 

three domains in the mNup98APD•yNup82NTD•yNup159T heterotrimer and their interaction. 

Prominent insertions and secondary structure elements are labeled. The asterisk denotes the 

N-terminal region that links blades 1 and 7.
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Fig. 3. Structural comparison of Nup98 complexes
Superposition of mNup98APD•yNup82NTD and hNup98APD•hNup986kDa complexes. For 

clarity, only the FGL loop of yNup82NTD is shown (stick representation). The FGL loop and 

the corresponding YGL segment of hNup986kDa bind to overlapping sites on Nup98APD as 

shown on the right.
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Fig. 4. Interfaces in the heterotrimer
(a) Detailed view of the interaction of the extended yNup82NTD FGL loop (yellow) that 

binds to the hydrophobic catalytic groove of mNup98APD between helix αB and strand β5. 

(b) Close-up view of the interaction between the tip of the mNup98APD K loop and its 

association with the yNup82NTD D pocket. A key salt-bridge is formed between the K loop 

K831 and the D pocket D204. (c) Close-up view of the interaction between yNup159T and 

yNup82NTD. The Nup159T binds to a hydrophobic groove in yNup82NTD β propeller that is 

formed by the non-canonical 4CD and 6CD insertions and blade 5. As a reference, ribbon 
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representations of the heterotrimer are shown in the left panels. The black insets correspond 

to the magnified regions seen in the right panels.
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Fig. 5. Biochemical analysis of the interactions in the heterotrimer
(a) Surface rendition of yNup82NTD. The mNup98APD and Nup159T binding sites are 

colored in green and red, respectively. The positions of the DFY and the ΔFGL loop 

mutations that disrupt mNup98APD binding, and of the LILLF mutation that abolishes the 

yNup159T interaction are indicated in yellow and orange, respectively. As a reference, the 

ribbon representation of the heterotrimer is shown on the left. (b) Interaction table 

summarizing the results of the mutational analysis. Binding is scored as wild-type (+), 
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intermediate (+/−), or no binding (−). Representative gel filtration profiles for the three 

scoring classes are illustrated in Fig. S5.
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Fig. 6. Evolutionary conservation of the binding promiscuity
(a) hNup98APD interacts with hNup986kDa fragment and hNup88NTD in a mutually 

exclusive manner. Purified hNup88NTD was mixed at approximately equimolar ratio with 

the hNup98APD•hNup986kDa nucleoporin pair and analyzed by size exclusion 

chromatography. The inset shows the displaced hNup986kDa fragment upon binding of 

hNup88NTD. Note that the extinction coefficient of hNup986kDa is very low, resulting in 

weak absorbance and a small peak. (b) yNup145NAPD interacts with ySec13•yNup145C and 

yNup82NTD•yNup159T in a mutually exclusive manner. Nucleoporin complexes were mixed 

at approximate equimolar ratios and analyzed by size exclusion chromatography. Note that 

the ySec13•yNup145C pair was used for this experiment, as yNup145C is insoluble in the 

absence of ySec13. Grey bars and colored lines designate the analyzed fractions. Molecular 

weight standards and the positions of the proteins are indicated.
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Fig. 7. The three GLFG nucleoporins of S. cerevisiae are functionally divergent
(a–c) Size exclusion chromatography interaction analysis of yNup145C•ySec13 with 

yNup145NAPD (a), with yNup116CTD (b) and with yNup100CTD (c). The analyzed proteins 

and complexes are indicated in each gel filtration profile. For analysis of complex formation, 

the ySec13•yNup145C heterodimer was mixed at approximately two-fold molar excess of 

yNup145NAPD, yNup116CTD, and yNup100CTD and injected onto a Superdex 200 10/300 

GL gel filtration column. Grey bars and colored lines designate the analyzed fractions. 

Molecular weight standards and the positions of the proteins are indicated.
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Fig. 8. In vivo analysis of Nup82 mutants in S. cerevisiae
(a) Domain structures of the N-terminally GFP-labeled yNup82 constructs. The positions of 

the ΔFGL, DFY and LILLF mutations are indicated by lines and colored according to Fig. 

5a. (b) Yeast growth analysis using a nup82Δ strain transformed with the indicated GFP-

yNup82 constructs. 10-fold serial dilutions were spotted on SD-Leu plates and grown for 2–

3 days at the indicated temperatures. (c) In vivo localization of GFP-yNup82 variants at 37 

°C visualized by fluorescence and differential interference contrast microscopy (DIC). (d) 

mRNA export assay of GFP-yNup82 variants. The detection of poly(A) mRNA and DNA 
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was carried out using an Alexa-647-labeled oligo dT50 FISH probe and DAPI stain, 

respectively. Representative images of wild-type GFP-yNup82 (top) and GFP-

yNup82ΔFGL+DFY+LILLF (bottom) complemented nup82Δ cells grown at 37 °C are shown 

(left panel). Quantitation of nuclear poly(A) mRNA retention is shown on the right. The 

percentages refer to the fraction of cells displaying a marked nuclear FISH staining. The 

error bars correspond to the standard deviations that are derived from four independent 

images. Each image contained approximately 1000 cells. The scale bar represents 5 µm.
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Fig. 9. Model for the cytoplasmic filament interaction network of the NPC
Schematic representation of the cytoplasmic filament network of the yeast (left panel) and 

human (right panel) NPC. Asterisks indicate nucleoporins that are involved in human 

malignancies (red) and acute necrotizing encephalopathy (black).
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Table 1

Crystallographic Analysis

native

Data collection

Synchrotron SSRLa

Beamline BL12-2

Space group P21

Cell dimensions

  a, b, c (Å) a=106.9, b=115.8, c=118.5

  α, β, γ (°) α=90.0, β=111.1, γ=90.0

Wavelength (Å) 1.0332

Resolution (Å)b 20.0–3.4 (3.52–3.4)

Rsym (%)b 12.8 (62.4)

<I / σI> b 12.7 (1.8)

Completeness (%)b 98.3 (96.2)

Redundancyb 6.4 (4.4)

Refinement

Resolution (Å) 20.0–3.4

No. reflections (total) 34,404

No. reflections (test set) 3,437 (9.3 %)

Rwork / Rfree (%) 24.9 / 28.5

No. of atoms

  Protein 15,024

B values

  Protein 113

R.m.s deviations

  Bond angles (°) 1.3

  Bond lengths (Å) 0.009

Ramachandran statisticsc

 Most favored (%) 72.4

 Additionally allowed (%) 23.9

 Generously allowed (%) 3.7

 Disallowed (%) 0.0

a
Stanford Synchrotron Radiation Lightsource

b
Highest-resolution shell is shown in parentheses.

c
As determined by Procheck (Laskowski et al., 1993).
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