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Abbreviations 

SAXS: small angle X-ray scattering 

EM: electron microscopy 

NPC: nuclear pore complex 

Nup: nucleoporin 

ScNup133 : Saccharomyces cerevisiae Nup133  

VpNup133 :Vanderwaltozyma polyspora Nup133 

HsNup133 : Homo sapiens Nup133 

ALPS : ArfGAP1 lipid packing sensor 

GFP: green fluorescent protein 

MES : Minimal Ensemble Search 

NE: nuclear envelope 

CX-MS: chemical cross-linking with mass spectrometric readout 

DSS: disuccinimidyl suberate 

EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
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Summary 

The nuclear pore complex (NPC) is the sole passageway for the transport of 

macromolecules across the nuclear envelope. Nup133, a major component in the Y-

shaped Nup84 complex, is an essential scaffold protein of the NPC’s outer ring 

structure. Here, we describe an integrative modeling approach that produces atomic 

models for multiple states of Saccharomyces cerevisiae (Sc) Nup133, based on the 

crystal structures of the sequence segments and their homologs including the related 

Vanderwaltozyma polyspora (Vp) Nup133 residues 55 to 502 (VpNup13355-502) 

determined in this study, small angle X-ray scattering (SAXS) profiles for 18 constructs 

of ScNup133 and one construct of VpNup133, and 23 negative-stain electron 

microscopy (EM) class averages of ScNup1332-1157. Using our integrative approach, we 

then computed a multi-state structural model of the full-length ScNup133, followed by 

validation with mutational studies and 45 chemical cross-links determined by mass 

spectrometry. Finally, the model of ScNup133 allowed us to annotate a potential 

ArfGAP1 lipid packing sensor (ALPS) motif in Sc and VpNup133 and discuss its 

potential significance in the context of the whole NPC; we suggest that ALPS motifs are 

scattered throughout the NPC’s scaffold of all eukaryotes and play a major role in the 

assembly and membrane anchoring of the NPC in the nuclear envelope. Our results are 

consistent with a common evolutionary origin of Nup133 with membrane coating 

complexes (the protocoatomer hypothesis); the presence of the ALPS motifs in 

coatomer-like nucleoporins suggests an ancestral mechanism for membrane 

recognition present in early membrane coating complexes. 
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Introduction 

The Saccharomyces cerevisiae nuclear pore complex (NPC) is a large 

macromolecular assembly of ~50 MDa, made of at least 456 protein copies of ~30 

distinct proteins called nucleoporins (nups). The NPC is the sole passageway for the 

exchange of macromolecules across the nuclear envelope (NE) (1). Apart from its main 

function as the sole mediator of nucleocytoplasmic trafficking, the NPC plays additional 

roles in numerous essential cellular processes, such as gene expression and chromatin 

regulation (2), and defects in its components have been implicated in numerous major 

human diseases (3). The first description of the macromolecular architecture of the NPC 

(4) was determined by an integrative approach based on a wide variety of experimental 

data (5). The permeability barrier is formed by FG (phenylalanine–glycine repeat 

containing) nups, which fill the central channel of the NPC and are anchored to the core 

scaffold (6). The NPC architectural core is formed by an eight-fold arrangement of 

symmetric units called spokes that connect to each other, forming coaxial rings: two 

outer rings (the nuclear and cytoplasmic rings), a membrane ring, and two inner rings 

(7). In Saccharomyces cerevisiae, the membrane ring is mainly formed by the 

transmembrane nups Pom152, Pom34 and Ndc1; the two adjacent inner rings are 

formed by large nups Nup192, Nup188, Nup170 and Nup157; and the two outer rings 

are formed by a radial head-to-tail arrangement of 8 copies of the Nup84 complex (4, 8, 

9). The Nup84 complex is a conserved assembly, formed by nine proteins in vertebrates 

(Nup107-160 complex) and by seven nups in yeast (Nup133, Nup120, Nup145c, 

Nup85, Nup84, Seh1 and Sec13). The yeast Nup84 complex arranges into a 

characteristic Y-shaped assembly (10, 11). The stalk of the Y is formed by a tail-to-tail 
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connection between Nup133 and Nup84 and a head to center connection between 

Nup84 and the dimer Nup145c-Sec13 (8, 12, 13). 

Nup133, a 133 kDa subunit of the Nup84 complex, consists of a N-terminal β-

propeller and C-terminal α-solenoid–like folds (14). Nup133 is located at the end of the 

stalk of the Nup84 complex, through a connection with Nup84 (8). Nup133 has also 

been suggested to connect through the first 15 residues of its N-terminal domain to the 

Nup120 copy of an adjacent Nup84 complex heptamer (12). Nup133 is a highly 

conserved nup that plays key roles in interphase and post-mitotic NPC biogenesis (15, 

16) as well as in efficient anchoring of the dynein/dynactin complex to tether 

centrosomes to the NE in prophase (17). A loop within the N-terminal β-propeller of 

human Nup133 was suggested to contain an ArfGAP1 lipid packing sensor (ALPS) 

motif (18), functioning as a membrane curvature sensor. This motif allows human 

Nup133 to interact with curved membranes both in vitro and in vivo (15, 18) and has 

been shown to be required for proper NPC biogenesis during interphase (15). However, 

previous studies have not been able to detect any membrane interaction motifs in yeast 

Nup133, leading to the suggestion that the ALPS motif in Nup133 was unique to 

organisms with open mitosis (18, 19), in turn implying that the ALPS motif is not even a 

part of the mechanism for membrane association of the NPCs in all eukaryotes. 

Interestingly, mutations in ScNup133 cause a characteristic phenotype that leads to 

clustering of the NPCs into discrete regions of the NE (20). Structure-function mapping 

of this NPC clustering phenotype suggests that ScNup133 - and its ancient paralog 

ScNup120 -  are functionally involved in the stabilization of the NE membrane curvature 

(8), although the exact mechanism that drives the interaction of these proteins with the 
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NE is unknown.  

Multi-domain, full-length nucleoporins are generally not amenable to X-ray 

crystallographic structure determination, presumably due to their apparent flexibility. 

Indeed, the structures of the N- and C- terminal fragments of Nup133 in particular were 

determined only separately (19, 21-23); the full-length atomic structure has not yet been 

characterized. Consequently, the relative orientation of the N- and C- terminal domains 

was depicted only schematically (22). We therefore took an integrative approach to 

generate the structure and dynamics of full-length ScNup133, based on the multiple 

types of data. 

Here, we characterize the configuration of the individual domains, defining the 

shape and populations of the full-length ScNup133 conformations, based on template 

structures, X-ray crystallography, SAXS, and EM data, followed by validation with 

mutational studies and a chemical cross-linking with mass spectrometric readout (CX-

MS) dataset. More specifically, we report the crystal structure of the Nup133 N-terminal 

domain (residues of 55-502) from Vanderwaltozyma polyspora, as well as SAXS 

profiles for 18 constructs of ScNup133 and one VpNup133 construct, and 23 negative-

stain EM class averages of ScNup1332-1157. Using our integrative modeling approach 

described in this study, we then determine atomic models for multiple states of the full-

length ScNup133, based on these new data as well as known structures of 

ScNup133944-1157 and a number of Nup133 homologs. The resulting model is 

subsequently validated by 3 sets of double point mutations at the ScNup133-ScNup84 

interface and 20 DSS and 25 EDC chemical cross-links determined by mass 

spectrometry (24). 
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As a result, the model of the full-length ScNup133 allows us to annotate a 

potential ArfGAP1 lipid packing sensor (ALPS) motif in Sc and VpNup133, suggesting 

that ALPS motifs are scattered throughout the NPC’s scaffold of all eukaryotes and play 

a major role in the assembly and membrane anchoring of the NPC in the NE. Our 

results are consistent with a common evolutionary origin of Nup133 with membrane 

coating complexes (the protocoatomer hypothesis); the presence of the ALPS motifs in 

coatomer-like nucleoporins suggests an ancestral mechanism for membrane 

recognition present in early membrane coating complexes. 
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Experimental Procedures 

Construct design, cloning, expression and purification of Sc and VpNup133 

Nup133 is divided into the N-terminal β-propeller and the C-terminal α-solenoid 

domains, in an iterative manual process relying on predicted secondary structure, gaps 

in multiple sequence alignments, and sequence–structure alignment by threading (14) 

We cloned, expressed, and purified the resulting 18 constructs of ScNup133; 7 

constructs covering the N-terminal domain, 8 constructs covering the C-terminal 

domain, and 3 remaining constructs covering the both domains partially or entirely 

(Supplemental Figure S3 and Supplemental Table S1). Cloning, expression, and 

purification were performed using a standard protocol as described previously (21) 

(Supplemental Experimental Procedures). The N-terminal domain of Vanderwaltozyma 

polyspora Nup133 covering residues 55 to 502 (VpNup13355-502) was also cloned, 

expressed, and purified following similar procedures (21). 

 

Crystallization and structure determination of VpNup13355-502 

The crystal used for structure determination via Se-SAD phasing was obtained 

by sitting-drop vapour diffusion (VpNup13355-502 concentration of 10.6 mg/mL) in the 

presence of 10% PEG3350, 100 mM ammonium sulfate, and 100 mM HEPES (pH 8.2), 

and flash frozen in liquid nitrogen with 30% (v/v) glycerol. Diffraction data set collected 

at the LRL-CAT 31-ID (Advanced Photon Source) beamline was processed with XDS 

(25) and AIMLESS (26), and structure solution was obtained using AutoSol (27) in 

Phenix (28). An initial model assembled using AutoBuild (29) was further extended with 

several cycles of density modification using Parrot (30) followed by automated model 
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improvement with Buccaneer (31, 32), as implemented in CCP4 (33), and manual 

model building with COOT (34). Final stages of refinement were performed using 

Refmac5 (35). Illustrations were prepared using PyMol (36) and UCSF Chimera (37). 

 

Small angle X-ray scattering (SAXS) 

SAXS profiles of 18 constructs of ScNup133 and one construct of VpNup13355-502
 

(Figures 2B and 3B, Supplemental Figures S3 and S4, and Supplemental Table S1) 

were measured at concentrations of 0.5, 1.0, 2.0 mg/mL and highest possible 

concentration in the protein storage buffer at 10-15oC, using up to 24 1-10 second 

exposures at SSRL (Menlo Park, CA) and ALS (Berkeley, CA) beamlines 

(Supplemental Experimental Procedures). The buffer SAXS profile was obtained in the 

same manner and subtracted from a protein SAXS profile. The merged experimental 

SAXS profile of VpNup13355-502 was compared with SAXS profiles calculated using 

FoXS (38, 39), for the crystal structure of VpNup13355-502 and the “complete” models in 

which disordered components and 4 Se-Met residues were built using MODELLER 9.13 

(40) (Figure 2B). 

 

Negative-stain electron microscopy (EM) for ScNup1332-1157 

A specimen of the full length ScNup1332-1157 was prepared for negative-stain EM 

(41) (Supplemental Experimental Procedures). The 1,976 individual particles were 

selected interactively from images using Boxer from EMAN (42), and windowed into 

individual images with a size of 120x120 pixels. The particles were centered and 

normalized, then subjected to the Iterative Stable Alignment and Clustering (ISAC) (43) 
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technique to produce 23 stable 2D class averages after 10 generations (these class 

averages comprise 1,530 of the 1,976 particles) (top rows in Figure 3C and column 2 in 

Supplemental Table S3). 

 

Structure and dynamics of ScNup133 revealed by integrative modeling approach 

We developed an integrative modeling approach that produces atomic models for 

multiple states of a protein, based on EM images of the protein as well as SAXS profiles 

and crystal structures of the sequence segments and their homologs. We proceeded 

through three stages (Figure 1): (1) gathering of data, (2) conformational sampling and 

scoring to produce a minimal ensemble of conformations consistent with SAXS profiles, 

EM class averages, template structures, and chemical cross-links, and (3) analysis of 

the ensemble. The integrative modeling protocol was scripted in Python, based on our 

open source Integrative Modeling Platform package release 2.2 (http://salilab.org/imp) 

(44). Files for the input data, script, and output models are available at 

http://salilab.org/nup133. 

 

Stage 1: Gathering of data 

19 SAXS profiles and 23 EM class averages were obtained as described above. 

The atomic structures of ScNup133944-1157 (PDB code 3KFO) (21), VpNup13355-502 

(4Q9T, Figure 2 and Table 1), and human homologs HsNup13375-477 (1XKS) (19), 

HsNup133517-1156 (3I4R) (22), and HsNup133935-1156 (3CQC) (23) have been previously 

determined by X-ray crystallography. In addition, putative homologs of known structure 

were detected for the first 60 residues of the N-terminal domain by HHpred (45, 46) and 
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ModWeb (http://salilab.org/modweb) (47). Domain boundaries, secondary structure 

segments, and disordered regions were predicted by DomPRED (48), PSIPRED (49, 

50), and DISOPRED (51), respectively. 18 disuccinimidyl suberate (DSS) and 23 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) intra-molecular chemical cross-

links for ScNup133 (Table 2) as well as 2 DSS and 2 EDC inter-molecular chemical 

cross-links spanning the ScNup133 - ScNup84 interaction interface (Table 3) were 

obtained from our companion study on the entire ScNup84 complex (24). 

 

Stage 2: Conformational sampling and scoring to produce a minimal ensemble of 

conformations consistent with SAXS profiles, EM class averages, template 

structures, and chemical cross-links 

(1) Building an initial atomic model of ScNup1332-1157 

The shape and size information contained in the SAXS profiles can be used to 

improve accuracy of atomic comparative models. An initial atomic model of the full-

length ScNup1332-1157 was built based on template structures and SAXS profiles for 18 

nested ScNup133 constructs (Supplemental Figures S3 and S4, and Supplemental 

Table S1) as follows. First, we built 1,000 atomic comparative models for the smallest 

construct (52-483), based on the crystal structure of VpNup13355-502 (Figure 2) and the 

closest known structure detected by HHPred (45, 46) and ModWeb (47), using 

MODELLER 9.13 (40). The theoretical SAXS profile and the χ value of the fit to the 

experimental SAXS profile of the corresponding construct were calculated for each of 

the 1,000 comparative models, using FoXS (38, 39). Then, these 1,000 models were 

ranked by the χ value of the fit to the experimental SAXS profile. Second, the best-
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scoring model was used as a template for comparative modeling of the next larger 

constructs (41-483 and 52-515), supplemented by the additional templates found by 

HHPred and ModWeb. For each of the two constructs, the resulting models were again 

ranked based on the corresponding SAXS profile fit. The entire process was repeated 

until the largest construct of ScNup1332-1157 was modeled, resulting in the initial model 

of the full-length ScNup1332-1157 (Supplemental Figures S3 and S4, and Supplemental 

Table S1). 

 

(2) Conformational sampling using AllosMod 

The initial model of ScNup1332-1157 was subjected to molecular dynamics-based 

conformational sampling, using AllosMod (http://salilab.org/allosmod) (52), resulting in 

7,000 conformations, as follows. The AllosMod simulations were short, near-equilibrium 

trajectories based on an input sequence and the initial model of ScNup1332-1157. 

AllosMod constructed an energy landscape in which the atomic contacts from the input 

structure defined the major energetic minima (53), also generally known as a Gō model 

(54, 55). The energy landscape was then sampled using several constant temperature 

(at 300-350K) molecular dynamics simulations with short equilibration and a run time of 

0.2 nanoseconds using 2 femto-second time steps and velocity rescaling every 200 

steps (Supplemental Experimental Procedures).  

 

(3) Scoring and searching for a minimal ensemble of conformations consistent 

with the SAXS profile, EM class averages, and chemical cross-links 

The resulting 7,000 AllosMod conformations of ScNup1332-1157 were pruned to 
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identify a minimal ensemble of up to five conformations that reproduce both the 

experimental SAXS profile and EM class averages of ScNup1332-1157. The pruning was 

achieved by the minimal ensemble search (MES) program (56) that was modified to use 

a composite score defined as a weighted sum of the “ensemble SAXS score” and the 

“ensemble em2D Z-score”.  

The ensemble SAXS score is the χ value for the comparison of the ensemble 

SAXS profile to the experimental profile; the ensemble SAXS profile is a weighted 

average of the theoretical SAXS profiles for the selected subset of conformations, 

calculated using FoXS (38, 39). 

To compute the ensemble em2D Z-score, we first calculated individual em2D 

scores for each of the 7,000 conformations matched against each of the 23 EM class 

averages, using the EMageFit application (57) of IMP (44) at 15 Å resolution; the em2D 

score is one minus the cross-correlation coefficient between a class average and the 

best-matching projection of a conformation (57). Each score was then normalized into a 

Z-score, by using the average and standard deviation of the scores for the same class 

average. Finally, the ensemble em2D Z-score was obtained by summing the lowest 

individual em2D Z-scores determined for each of the 23 EM class averages in the 

subset. 

Independent fitting of subsets ranging from 1 to 5 conformations showed that a 

minimal ensemble of 4 conformations were sufficient to explain both the experimental 

SAXS profile and EM class averages of ScNup1332-1157 (Figure 3 and Supplemental 

Table S3). The relative weight of -0.05 for the ensemble em2D Z-score in the composite 

score was determined by trial-and-error to balance the fit of the minimal ensemble to 
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both the SAXS and EM data. 

As the final assessment step, we validated the conformations of ScNup1332-1157 

against each of the 18 DSS and 23 EDC intra-molecular chemical cross-links obtained 

from our companion study on the entire ScNup84 complex (24) (Table 2). 

 

Stage 3:  Analysis of the minimal ensemble 

The most populated conformation in the minimal ensemble of 4 conformations 

was used as a reference for rigid body least-squares superposition of the remaining 3 

conformations. The ab initio shape of the full-length ScNup1332-1157 (a gray envelope in 

Figure 3A) was generated from the experimental SAXS profile using DAMMIF (58) and 

DAMAVER (59). UCSF Chimera was used for visualization (37). The TM-scores 

between the conformations in the minimal ensemble were calculated on web-server 

(http://zhanglab.ccmb.med.umich.edu/TM-score/) (60). 

Each of the 23 EM class averages was attempted to be assigned to one or more 

of the 4 conformations in the minimal ensemble: An EM class average is assigned to a 

conformation when its em2D Z-score is less than -0.95 and the cross-correlation 

coefficient (c.c.c.) is higher than 0.82 or 0.85 (Supplemental Table S3). 

 

Validation of the ScNup133 - ScNup84 interface with mutational analysis and 

chemical cross-links 

The interface between ScNup133881-1157 and ScNup84506-726 (in the stalk of the 

yeast Nup84 complex) was predicted by calculating the difference in solvent 

accessibility between the unbound and bound models of ScNup133881-1157 and 
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ScNup84506-726. The ScNup133881-1157 model was extracted from the initial atomic model 

of ScNup1332-1157, while the ScNup84506-726 model was built based on the human 

Nup133-Nup107 complex structure (PDB code: 3CQC) (23) using MODELLER (40). 

The ScNup133881-1157 - ScNup84506-726 interface model was built by structurally aligning 

each component into the corresponding chain of the human Nup133-Nup107 crystal 

structure. The unbound model of ScNup133881-1157 and ScNup84506-726 was obtained by 

separating the two components by 100 Å. Residue solvent accessibility was calculated 

using MODELLER. The residues with large solvent accessibility change (residues of 

L922, L929, and L933) were identified as target interface residues (Figure 4A). Finally, 

the ScNup133881-1157 - ScNup84506-726 interface model was validated against the 2 DSS 

and 2 EDC inter-molecular chemical cross-links spanning the ScNup133 - ScNup84 

interface, which were obtained from our companion study on the entire ScNup84 

complex (24) (Table 3). 

To validate the predicted interface experimentally, we designed 3 sets of double 

point mutants located within and outside of the interface. Maximally disruptive mutations 

were predicted by program EGAD (61) (Supplemental Table S2), allowing us to propose 

two sets of double mutants affecting the binding interface (L922Y-L929Y and L929W-

L933W) as well as a control mutation at a distal surface position (L1089Y-L1123Y) 

(Figure 4B). 

The three mutants were generated by PCR and cloned into a yeast centromeric 

expression plasmid under the control of the GAL inducible promoter. Protein A and GFP 

C-terminal tags were used for IP and subcellular localization, respectively. A ScNup133 

null mutant was transformed with the different constructs and the proteins were 
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expressed by growth in YP media suplemented with glucose, in which the basal activity 

of the GAL promoter generated a close to wild type expression of the constructs. Affinity 

purifications of the ScNup133 interacting proteins were performed using a buffer 

formulation that allows exclusive purification of the Nup84 complex components (8). 

Fitness phenotypic analysis was also performed as described previously (8) (Figure 5). 

GFP fusions were transformed into a ScNup133 null, Nup170-mCherry strain and 

analyzed by fluorescence microscopy. Cells grown in minimal media suplemented with 

glucose were visualized with a 63x 1.4 NA Plan-Apochromat objective (Carl Zeiss) 

using a microscope (Axioplan 2; Carl Zeiss) equipped with a cooled charge-coupled 

device camera (ORCA-ER; Hamamatsu Photonics). The system was controlled with 

Openlab imaging software (PerkinElmer). Final images were assembled, and gamma-

levels were adjusted to enhance contrast only using Photoshop software (Adobe Inc.). 

 

Annotating the potential ArfGAP1 lipid packing sensor (ALPS) motifs 

We searched the sequences of ScNup133, VpNup133, and ScNup120 for potential 

amphipathic helix forming patterns, using the Membrane Protein Explorer (MPEx) 

package (62). Then, the resulting potential amphipathic helices were analyzed by the 

HeliQuest web-server (63) to annotate the potential ArfGAP1 lipid packing sensor 

(ALPS) motif as described previously (18, 64) (Supplemental Experimental Procedures 

and Supplemental Figure S2).  
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Results 

Crystal structure of VpNup13355-502 

   While Vanderwaltozyma polyspora is considered to be a somewhat distant 

yeast relative of Saccharomyces cerevisiae (65), both species diverged from the same 

ancestor that underwent a whole-genome duplication event. The sequence identity 

between Sc and Vp Nup133, across their entire length, is 37%. As a part of the Protein 

Structure Initiative project, several fungal Nup133 proteins were screened for 

crystallization, and the N-terminal domain of Vanderwaltozyma polyspora Nup133 

yielded diffraction quality crystals. The construct encompassing residues 55 to 502, 

corresponding to the N-terminal domain of Vanderwaltozyma polyspora Nup133  

[VpNup13355-502], yielded crystals (resolution ~3.0 Å) in the orthorhombic space group 

C2221 with two molecules in the asymmetric unit. The structure of VpNup13355-502, 

determined by Se-SAD was refined to Rwork and Rfree values of 21.5 % and 26.8 %, 

respectively (Table 1). As expected, the overall VpNup13355-502 adopts a disc-shaped, 

canonical β-propeller fold generated by radial arrangement of seven blades, around a 

central channel, each containing an anti-parallel β-sheet formed by four strands (Figure 

2A; PDB Code 4Q9T, chain B). Notably, the disordered segments 86-98, 139-144, 157-

180, and 202-214 occurs within the blades 1 and 2. Within each blades strands A, B, C, 

and D are arranged from inner-most to outer-most fashion resulting in a top surface 

decorated with the BC-loops (connecting BC strands within each blade) and DA-loops 

(loops connecting the D strand of nth and A strand of n+1 blade), and a bottom surface 

decorated by the AB- and CD-loops. The β-sheets forming the blades 4 and 5, which 

also has a helical insertion between them, VpNup13355-502 show a greater degree of 
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curvatures compared to other blades. Interestingly, the 7th blade of the propeller has an 

additional strand with the A, B, C strands from the C-terminus of the domain interacting 

with a β-hairpin at the N-terminus of the propeller (Figure 2A). Residues of the E7 and 

D7 β-strands forming the N-terminal β-hairpin show a notable degree of conservation 

within fungal Nup133 sequences (Supplemental Figure S1). This type of “velcro” 

arrangement is important for stability of the circular, β-propeller architectures (66). 

Analyses using PISA (https://www.ebi.ac.uk/pdbe/pisa/) (67) suggested that the 

two monomers of VpNup13355-502 within the asymmetric unit of the crystals do not form 

a biological complex (total buried surface area = 1690 Å2) in solution (an important 

distinction when reconstructing the assembly state of the NPC in vivo). In addition, the 

DiMoVo score (http://albios.saclay.inria.fr/dimovo) (68) of -0.140 also indicated that the 

two monomers are merely the crystallographic dimers. Accordingly, the merged 

experimental SAXS profile of VpNup13355-502 is well matched (χ = 1.14) to the SAXS 

profile calculated from the “complete” monomer model, generated by modeling the 

disordered residues of the crystal structure (blue in Figure 2B and Supplemental Table 

S1). In contrast, the SAXS profile for the “complete” dimer model, representing the 

crystallographic asymmetric unit, had an unacceptably high χ value of 12.4 and the Rg 

value of 35.7 Å (red in Figure 2B). Further, the measured radius of gyration (Rg) of 24.4 

± 0.3 Å, determined from the experimental SAXS profile with AUTORG (69), was 

consistent with the Rg value of 24.8 Å calculated from the “complete” monomer model of 

VpNup13355-502. The composition of VpNup13355-502, estimated with OLIGOMER (70), 

based on the experimental SAXS profile is 100% monomer. Thus, our SAXS analyses 

of the solution behavior of VpNup13355-502 are fully consistent with the monomer of the 
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X-ray crystal structure. 

A superposition of human Nup133 (HsNup13375-477) (PDB code 1XKS) (19) and 

VpNup13355-502 crystal structures reveal that the two β-propeller domains show overall 

similarity in their architecture in-spite of low sequence identity. These two structures 

agree well resulting in root mean square deviation of 2.2 Å over 293 superposed 

residues with sequence identity of only 15 % (Figure 2C). Notable differences in the 

architecture of the two structures include i) the 7th blade of HsNup133 β-propeller has 

only four strands with the absence of β-hairpin at its N-terminal region; ii) the HsNup133 

β-propeller has additional helical insertions between blades 7 and 1, and blades 4 and 5 

compared to the VpNup133; and iii) importantly, the residues of “DA34-loop”, connecting 

the D-strand of blade 3 to the A-strand of blade 4, which are disordered in the 

HsNup133, adopt mostly a random-coil conformation with a 310-helix near the A4-strand 

(Figure 2, A and C). Interestingly, the disordered “DA34-loop” of HsNup133 has been 

shown to contain an ArfGAP1 lipid packing sensor (ALPS) motif, which is likely to 

facilitate membrane-curvature sensing and formation in the NPC. We have identified a 

potential ALPS motif within the “DA34-loop” VpNup133 β-propeller domain comprising 

the sequence 267-LIKPQNSFFFRNLDSSKEIISL-288 (Figure 6B and Supplemental 

Figure S2B). Notably, an electrostatic potential map of VpNup13355-502 reveals a large 

positively charged surface adjacent to the “DA34-loop” (highlighted in yellow, Figure 2D). 

This surface is decorated mainly by residues from 3rd and 4th blades, which show a 

notable degree of conservation (Supplemental Figure S1), of the propeller. It plausible 

that this positively charged surface being close to the “DA34-loop” might play a role 

facilitating interaction of the potential ALPS motif of VpNup133 with the membrane.   
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Structure and dynamics of ScNup133 revealed by integrative modeling approach 

An initial atomic model of ScNup1332-1157 

An initial atomic model of the full-length ScNup1332-1157 was built based on the 

nested template structures and 18 SAXS profiles (Supplemental Figures S3 and S4, 

and Supplemental Table S1). The model contains a single “linker” region (residues 480-

495) between the N- and C-terminal domains aligned with the template structures 

(Supplemental Figures S3), indicating potential variability in the relative orientation of 

the two domains. Elastic network model analyses using HingeProt (71) suggested a 

long-range motion of the N- and C- terminal domains about the hinge residues of 

Leu51-His52 (near the beginning of the β-propeller), Glu484-Thr485 (at the flexible 

linker residues), and Ser895-Tyr896 (near the beginning of the 3KFO template). This 

motion was also identified as one of the top scoring normal modes by the web server 

elNémo (72). Such conformational dynamics might play a role in regulating the dynamic 

structure of the NPC. Therefore, we probed the structure and dynamics of ScNup133 in 

solution using an integrative modeling approach that benefits from both SAXS profiles 

and EM micrographs (Figure 1). 

 

Conformational sampling and minimal ensemble search (MES) 

The experimentally measured SAXS profile of ScNup1332-1157 in solution (black 

in Figure 3B) did not match the theoretical SAXS profiles computed from the 

comparative model (χ = 6.27, red in Figure 3B) (Supplemental Figure S4C and 

Supplemental Table S1), although each of the N- and C- terminal domains satisfies its 
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corresponding SAXS profile (χ = 1.36 and 1.71, respectively) (Supplemental Figure 

S4A-B and Supplemental Table S1). Further, the maximum particle size (Dmax) of 169.2 

Å determined experimentally was 4.3% larger than the maximum dimension of 162.1 Å 

from the comparative model. EM analysis of ScNup1332-1157, using the Iterative Stable 

Alignment and Clustering (ISAC) method (43), revealed 23 stable class averages after 

10 generations (top rows in Figure 3C). Similarly to the SAXS results, a number of EM 

classes could not be fit by the comparative model of ScNup1332-1157 . 

To study the structure and dynamics of ScNup1332-1157 in solution, 

conformational sampling by molecular dynamics was carried out by AllosMod (52), 

starting from the initial atomic model of ScNup1332-1157. We tested whether or not the 

resulting 7,000 conformations generated by AllosMod are consistent with the 

experimental SAXS profile and 23 EM class averages, using minimal ensemble search 

(MES) (56). As expected, both the SAXS profile and the 23 EM class averages were not 

explained simultaneously by any single sampled conformation of ScNup1332-1157, 

indicating that ScNup133 is heterogeneous in solution. 

 

The multi-state structural model of ScNup1332-1157 

The analysis of the resulting 7,000 conformations using the minimal ensemble 

search (MES) indicated that a minimal ensemble of 4 conformations (the multi-state 

model) was sufficient to explain the experimental SAXS profile (χ = 1.54, blue in Figure 

3B), most of the EM class averages (Figure 3C), and most of the chemical cross-links 

determined by mass spectrometry (Table 2). The multi-state model consists of a single 

major “extended” conformation with a population weight of 0.506 (blue) and three minor 
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“compact” conformations with population weights of 0.242 (red), 0.202 (cyan), and 

0.050 (yellow) (Figure 3A). The maximum particle size (Dmax) of the “extended” 

conformation was measured as ~180 Å, while Dmax of the three “compact” 

conformations ranged from ~135 Å to ~145 Å. In addition, the root-mean-square 

deviation (RMSD) and the TM-scores (60) of each pair from the three “compact” 

conformations ranged 10.6-23.7 Å and 0.44-0.64, respectively, indicating similar folds 

within the “compact” ones. On the other hand, the RMSD and the TM-scores of the 

“extended” conformation relative to the rest of the conformations ranged 25.6-29.0 Å 

and 0.38-0.49, respectively, indicating lower similarity in folds between the “extended” 

and the “compact” conformations. Importantly, 22 EM class averages (out of the total 23 

class averages) could be assigned to at least one of the 4 conformations in the multi-

state model with high confidence, covering 95.6% of the 23 EM class averages (Figure 

3C and Supplemental Table S3). Moreover, 94.4% of the 18 DSS and 91.3% of the 23 

EDC intra-molecular chemical cross-links were satisfied by the multi-state model, within 

35 Å and 25 Å thresholds, respectively, independently validating our modeling (Table 2). 

Furthermore, the variability in the multi-state model supports the long-range motion 

indicated by HingeProt (71) and elNémo (72). 

The conformational dynamics of ScNup133 appears to be dominated by the 

relative motions of the N- and C-terminal domains, connected by a relatively lengthy 

linker of 16 residues (480-495) (Supplemental Figures S3). The maximal displacement 

of the N-terminal β-propeller domains was measured as ~110 Å in the multi-state 

model. In conclusion, it appears that ScNup133 is a highly dynamic molecule in 

solution, with the maximal dimension (Dmax) of the molecule changing from 135 Å to 180 
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Å in solution. 

 

The ScNup133 - ScNup84 interface validated by mutational analysis and chemical 

cross-links 

 ScNup133 connects to the rest of the Nup84 complex through a tail-to-tail 

interaction with ScNup84 (8, 22, 23). The model of ScNup133 allowed us to predict the 

location and molecular details of this interaction surface (Figure 4A). Accordingly, the 

inter-molecular chemical cross-links spanning the ScNup133 - ScNup84 interface (24) 

were fully consistent with the ScNup133881-1157 - ScNup84506-726 interface model (Table 

3). 

To validate the predicted interface experimentally, we designed 3 sets of double 

point mutants located within and outside of the interface (Figure 4). Combinations of two 

ScNup133 leucine residues within the interface were mutated to bulky hydrophobic 

(tryptophan; L929W-L933W) or bulky polar (tyrosine; L922Y-L929Y) residues in an 

effort to create steric incompatibility between ScNup133 and ScNup84. As a control, two 

ScNup133 leucine residues located at the distal surface positions were also mutated to 

tyrosine (L1089Y-L1123Y). The mutant proteins were expressed in a ScNup133 null 

background and tested for their ability to interact with ScNup84 by affinity purification 

(8). None of the mutant proteins affecting the ScNup133 - ScNup84 interaction surface 

was able to copurify with any of the ScNup84 complex components (columns 2 and 3 in 

Figure 4B), strongly suggesting that the binding between ScNup133 and ScNup84 has 

been disrupted.   

Fitness analysis of the same mutant strains (Figure 5A) showed that the mutants 
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at the ScNup133 - ScNup84 interface are not able to fully rescue the fitness phenotype 

caused by the deletion of ScNup133. The mutant proteins were also tagged with GFP to 

analyze their subcellular localization (Figure 5B). All mutant proteins show nuclear rim 

localization and co-localization with the NPC marker Nup170-mCherry, discarding the 

possibility of mislocalization as the main cause of the loss of binding to Nup84. While 

the wild type and the control mutant can effectively rescue the NPC clustering 

phenotype characteristic of the ScNup133 null mutation (Figure 5B, upper right panel), 

the mutants disrupting the ScNup133 - ScNup84 interface still show a NPC clustering 

defect similar to that of the ScNup133 deletion. In summary, our experimental tests 

validate the predicted ScNup84 binding sites on ScNup133. Moreover, ScNup133 

interactions with other parts of the NPC scaffold are indicated by the relative 

independence of NPC localization on the ScNup133 - ScNup84 interaction. 

 

The ArfGAP1 lipid packing sensor (ALPS) motifs 

The seven-bladed β-propellers of Nup133s from Vanderwaltozyma polyspora 

(VpNup13355-502, PDB code: 4Q9T) and Homo sapiens (HsNup13375-477, PDB code: 

1XKS) (19) share a high degree of similarity in their structural arrangement (Figure 2C). 

A loop (245-LPQGQGMLSGIGRKVSSLFGILS-267) unresolved in the X-ray structure of 

HsNup13375-477 has been shown to act as a membrane curvature sensing ALPS motif at 

the vicinity of membranes (18, 64) (Figure 6A and Supplemental Figure S2A). Notably, 

VpNup13355-502 contains a clearly resolved loop region (267-

LIKPQNSFFFRNLDSSKEIISL-288) with a partial helical segment, including the “DA34-

loop” between blades 3D and 4A at the equivalent position to the ALPS motif (245-267) 
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in HsNup13375-477 (Figures 6B, 1A, and 1C, and Supplemental Figure S2B); According 

to the helical-wheel representation, the VpNup133267-288 loop region contains a polar 

face rich in serine residues and displays high level of mean hydrophobicity and 

hydrophobic moments, similar to those of canonical ALPS motifs (18) (Figure 6B and 

Supplemental Figure S2B). This observation suggests that VpNup133 may also contain 

an ALPS motif in its β-propeller domain.  

To verify that the potential ALPS motif in VpNup133 is a conserved feature, we 

also analyzed the sequence of ScNup133 to look for an equivalent motif using the 

MPEx package (62) and the HeliQuest web-server (63). Similarly to VpNup133, we 

found that a loop region of ScNup133252-270 (252-FKLGIWSKIFNTNSSVVSL-270) at the 

equivalent position to the ALPS motif (245-267) in HsNup133, also contains a polar face 

very rich in serine and threonine residues and displays high level of mean 

hydrophobicity and hydrophobic moments (Figure 6C and Supplemental Figure S2C). 

Its sequence in addition satisfies most of the biophysical criteria to be identified as an 

ALPS motif (18). 

Also, we annotated two potential ALPS motifs in the β-propeller N-terminal 

domain of ScNup120, an ancient paralog protein of ScNup133 in the yeast Nup84 

complex: i) the 2CD loop region ScNup120135-152 (135-LSFLFSSANTLNGEWFHL-152); 

ii) and the 3D4A loop region ScNup120197-216 (197-LLFNDNSYLKSLTRFFSRSS-216) 

were identified as potential ALPS motifs (Figure 6D-E and Supplemental Figure S2D-E), 

similarly to VpNup133267-288 and ScNup133252-270. 
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Discussion 

Structure and dynamics of ScNup133 revealed by integrative modeling approach 

 Most proteins exist in multiple structural states. Conclusions based only on one 

state may therefore be incomplete or even misleading. In general, the structure of a 

protein is best determined based on all available data. Therefore, we developed an 

integrative structure determination approach for multiple states, that relies on data from 

X-ray crystallography, SAXS, EM, point mutations, and chemical cross-linking for either 

component fragments or an entire target protein (or its homologs) (Figure 1).  

Components of the NPC have proven to be exemplars of proteins flexing 

between several states (73, 74), so we applied this approach to determining the 

structure and dynamics of one such component, full-length ScNup1332-1157. We 

computed the minimal ensemble of 4 conformations (the multi-state model) of 

ScNup1332-1157 that are consistent with EM images of the protein as well as SAXS 

profiles and crystal structures of the sequence segments and their homologs (including 

VpNup13355-502 (Figure 2) determined in this study) (Figure 3). We validated the 

resulting model with 3 sets of double point mutations (Figures 4 and 5) and 45 chemical 

cross-links determined by mass spectrometry (24) (Tables 2 and 3).  

The multi-state model consists of a single major “extended” conformation and 

three minor “compact” conformations (Figure 3A). The conformational dynamics of 

ScNup133 appears to be dominated by the relative motions of the N- and C-terminal 

domains. Notably, the conformational dynamics of ScNup133 are consistent with 38 of 

the 41 intra-molecular chemical cross-links (Table 2), corresponding to the typical false 

positive rate observed for chemical cross-linking (24). Finally, the ScNup133 dynamics 
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is also consistent with the extreme flexibility shown for the HsNup133 region of the 

Nup107-160 complex by negative stain EM (13). 

Similar inter-domain dynamics were shown for the N-terminal domain of Nup192  

(73). These dynamics may contribute to the passage of bulky cargoes through the 

restricted central channel of the NPC. In addition, the conformational dynamics of 

ScNup133 may insulate the structure of the NPC from morphological changes of the 

nuclear envelope during cell division and growth (73). Such flexibility in the NPC has 

been suggested by prior high-resolution EM studies (74, 75). Also, this flexibility may be 

required during the biogenesis of NPCs to interlock various nucleoporins in the Nup84 

complex (76, 77), through the Nup133-Nup84 and Nup133-Nup120 interfaces (8, 12). A 

related possibility is that, once assembled into the mature NPC, Nup133 could be 

preferentially stabilized in one of the 4 conformations described in this study. 

ScNup133 connects to the rest of the Nup84 complex through a tail-to-tail 

interaction with ScNup84 (8, 22, 23). The model of ScNup133 allowed us to predict the 

location and molecular details of this interaction surface, validated by 3 sets of double 

point mutations at the ScNup133-ScNup84 interface (Figures 4 and 5). We also 

identified a number of inter-molecular cross-links between ScNup133 and ScNup84 (24) 

that are consistent with our predicted interface (Table 3). In addition, the predicted 

ScNup133-ScNup84 interface is consistent with that of HsNup133-HsNup107 identified 

by X-ray crystallography (22, 23). 

 

The presence of the ALPS motifs indicates a conserved mechanism for assembly 

and membrane anchoring of the NPC 
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In our previous structure-function analysis of the Nup84 complex (8), we 

identified the β-propeller region of the paralog proteins Nup133 and Nup120 as hotspots 

for the NPC clustering phenotype, an abnormal distribution of NPCs into closely packed 

groups that occurs in response to mutations in certain nucleoporins. Based on this and 

additional functional data, we hypothesized that NPC clustering was caused by the 

inability of the Nup84 complex to interact and stabilize the curvature of the NE 

membrane at the interface with the NPC. However, the mechanism used by the Nup84 

complex to interact with the membrane was not clear, and previous studies have not 

been able to detect any membrane interaction motifs in yeast Nup133 (18), leading to 

the suggestion that the ALPS motif in Nup133 was restricted to organisms with open 

mitosis (18, 19). 

In this study, we have now identified a potential ALPS motif located in the β-

propeller domain of two related yeast Nup133 proteins (Figure 6B-C), which is 

inconsistent with the previous suggestion (18, 19) because yeast have a fully closed 

mitosis. In both yeast species, each of the ALPS motifs closely matches the consensus 

previously established for this kind of membrane curvature sensing motifs 

(Supplemental Figure S2B-C) (18). We identified the ALPS motif in a resolved loop in 

the crystal structure of the VpNup133 β-propeller (Figure 6B); the equivalent region in 

the human Nup133 counterpart contains a functional ALPS motif (Figure 6A) (15, 18). 

We have also detected the ALPS motif in our model of the ScNup133 β-propeller 

(Figure 6C). The presence of the ALPS motif in the domain that was previously 

identified as a hotspot for NPC clustering indicates a conserved mechanism used by 

yeast Nup133 to interact with the NE membrane and stabilize its curvature.  
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In addition, the β-propeller of the paralog protein ScNup120 was also identified 

as an NPC clustering hotspot, suggesting that a similar ALPS motif-dependent 

mechanism could apply to ScNup120. Correspondingly, we detected two potential 

ALPS motifs in the ScNup120 β-propeller domain (Figure 6D-E and Supplemental 

Figure S2D-E). Thus, the identification of the conserved ALPS motifs in the components 

of the yeast Nup84 complex strongly suggests that these motifs are a common and 

ancient eukaryotic feature, not restricted to the open mitosis organisms. 

Here, we propose that the coordinated action of multiple copies of the ALPS 

motifs in the NPC (current predictions and nucleoporin stoichiometries (4, 5) indicate 16 

copies in ScNup133s and 32 copies in ScNup120s, per yeast NPC) results in a network 

of protein-membrane contacts around the NPC periphery that may help stabilize the NE 

membrane, both during early stages of the NPC biogenesis in interphase (15) and 

throughout the NPC life cycle. This hypothesis may explain why in certain organisms, 

such as the fungus Aspergillus nidulans, the presence of transmembrane nucleoporins 

is not required to form a functional NPC, so long as an intact Nup84 complex is present 

(78). Other Nups are predicted to carry similar membrane-interacting motifs; both the 

yeast (79) and the vertebrate Nup53 (80) contain membrane-interacting motifs 

necessary for correct NPC assembly. The presence of such a conserved network of 

membrane-interacting motifs spread across the inner face of the NPC’s scaffold and 

facing the pore membrane may be a key mechanism driving the assembly and stable 

association of the NPC with the NE. 

The protocoatomer hypothesis suggests that many of the eukaryotic membrane 

coating complexes originated from an ancestral coating complex through a series of 
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duplication, specialization, and secondary loss processes (14, 81). The Nup84 complex 

has a common evolutionary origin with the outer coats of vesicle coating complexes, 

including clathrin, COPI, and COPII (14, 81-83). Thus, our results suggesting that the 

ALPS membrane-interacting motifs are a common feature of the coat-like proteins 

Nup133 and Nup120 in the Nup84 complex, allow us to refine the protocoatomer 

hypothesis. No ALPS-like motifs have been identified in the proteins that form the outer 

coat in clathrin, COPI, and COPII. However, the small GTPase components that 

mediate the first stages of vesicle coat formation commonly associate with membranes 

through a membrane anchor, which can be an amphipathic peptide (84, 85). Perhaps 

the Nup84 complex retains ancestral features, including the ALPS membrane-

interacting motifs, that were lost from other outer coats during the development and 

specialization of vesicle coating complexes. 
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Figure Legends 

Figure 1.  Integrative modeling approach for ScNup133 

Our integrative modeling approach proceeds through three stages: (1) gathering 

of data, (2) conformational sampling and scoring to produce a minimal ensemble of 

conformations consistent with SAXS profiles, EM class averages, template structures, 

and chemical cross-links, and (3) analysis of the ensemble. The integrative modeling 

protocol was scripted in Python, based on our open source Integrative Modeling 

Platform package release 2.2 (http://salilab.org/imp) (44). 

 

Figure 2. Crystal structure of VpNup13355-502 

(A) Overall fold of VpNup13355-502 β-propeller domain is shown in cartoon 

representation as rainbow of blue to red from N- to C- terminus. Terminal residues of 

the disordered segments are marked in gray spheres. The location of “DA34-loop” 

containing a potential ALPS motif is indicated by an arrow. Secondary structure 

elements are shown as defined by the DSSP (86) program. Strands within each 

propeller blades marked in pink.  

(B) Comparison of the merged experimental SAXS profile (black) of VpNup13355-502 with 

the calculated SAXS profiles from the “complete” dimer model (χ = 12.4, red) and the 

“complete” monomer model (χ = 1.14, blue) are shown. The lower plot presents the 

residuals (calculated intensity / experimental intensity) of each calculated SAXS profile. 

The upper inset shows the SAXS profiles in the Guinier plot with an Rg fit of 24.4 ± 0.3 

Å. The maximum particle size (Dmax) is 77.8 Å determined experimentally. 

(C) Superposition of VpNup13355-502 (shown as pink cartoon) and HsNup13375-477 (PDB: 
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1XKS; shown as light-blue cartoon) (19) structures performed using the SSM (87) 

routine as implemented in COOT (34). 

(D) Electrostatic potential of VpNup13355-502 plotted onto its solvent accessible surface. 

Missing side chains and charges were assigned for VpNup13355-502 structure on the 

PDB2PQR web-server (http://nbcr-222.ucsd.edu/pdb2pqr_1.9.0/) (88), and electrostatic 

surface was calculated using APBS (89) within PyMOL. Negative (-4 kT/e) and positive 

(+4 kT/e) potentials are shown in red and blue, respectively. The positively charged 

surface located adjacent to the “DA34-loop” (annotated as the potential ALPS motif) is 

marked by an ellipse in yellow. Phenylalanine at positions 275 and 276 are shown in 

sticks as reference for location of the “DA34-loop”. 

 

Figure 3. Structure and dynamics of ScNup133 revealed by integrative modeling 

approach 

(A) The minimal ensemble of 4 conformations (the multi-state model), comprised of a 

single major “extended” conformation with a population weight of 0.506 (blue) and three 

minor “compact” conformations with weights of 0.242 (red), 0.202 (cyan), and 0.050 

(yellow) are shown.  The most populated conformation (blue) was used as a reference 

for rigid body least-squares superposition of the remaining 3 conformations. The ab 

initio shape (represented as a gray envelope) computed from the experimental SAXS 

profile was also superposed for comparison. 

(B) Comparison of the merged experimental SAXS profile (black) of ScNup1332-1157 with 

the calculated SAXS profiles from the ScNup1332-1157 comparative model  (χ = 6.27, 

red) and the ensemble of 4 conformations (χ = 1.54, blue) are shown. The lower plot 
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presents the residuals (calculated intensity / experimental intensity) of each calculated 

SAXS profile. The upper inset shows the SAXS profiles in the Guinier plot with an Rg fit 

of 48.3 ± 0.6 Å. The maximum particle size (Dmax) is 169.2 Å determined experimentally. 

(C) The 23 negative-stain EM class averages are shown along with the projections of 

each of the 4 conformations. 22 EM class averages were assigned to at least one of the 

4 conformations with high confidence, as highlighted in colored boxes. 

 

Figure 4. Mutational analysis of the ScNup133 - ScNup84 interface 

The double mutations at the predicted ScNup133 - ScNup84 interface disrupted the 

association of ScNup133 with the rest of the ScNup84 complex.  

(A) Alignment of the Nup133 amino acid sequences of different organisms (indicated on 

the left) corresponding to the predicted Nup84 interaction surface in Saccharomyces 

cerevisiae. The alignment was performed with ClustalW2 (90). The amino acids affected 

by the designed point mutations are indicated by an asterisk. 

(B) Affinity purification of nucleoporins associated to the Nup133-PrA mutants indicated 

above each gel line. The identity of each protein is indicated in blue letters on the right. 

Marker protein molecular weights are indicated in kDa on the left side. Immunoglobulin 

contaminants are identified in gray letters. 

 

Figure 5. Phenotypic analysis of the ScNup133 point mutants  

(A) Fitness analysis of the Nup133 mutants is shown. 10-fold serial dilutions of strains 

expressing the Nup133-PrA construct indicated on the left side or carrying an empty 

plasmid (controls DNup133 and parental w303 strains) were spotted in minimal media 
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plates without triptophan and grown at the indicated temperatures for 2-3 days. A semi-

quantitative score, in arbitrary units (AU), normalized to the wild type fitness, is shown 

on the right. 

(B) Nup133 mutants associate with the NPC. NPC association of the Nup133-GFP 

constructs indicated on the left side was analyzed by live cell direct fluorescence 

microscopy in a DNup133, Nup170-mCherry mutant background. Cells were grown to 

early log phase at 25° C. Differential interference contrast (DIC, left) and single-channel 

fluorescence (central and right columns) are shown. Scale bar = 5 mm. 

 

Figure 6. The potential ArfGAP1 lipid packing sensor (ALPS) motifs 

(A-E) Each of the potential ALPS motifs and sequences for HsNup133 (A), VpNup133 

(B), ScNup133 (C), and ScNup120 (D-E) are presented. The potential ALPS motifs 

(red) are visualized in their corresponding structures (gray) using UCSF Chimera (37), 

and highlighted by the blue circles. The helical-wheel representations of the potential 

ALPS motifs are also shown, with an arrow in the center of the helical-wheel 

representing the direction and strength of the mean hydrophobic moment of the 

corresponding ALPS motif. 
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Tables 

Table 1. Crystallographic Statistics 

Suggested location – Results, Crystal structure of VpNup13355-502 

 

Data Collection                             VpNup13355-502 
 
PDB code:                                       4Q9T 
Space group:                                   C2221 
Unit-cell dimensions (Å):                a=109.2, b=133.8, c=136.8 
Matthew’s coefficient (Å3/Da):          2.44 
Solvent content (%):                       49.6 
Wavelength (Å) :                                0.9793 
Resolution (Å):                                  38.00-3.00 (3.18-3.00)a 
Number of unique reflections:           20381  (3224)                                 
Completeness (%):                         99.7 (98.8) 
Rmerge (%):                               18.9 (254.2) 
Mean (I) half-set correlation CC(½) (91):   0.990 (0.668) 
Multiplicity:                                    14.6 (13.9) 
< I/s(I) >:                                         14.2 (1.2) 
  
Refinement 
Number of reflections :                   19,268 
Number of reflections in test set:      1042  
Rwork (%):                                    21.5 
Rfree (%):                                          26.8 
Root mean square deviations from ideal values 
Bond length (Å):                              0.0080 
Bond angles (°):                              1.3299 
  
Ramachandran Plot 
MolProbity (92) residues in 
Favored region (%):                        90.8 
Allowed region (%):                        99.6  
   
a Values in parenthesis correspond to the highest-resolution shell  
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Table 2. Validation of the multi-state model of ScNup1332-1157 with 41 chemical 

cross-links determined by mass spectrometry 

We validated the conformations of ScNup1332-1157 against each of the 18 DSS 

and 23 EDC chemical cross-links obtained from our companion study on the entire 

ScNup84 complex (24). As a result, 94.4% of DSS and 91.3% of EDC cross-links were 

satisfied by the multi-state model, within 35 Å and 25 Å thresholds, respectively. 

Therefore, the conformational dynamics of ScNup133 are consistent with 38 of the 41 

intra-molecular chemical cross-links, corresponding to the typical false positive rate 

observed for chemical cross-linking (24) 
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Suggested location – Results, The multi-state structural model of ScNup1332-1157 
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Table 3. Validation of the ScNup133 - ScNup84 interface with 4 chemical cross-

links determined by mass spectrometry 

We validated the ScNup133881-1157 - ScNup84506-726 interface model against each 

of the 2 DSS and 2 EDC chemical cross-links spanning the ScNup133 - ScNup84 

interface, which were obtained from our companion study on the entire ScNup84 

complex (24). As a result, all the inter-molecular chemical cross-links are fully consistent 

with the ScNup133881-1157 - ScNup84506-726 interface model. 

 

Suggested location – Results, The ScNup133 - ScNup84 interface validated by 

mutational analysis and chemical cross-links 
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Figures 

 

Figure 1. Integrative modeling approach for ScNup133 

Suggested location – Experimental Procedures, Structure and dynamics of ScNup133 

revealed by integrative modeling approach 



54 

 

Figure 2. Crystal structure of VpNup13355-502 

Suggested location – Results, Crystal structure of VpNup13355-502 
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Figure 3. Structure and dynamics of ScNup133 revealed by integrative modeling 

approach 

Suggested location – Results, The multi-state structural model of ScNup1332-1157 
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Figure 4. Mutational analysis of the ScNup133 - ScNup84 interface 

Suggested location – Results, The ScNup133 - ScNup84 interface validated by 

mutational analysis and chemical cross-links 
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Figure 5. Phenotypic analysis of the ScNup133 point mutants 

Suggested location – Results, The ScNup133 - ScNup84 interface validated by 

mutational analysis and chemical cross-links 
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Figure 6. The potential ArfGAP1 lipid packing sensor (ALPS) motifs 

Suggested location – Results, The ArfGAP1 lipid packing sensor (ALPS) motifs 
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