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SUMMARY 

Most cellular processes are orchestrated by macromolecular complexes. However, 

structural elucidation of these endogenous complexes can be challenging because they 

frequently contain large numbers of proteins, are compositionally and morphologically 

heterogeneous, can be dynamic, and are often of low abundance in the cell. Here, we 

present a strategy for structural characterization of such complexes, which has at its 

center chemical cross-linking with mass spectrometric readout (CX-MS). In this 

strategy, we isolate the endogenous complexes using a highly optimized sample 

preparation protocol and generate a comprehensive, high-quality cross-linking dataset 

using two complementary cross-linking reagents. We then determine the structure of the 

complex using a refined integrative method that combines the cross-linking data with 

information generated from other sources, including electron microscopy, X-ray 

crystallography, and comparative protein structure modeling. We applied this integrative 

strategy to determine the structure of the native Nup84 complex – a stable hetero-

heptameric assembly (~600 kDa), sixteen copies of which form the outer rings of the 50 

MDa nuclear pore complex (NPC) in budding yeast. The unprecedented detail of the 

Nup84 complex structure reveals previously unseen features in its pentameric structural 

hub and provides information on the conformational flexibility of the assembly. These 

additional details further support and augment the protocoatomer hypothesis, which 

proposes an evolutionary relationship between vesicle coating complexes and the NPC, 

and indicates a conserved mechanism by which the NPC is anchored in the nuclear 

envelope. 
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INTRODUCTION 

Macromolecular complexes are the building blocks that drive virtually all cellular and 

biological processes. In each eukaryotic cell, there exist many hundreds such protein 

complexes (1-3), the majority of which are still poorly understood in terms of their 

structures, dynamics, and functions. The classical structure determination approaches 

of nuclear magnetic resonance (NMR), X-ray crystallography, and electron microscopy 

(EM) remain challenged when determining the high-resolution structures of large, 

dynamic, and flexible complexes in a living cell (4). Thus, additional robust and rapid 

methods are needed, ideally working in concert with these classical approaches, to 

allow the characterization of macromolecular assemblies in the highest structural and 

functional detail. 

 

Integrative modeling approaches help address this need, providing powerful tools for 

determining structures of endogenous protein complexes (5, 6), by relying on the 

collection of an extensive experimental dataset, preferably coming from diverse sources 

(both classical and new) and different levels of resolution. These data are translated into 

spatial restraints that are used to calculate an ensemble of structures by satisfying the 

restraints, which in turn can be analyzed and assessed to determine its precision and 

estimate its accuracy (5, 7). A major advantage of this approach is that it readily 

integrates structural data from different methods and a wide range of resolutions, 

spanning from a few angstroms to dozens of nanometers. This strategy has been 

successfully applied to a number of protein complexes (8-16). However, it has proven 

difficult and time-consuming to generate a sufficient number of accurate spatial 
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restraints to enable high-resolution structural characterization; thus, the determination of 

spatial restraints currently presents a major bottleneck for widespread application of this 

integrative approach. An important step forward therefore is the development of 

technologies for collecting high-resolution and information-rich spatial restraints in a 

rapid and efficient manner, ideally from endogenous complexes isolated directly from 

living cells. 

 

Chemical cross-linking with mass spectrometric readout (CX-MS) (17, 18) has recently 

emerged as an enabling approach for obtaining residue-specific restraints on the 

structures of proteins and protein complexes (19-25). In a CX-MS experiment, the 

purified protein complex is chemically conjugated by a functional group-specific cross-

linker, followed by proteolytic digestion and analysis of the resulting peptide mixture by 

mass spectrometry (MS). However, due to the complexity of the peptide mixtures and 

low abundance of most of the informative cross-linked species, comprehensive 

detection of these cross-linked peptides has proven challenging. This challenge 

increases substantially when studying endogenous complexes of modest to low 

abundance, which encompasses the great majority of assemblies in any cell (26, 27). In 

addition, since most cross-linkers used for CX-MS target primary amines, 

comprehensive detection of cross-links is further limited by the occurrence of lysine, 

which constitutes only ~6% of protein sequences 

(http://prowl.rockefeller.edu/aainfo/struct.htm), although these lysine residues are 

generally present on protein surfaces. Use of cross-linkers with different chemistries 

and reactive groups, especially towards abundant residues, would increase the cross-

http://prowl.rockefeller.edu/aainfo/struct.htm
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linking coverage and could be of great help for downstream structural analysis (28). 

 

The nuclear pore complex (NPC) is one of the largest protein assemblies in the cell and 

is the sole mediator of macromolecular transport between the nucleus and the 

cytoplasm. The NPC is formed by multiple copies of ~30 different proteins termed 

nucleoporins (Nups) that are assembled into discrete subcomplexes (8, 29). These 

building blocks are arranged into eight symmetrical units called spokes that are radially 

connected to form several concentric rings. The outer rings of the NPC are mainly 

formed by the Nup84 complex (a conserved complex, termed the Nup107-Nup160 

complex in vertebrates). In budding yeast, the Nup84 complex is an essential, Y-shaped 

assembly of ~600 kDa that is formed by seven nucleoporins (Nup133, Nup120, 

Nup145c, Nup85, Nup84, Seh1, and Sec13 in Saccharomyces cerevisiae) (30). The 

Nup84 complex has been shown to have a common evolutionary origin with vesicle 

coating complexes (VCCs), such as COPII, COPI, and clathrin (31, 32), but the 

evolutionary relationships between these VCCs have not been fully delineated. The 

Nup84 complex has been extensively characterized; several of its components have 

been analyzed by X-ray crystallography (33, 34), its overall shape has been defined by 

negative-stain electron microscopy (14, 30, 35, 36) and recently efforts were made to 

define the protein contacts in the Nup84 complex by CX-MS in human (35) and a 

thermophilic fungus (37). Finally, we recently used an integrative modeling approach, 

combining domain mapping, negative-stain electron microscopy (38), and publicly 

available crystal structures to generate a medium resolution map of the native Nup84 

complex (14). However, despite all these efforts, the fine features of the complex, and in 
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particular the intricate domain orientations and contacts within the complex’s hub, 

remain poorly described. 

 

To address these issues, we present here an optimized CX-MS strategy for robust and 

in-depth structural characterization of endogenous protein complexes. To test the 

strategy, we generated a comprehensive high-quality CX-MS dataset on the 

endogenous Nup84 complex using two complementary cross-linkers - disuccinimidyl 

suberate (DSS) and 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). Using the 

resulting cross-linking restraints together with other sources of information (including 

electron microscopy, X-ray crystallography, and comparative modeling), we computed a 

detailed structure of the endogenous Nup84 complex. In addition to providing the overall 

architecture of the yeast Nup84 complex, the resulting structure reveals the previously 

unknown architecture of its pentameric structural hub. Our results demonstrate that the 

present approach provides a robust framework for the standardized generation and use 

of CX-MS spatial restraints towards the structural characterization of endogenous 

protein complexes. 
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EXPERIMENTAL PROCEDURES 

Purification and chemical cross-linking of the endogenous Nup84 complex 

To purify the native Saccharomyces cerevisiae Nup84 complex, we used a procedure 

that we have optimized over the course of several years (14) (Supplemental 

Experimental Procedures). The natively eluted Nup84 complex (200 µL) was cross-

linked by adding isotopically labeled Di-Succinimidyl-Suberate (d0:d12= 1:1, Creative 

Molecules) to yield a final concentration of 1 mM and incubated for 45 minutes at 25°C 

and 750 rpm of agitation. The reaction was then quenched using a final concentration of 

50 mM ammonium bicarbonate.  

 

In the case of cross-linking using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 

Pierce), the sample was equilibrated and eluted in EDC cross-linking buffer (20 mM 

MES pH 6.5, 500 mM NaCl, 2 mM MgCl2, 0.1% CHAPS, 1 mM DTT); EDC was added 

to the sample to yield a final concentration of 25 mM and N-hydroxysulfosuccinimide 

(Sulfo-NHS, Pierce) was added to yield a final concentration of 0.5 mM (i.e., 2% molar 

ratio with respect to EDC). The sample was incubated for 45 minutes at 25°C and 750 

rpm of agitation. After the incubation, Tris-HCl was added to the final concentration of 

50 mM and pH 8.0, and β-mercaptoethanol was added to the final concentration of 20 

mM, followed by incubation at 25°C for 15 minutes and 750 rpm of agitation to quench 

the reaction.  

 

The cross-linked samples were either directly processed for in-solution digestion or 

precipitated using 90% cold methanol and resuspended in SDS-PAGE loading buffer for 
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in-gel separation and digestion. 

 

Proteolytic digestion of chemically cross-linked Nup84 complex 

After cross-linking, the complex was reduced by 10 mM tris-(2-carboxyethyl)-phosphine 

(TCEP, Invitrogen) at 55°C, cooled to room temperature (RT) and alkylated by 20 mM 

iodoacetamide for 20 minutes in the dark. The cross-linked complex was digested either 

in-solution or in-gel with trypsin to generate cross-linked peptides. For in-solution 

digestion, ~10-20 µg of purified complex was digested using 0.5 µg trypsin (Promega) in 

1 M urea and 0.1% Rapigest (Waters). After overnight (12-16 hours) incubation, an 

additional ~0.3 µg aliquot of trypsin was added to the digest and incubated for a further 

4 hours. The resulting proteolytic peptide mixture was acidified, and centrifuged at 

13,000 rpm for 5 minutes. The supernatant peptides were collected and desalted using 

a C18 cartridge (Sep-Pak, Waters), lyophilized in protein LoBind tubes (Eppendorf) and 

fractionated by peptide size exclusion chromatography (SEC) (below). For in-gel 

digestion, ~10-20 µg purified complex was heated at 75°C in 1X SDS loading buffer for 

10 minutes. The sample was cooled at RT for cysteine alkylation and separated by 

electrophoresis in a 4-12% Bis-Tris SDS-PAGE gel (Invitrogen). The gel region above 

220 kDa was sliced, crushed into small pieces, and digested in-gel by trypsin. After 

extraction and purification, the resulting proteolytic peptides were dissolved in 20 µL of a 

solution containing 30% acetonitrile (ACN) and 0.2% formic acid (FA), and fractionated 

by peptide SEC (Superdex Peptide PC 3.2/30, GE Healthcare) using off-line HPLC 

separation with an autosampler (Agilent Technologies). Two to four SEC fractions 

covering the molecular mass range of ~2.5 kD to ~8 kD were collected and analyzed by 
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LC/MS.   

 

Mass spectrometric analysis of cross-linked peptides 

To characterize the composition of our Nup84 complex preparation, ~1 µg of the 

endogenously purified complex was in-gel digested and 1/50 portion of the purified 

proteolytic peptides (corresponding to ~20 ng of the purified complex) were loaded onto 

an EASY-Spray column (15 cm x 75 µm ID, 3um), followed by an analysis with an 

Orbitrap Fusion mass spectrometer coupled on-line to the EASY-nLC 1000 nano-LC 

system (Thermo).  A 10 min LC gradient (8% B to 55% B, 0-7 minutes, followed by 55% 

B to 100% B, 7-10 min, where mobile phase A consisted of 0.1% formic acid and B 

consisted of 100% acetonitrile in 0.1% formic acid). A top 10 (high-low) method was 

used where the precursors (m/z= 300, 1,700) were measured by the orbitrap, isolated in 

the quadrupole mass filter(isolation window 1.8 Th), fragmented within the HCD cell 

(HCD normalized energy 28), and the product ions were analyzed in the low resolution 

ion trap. Other instrumental parameters include a flow rate of 300 nl/min, spray voltage 

of 1.7 kv, S lenses (35%),  AGC targets of  5 x 105 ( orbitrap)  and 1x 104 (ion trap). 

 

The raw data on the immunoprecipitation was converted to an mzXML file (by MM file 

conversion 3) and searched online by X! Tandem (http://prowl.rockefeller.edu/tandem). 

Database search parameters include mass accuracies of MS1 < 10 ppm and MS2 < 0.4 

Da, cysteine carbamidomethylation as a fixed modification, methionine oxidation, N-

terminal acetylation, and phosphorylation (at S, T, and Y) as variable modifications. A 

maximum of one trypsin missed-cleavage sites was allowed. The seven Nup84 
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components were identified as the top 7 hits by spectral counting. The results are 

provided in Table S7. 

 

For cross-link identification, the purified peptides were dissolved in the sample loading 

buffer (5% MeOH, 0.2% FA) and loaded onto a self-packed PicoFrit® column with 

integrated electrospray ionization emitter tip (360 O.D, 75 I.D with 15 µm tip, New 

Objective). The column was packed with 8 cm of reverse-phase C18 material (3 µm 

porous silica, 200 Å pore size, Dr. Maisch GmbH). Mobile phase A consisted of 0.5% 

acetic acid and mobile phase B of 70 % ACN with 0.5 % acetic acid. The peptides were 

eluted in a 150-minutes LC gradient (8% B to 46% B, 0-118 minutes, followed by 46% B 

to 100% B, 118-139 minutes, and equilibrated with 100% A until 150 minutes) using an 

HPLC system (Agilent), and analyzed with a LTQ Velos Orbitrap Pro mass 

spectrometer (Thermo Fisher). The flow rate was ~200 nL/minute. Spray voltage was 

set at 1.9-2.3 kV. The capillary temperature was 275°C and ion transmission on Velos S 

lenses was set at 35%. The instrument was operated in the data-dependent mode, 

where the top eight-most abundant ions were fragmented by higher energy collisional 

dissociation (HCD) (39) (HCD energy 27-29, 0.1 millisecond activation time) and 

analyzed in the Orbitrap mass analyzer. The target resolution for MS1 was 60,000 and 

for MS2 it was 7,500. Ions (370-1700 m/z) with charge state of > 3 were selected for 

fragmentation. A dynamic exclusion of (15 s / 2 / 55 s) was used. Other instrumental 

parameters include: “lock mass” at 371.1012 Da, monoisotopic mass selection turning 

off, the mass exclusion window +/-1.5 Th, and the minimal threshold of 5,000 to trigger 

an MS/MS event. Ion trap accumulation limits (precursors) were 1 x 105 and 1 x 106 
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respectively for the linear ion trap and Orbitrap. For MS2, the Orbitrap ion accumulation 

limit was 5 x 105. The maximal ion injection time for the LTQ and Orbitrap were 100 

milliseconds and 500 - 700 milliseconds, respectively. 

 

The raw data were transformed to MGF (mascot generic format) by pXtract 2.0 and 

searched by pLink (version 1.16) (40) using a target-decoy search strategy with a 

concatenated FASTA protein sequence database containing the seven subunits of the 

Nup84 complex (accession numbers are YGL092W, YDL116W, YJR042W, YKL057C, 

YLR208W, and YGL100W) and bovine serum albumin (BSA). We also included the 

BSA sequence for target-decoy database search to quickly pre-filter the false positive 

identifications containing the BSA sequence. An initial MS1 search window of 5 Da was 

allowed to cover all isotopic peaks of the cross-linked peptides. The data were 

automatically filtered using a mass accuracy of MS1 ≤ 10 ppm (parts per million) and 

MS2 ≤ 20 ppm of the theoretical monoisotopic (A0) and other isotopic masses (A+1, 

A+2, A+3, and A+4) as specified in the software. Other search parameters include 

cysteine carbamidomethylation as a fixed modification, methionine oxidation, and 

protein N-terminal methionine cleavage as a variable modification. A maximum of two 

trypsin missed-cleavage sites were allowed. The initial search results were obtained 

using a 5% false discovery rate (FDR) - a default parameter estimated by the pLink 

software (40). We then treated the 5% expected FDR as an initial (permissive) filter of 

the raw data. We then manually applied additional stringent filters to remove potential 

false positive identifications from our dataset. For positive identifications, both peptide 

chains should contain at least five amino acid residues. For both peptide chains, the 
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major MS/MS fragmentation peaks must be assigned and follow a pattern that contains 

a continuous stretch of fragments. The appearance of dominant fragment ions N-

terminal to proline and C-terminal to aspartic acid and glutamic acid for arginine-

containing peptides was generally expected (41, 42). The precise cross-linking site 

cannot be determined for ~20% EDC cross-links due to the appearance of consecutive 

aspartic and glutamic acid in the tryptic peptide sequences (Supplemental Figure S5C 

and Supplemental Table S2). Moreover, because cross-linking by EDC (hydrolysis) 

resembles peptide bond formation, intra-molecular cross-link candidates (directly 

identified by the software) that are composed by two adjacent tryptic peptide sequences 

of the same protein are likely to be a single, missed cleavage peptide (Supplemental 

Figure S5D). Such ambiguous EDC cross-linking identifications were eliminated from 

further consideration. In essence, these additional filters represent a standard 

procedure for eliminating false positives at the cost of removing some true positives. 

The net result is a more conservative list of cross-linking restraints that are less likely to 

manifest as artefacts in the resulting structural models. The cross-link maps (Figure 2, A 

and C) were generated using AUTOCAD (Autodesk, Inc., educational version). 

 

Molecular architecture of the endogenous Nup84 complex revealed by integrative 

modeling 

Our integrative structure modeling proceeds through four stages (7, 13, 14, 43) (Figure 

4): (1) gathering of data, (2) representation of subunits and translation of the data into 

spatial restraints, (3) configurational sampling to produce an ensemble of models that 

satisfies the restraints, and (4) analysis and assessment of the ensemble. The modeling 
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protocol (i.e., stages 2, 3, and 4) was scripted using the Python Modeling Interface 

(https://github.com/salilab/pmi), version be72c15, a library to model macromolecular 

complexes based on our open source Integrative Modeling Platform (IMP) package 

(http://salilab.org/imp/), version 829c3f0 (44). Files containing the input data, scripts, 

and output models are available at http://salilab.org/nup84. 

 

Stage 1: Gathering of data  

163 unique DSS and 104 EDC cross-linking peptides were identified by MS 

(Supplemental Tables S1 and S2; Supplemental Figures S9 and S10; 20% of the EDC 

cross-links were not determined unambiguously, resulting in 123 possible EDC cross-

links). The atomic structures for some of the yeast Nup84 complex components and 

their close homologs have been previously determined by X-ray crystallography 

(Supplemental Figure S3) (31, 45-54). In addition, structurally defined remote homologs 

(PDB codes 2QX5 (chain B) and 4LCT (chain A)) (55, 56) were detected for the C-

terminal domain in Nup85 by HHpred (57, 58) (Supplemental Figure S3). Secondary 

structure and disordered regions were predicted by PSIPRED (59, 60) and DISOPRED 

(61), respectively (Supplemental Figure S3). Domain mapping data (14), an EM class 

average (14), and a density map from single particle EM reconstruction of the Nup84 

complex (36) were also considered. 

 

Stage 2: Representation of subunits and translation of the data into spatial 

restraints 

The domains of the Nup84 complex subunits were represented by beads of varying 

https://github.com/salilab/pmi
http://salilab.org/imp/
http://salilab.org/nup84
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sizes, arranged into either a rigid-body or a flexible string, based on the available 

crystallographic structures and comparative models (Supplemental Figure S3). In a 

rigid-body, the beads have their relative distances constrained during configurational 

sampling, while in a flexible string the beads are restrained by the sequence 

connectivity, as described later in this section. 

 

To maximize computational efficiency while avoiding using too coarse a representation, 

we represented the Nup84 complex in a multi-scale fashion, as follows. 

 

First, the crystallographic structures of each Nup84 complex domain were coarse-

grained using two categories of resolution, where beads represent either individual 

residues or up to 10-residue segments. For the 1-residue bead representation, the 

coordinates of a bead are those of the corresponding Cα atoms. For the 10-residue 

bead representation, the coordinates of a bead are the center of mass of all atoms in 

the corresponding consecutive residues (each residue is in one bead only). The 

crystallographic structures covered 54% of the residues in the Nup84 complex. 

 

Second, for predicted non-disordered domains of the remaining sequences, 

comparative models were built with MODELLER 9.13 (62) based on the closest known 

structure detected by HHPred (57, 58) and the literature (Supplemental Figure S3). 

Similarly to the X-ray structures, the modeled regions were also coarse-grained using 

two categories of resolution, resulting in the 1-residue and 10-residue bead 

representations. The comparative models covered 30% of the residues in the Nup84 
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complex. 

 

Finally, the remaining regions without a crystallographic structure or a comparative 

model (i.e., regions predicted to be disordered or structured without a known homolog) 

were represented by a flexible string of beads corresponding to up to 20 residues each. 

The residues in these beads correspond to 16 % of the Nup84 complex. 

 

To improve the accuracy and precision of the model ensemble obtained by satisfaction 

of spatial restraints (below), we also imposed crystallographic interface constraints 

based on 3 crystallographically defined interfaces, including Nup85123-460 - Seh1 (31, 

53), Nup145c145-181 - Sec13 (49, 50), and Nup145c145-181 - Nup841-488 (49, 50). The 3 

constrained dimers were simply represented as rigid bodies. These constraints are 

justified because their absence only decreases the precision of the model ensemble, 

but does not significantly change the average model (Supplemental Figure S7). 

 

With this representation in hand, we next encoded the spatial restraints based on the 

information gathered in Stage 1, as follows.  

 

First, the collected DSS and EDC cross-links were used to construct a Bayesian scoring 

function that restrained the distances spanned by the crosslinked residues (63), while 

taking into account the ambiguity of some cross-linked residue identifications  

(Supplemental Experimental Procedures). The cross-link restraints were applied to the 

1-residue bead representation for the X-ray structures and comparative models as well 
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as to the 20-residue bead representation for the remaining regions.  

 

Second, the excluded volume restraints (7) were applied to the 10-residue bead 

representation for X-ray structures and comparative models as well as to the 20-residue 

bead representation for the remaining regions. The excluded volume of each bead was 

defined using the statistical relationship between the volume and the number of 

residues that it covered (7, 64). 

 

Third, we applied the sequence connectivity restraint, using a harmonic upper-bound 

function of the distance between consecutive beads in a subunit, with a threshold 

distance equal to four times the sum of the radii of the two connected beads. The bead  

radius was calculated from the excluded volume of the corresponding bead, assuming 

standard protein density (7, 14, 64). 

 

Finally, the EM 2D restraint (65) was imposed on the highest resolution representation 

of each subunit, using the cross-correlation coefficient between the EM class average 

(14) and the best-matching projection of the model as the score (Supplemental 

Experimental Procedures). 

 

In summary, all information gathered in Stage 1 is encoded into a Bayesian scoring 

function (66) (Supplemental Experimental Procedures). The likelihood function reflects 

the cross-linking data, while the prior depends on the sequence connectivity, excluded 

volume, and EM 2D restraint. Most of the remaining information (crystallographic 
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structures of the subunits, their homologs, and the 3 dimeric interfaces) is included in 

the representation, while the domain deletion data and the  density map from single 

particle EM reconstruction were used only for validating our final model. See the scripts 

at http://salilab.org/nup84 for details and parameter values. 

  

Stage 3. Sampling the configurations 

Structural models of the Nup84 complex were computed using Replica Exchange Gibbs 

sampling, based on the Metropolis Monte Carlo algorithm (66). The Monte Carlo moves 

included random translation and rotation of rigid bodies (up to 2 Å and 0.04 radians, 

respectively), and random translation of individual beads in the flexible segments (up to 

2 Å). 64 replicas were used, with temperatures ranging between 1.0 and 2.5. 20 

independent sampling calculations were performed, each one starting with a random 

initial configuration. A model was saved every 10 Gibbs sampling steps, each consisting 

of a cycle of Monte Carlo steps that moved every rigid body and flexible bead once. The 

sampling produced a total of 15,000 models from the 20 runs. Models that have a score 

lower than 300 were included in an ensemble of 6,520 solutions for subsequent 

analysis. The entire sampling procedure took approximately 2 weeks on a cluster of 

1,280 CPUs. 

 

Stage 4. Analysis and assessment of the ensemble 

First, the thoroughness of configurational sampling was assessed by comparing a 

subset of 3,413 solutions from runs 1-10 to another subset of 3,107 solutions from runs 

11-20. Each subset of solutions was converted into a density map that specifies how 

http://salilab.org/nup84
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often are grid points of the map occupied by a given protein (the ‘localization density 

map’), using VMD (67) (Supplemental Figure S6). The localization density map of a 

subunit was contoured at the threshold that results in 2.5 times its volume estimated 

from sequence (Supplemental Table S6). Importantly, the two localization density maps 

were similar to each other, demonstrating that the Monte Carlo algorithm likely sampled 

well all solutions that satisfy the input restraints The final localization density maps of 

the Nup84 subunits and the whole complex were computed from the complete 

ensemble of the 6,520 solutions (Figure 6, A and B).  

 

Second, the ensemble of solutions was assessed in terms of how well they satisfy the 

data from which they were computed, including the cross-links as well as the excluded 

volume, sequence connectivity, and the EM 2D restraints. We validated the ensemble of 

solutions against each of 163 DSS and 123 EDC cross-links (Supplemental Tables S1 

and S2; Supplemental Figures S9 and S10); a cross-link restraint was considered to be 

satisfied by the ensemble if the median distance between the surfaces of the 

corresponding beads was smaller than a distance threshold of 35 and 25 Å for the DSS 

and the EDC cross-links, respectively.  The shape implied by the EM class average (14) 

was satisfied by the ensemble if the average EM 2D cross-correlation was higher than 

0.8.  The excluded volume and sequence connectivity were considered to be satisfied 

by an individual solution if their combined score was less than 20. 

 

Third, to quantify the precision, the solutions were grouped by Cα root-mean-square 

deviation (RMSD) quality-threshold clustering (68), based on either the hub subunits 
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(Nup145c, Nup85, Seh1, Sec13, and the C-termini of Nup120) or all subunits, using the 

Cα RMSD threshold of 40 Å. The precision of each cluster was calculated as the 

average Cα distance root-mean-square deviation (dRMSD) (69) between the individual 

solutions and the centroid solution, defined as the solution with the minimal sum of the 

dRMSD’s to the other solutions in the cluster  (Supplemental Tables S4 and S5); 

distance difference terms involving a distance larger than 60 Å were omitted from the 

dRMSD calculation. The localization density maps of the clusters were computed as 

described above (Figure 6C). 

 

Finally, the proximities of any two residues in each cluster were measured by their 

relative ‘contact frequency’, which is defined by how often the two residues contact each 

other in the cluster (7); in the multi-scale representation, a pair of residues are in contact 

when the distance between the centers of the corresponding highest resolution beads is 

less than 30 Å (Supplemental Figure S4).  

 

Correlation between the number of cross-links and the accuracy of dimer models 

As a benchmark, we modeled the Sec13-Nup145c dimer of known structure (Figure 5A) 

using up to 10 DSS and 5 EDC inter-molecular cross-links. Each of Sec13 and Nup145c 

was represented as a rigid-body; we used the same representation, scoring function, 

and sampling method as described above. First, we modulated the sparseness of the 

cross-linking data, by varying the number of DSS cross-links, from 1 to 10, without 

considering the EDC cross-links. For each case, up to 10 different random cross-link 

sets were chosen. We also modeled the dimer with EDC cross-links alone as well as 
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with all EDC and DSS cross-links. A total of 93 independent modeling runs were 

performed, producing 30,000 models each. To assess the accuracy of the solutions, Cα 

dRMSD (Figure 5B-C and Supplemental Figure S2) was calculated between every 

produced model and the crystallographic dimer (PDB code 3IKO (50)). 
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RESULTS 

Development of a workflow for CX-MS of endogenous protein complexes  

Our goal was to develop a robust and sensitive methodology for determining chemical 

cross-links for structural characterization of endogenous protein complexes. The overall 

strategy is summarized in Figure 1, as follows. The endogenous protein assembly is 

isolated from a cryogenically milled whole cell lysate by single-step affinity purification 

using antibody-coupled magnetic beads (14, 70). This approach produces highly 

enriched, relatively homogenous complexes with high recovery, in buffers that can be 

optimized for diverse downstream applications (14, 70). The complex is natively eluted 

from the affinity matrix and cross-linked in solution using two complementary chemical 

cross-linkers, DSS and EDC. DSS is primary amine specific (lysines and amino termini 

of proteins), with a spacer arm of 11.4 Å (α-carbon), while EDC cross-links amines to 

carboxylic acids (aspartic acids, glutamic acids, and carboxyl termini of proteins) and is 

generally considered as a “zero” length cross-linker. The relatively high prevalence of 

carboxylic acid and lysine residues in the protein sequences (~12% and ~6%, 

respectively, http://prowl.rockefeller.edu/aainfo/struct.htm),  with these charged residues 

generally present on protein surfaces)  makes EDC a useful complement to the strictly 

amine specific cross-linkers. The cross-linked complex is digested in solution as well as 

separated by SDS-PAGE for in-gel proteolysis. In both cases, the digested peptides are 

then fractionated by peptide size exclusion chromatography (71) and peptides 

corresponding to the large molecular weight fractions (~2.5 - 8 kD) are analyzed by LC-

MS. Putative cross-linked peptides are identified by pLink (40), after which the spectra 

are filtered using additional stringent criteria and manually verified (Experimental 

http://prowl.rockefeller.edu/aainfo/struct.htm
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Procedures). Finally, each of the resulting cross-links is translated into a spatial restraint 

for integrative modeling (Figure 4). 

 

Chemical cross-linking and MS analysis of the Nup84 complex 

The workflow described above was applied to the endogenous heptameric Nup84 

complex. Both DSS and EDC cross-linking reactions were optimized for the 

downstream CX-MS analysis as follows (also see Supplemental Figure S1). We 

controlled the cross-linking reaction such that the majority of the proteins migrated as 

diffusely staining regions into the uppermost part (>220 kD) of an SDS-PAGE gel. The 

protein samples isolated from these uppermost regions of a gel were enriched in cross-

linked peptides.  We generated a high-quality cross-linking dataset that included 163 

unique DSS and 104 EDC cross-linking peptides (Supplemental Tables S1 and S2; 

Supplemental Figures S9 and S10). The overall connectivity patterns of the DSS and 

EDC cross-links were similar (Figure 2, A and B), showing that they provide 

complementary information on similar conformers. Even though 15-20% of the cross-

linked peptides were in the high molecular mass range (4,500 - 7,000 Da), use of high-

resolution and high mass accuracy MS allowed us to pinpoint the cross-linking sites for 

virtually all the DSS cross-links and the majority of EDC cross-links, including those for 

large peptide species (Figure 2, C-F, and Supplemental Tables S1 and S2). We were 

unable to unambiguously locate the conjugation sites for ~20% of the EDC cross-links 

(Supplemental Table S2), because many result from peptides containing consecutive 

and/or adjacent carboxylic acids (Supplemental Table S2 and Supplemental Figure 

S5C). These ambiguities were accounted for in our modeling calculations. 
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Importantly, all previously identified interfaces of the complex (using a variety of 

different approaches including X-ray crystallography, domain deletions, and affinity 

purifications (14, 33)) were recapitulated by the cross-links (Figure 2, A and C). As 

expected, we observed a high correlation between the coverage of cross-links and the 

size of interfaces within the complex; while the majority of the cross-links were mapped 

to the large, intricate yet previously poorly described region of the pentameric structural 

hub (Nup145c, Nup85, Seh1, Sec13, and the C-termini of Nup120), relatively fewer 

were identified in the stalk of the complex (e.g., between Nup84 and Nup133 (46, 47)) 

where smaller interfaces were expected.  

 

To further evaluate the fidelity of the cross-linking data, we mapped the Euclidean Cα-Cα 

distances between the cross-linked residues onto several domains of the Nup84 

complex proteins where high-resolution crystal structures have previously been 

determined (49, 50) (Figure 3A). The distributions of distance differences between 

either DSS or EDC cross-links and the crystal structure are narrow, and are notably 

distinct from the distributions of randomly connected residues of the same type (Figure 

3A). All the measured DSS cross-links fall within the expected maximum reach 

threshold of ~30 Å (72). Although the great majority of the EDC cross-links fall within the 

expected reach threshold of 17 Å (= 6 Å for the lysine side chain + 5 Å for the carboxylic 

acid side chain + 6 Å for flexibility of backbones (20)), interestingly, the distances for 

~30% of EDC cross-links are longer than expected (Figure 3A). These discrepancies 

may arise from differences in flexibility of the subunits at the optimum pHs for EDC 
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versus DSS, the longer times of incubation for the EDC experiments, or some other as 

yet unknown cause. Nevertheless, the EDC and DSS cross-links provide mutually 

confirmatory as well as complementary spatial information (Figure 3B). 

 

Correlation between the number of cross-links and the accuracy of dimer models 

We estimated the number of cross-links required to model a subunit dimer with required 

accuracy. The estimate was possible because we have a large number of 

experimentally determined cross-links for several heterodimers of known atomic 

structure. We chose to focus on the Nup145c-Sec13 dimer (49, 50, 73) because of the 

abundance of inter-molecular DSS and EDC cross-links identified for this dimer. By 

varying the number of DSS cross-linking restraints used to model the dimer (Figure. 5), 

we found that at least 4 or 5 cross-links (either DSS or EDC) are needed to determine 

the dimer structure with an accuracy better than 10 Å Cα dRMSD. Increasing the 

number of cross-links beyond 5 (up to 15), irrespective of their type, does not further 

improve the accuracy, although it increases the precision of the resulting ensemble of 

solutions (Figure 5C and Supplemental Figure S2). 

  

Molecular architecture of the endogenous Nup84 complex revealed by integrative 

modeling 

We computed the configuration of the seven subunits of the budding yeast Nup84 

complex (Figure 6), using crystallographic structures of 7 constituent domains 

(Supplemental Figure S3) as well as 163 DSS and 123 EDC cross-links (Supplemental 

Tables S1 and S2; Supplemental Figures S9 and S10) and one negative-stain electron 
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microscopy (EM) class average (14) (Figure 4). To improve the precision of the resulting 

models, the 3 crystallographically defined interfaces, namely Nup85-Seh1 (31, 53), 

Nup145c-Sec13 (49, 50), and Nup145c-Nup84 (49, 50), were included as constraints in 

the modeling calculation; the constrained dimers were simply represented as rigid 

bodies in the configurational sampling. 

 

The molecular architecture of the Nup84 complex was computed from an ensemble of 

6,520 solutions, shown as a localization density map representing probability of any 

volume element being occupied by a given protein (Figure 6A). The sampling procedure 

was thorough, as indicated by the similarity of two ensembles of solutions independently 

calculated using the same cross-link dataset (Supplemental Figure S6).  

 

Next, we validated the solutions against a previously published molecular architecture of 

the Nup84 complex. The current solutions are in agreement with the Nup84 complex 

structure determined primarily using the domain mapping data and the EM class 

average in our earlier study (14) (Supplemental Figure S8) as well as the density map 

from the single particle EM reconstruction (36) (Supplemental Figure S8). 

 

We also validated the ensemble of solutions against the data used to compute it. First, 

the ensemble satisfied 86.5% of the DSS cross-links and 83.6% of the EDC cross-links 

(Experimental Procedures; Supplemental Figure S4 and Supplemental Table S3). 

Second, 99% of the 6,520 solutions satisfied the excluded volume and sequence 

connectivity restraints (Experimental Procedures). Finally, the solutions also fit the EM 
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class average, with the average cross-correlation coefficient of 0.9. 

 

Next, we quantified the precision of the ensemble of solutions (Experimental 

Procedures). The clustering analysis identified 2 dominant clusters of similar structures 

in the hub, including 1,257 and 1,010 solutions, respectively (Figure 6C-D and 

Supplemental Table S4). The precision of the ensemble is sufficient to pinpoint the 

locations and orientations of the constituent proteins and even domains (Figure 6 and 

Supplemental Tables S4 and S5), as described in Discussion. The hub region was 

determined at the highest precision of 12.7 Å (Supplemental Table S4). Furthermore, 

even the independent modeling calculation without crystallographic interface constraints 

(Supplemental Figure S7) was able to recapitulate the structures of the Nup145c-

Sec13, Nup85-Seh1, and Nup84-Nup145c crystallographic interfaces with an accuracy 

of 4.0, 12.0, and 7.5 Å, respectively, in the most-populated cluster 1 (Table 1). These 

accuracies demonstrate the quality of the cross-link data as well as validate the 

application of the 3 crystallographic interfaces as constraints. Notably, the accuracy of 

the Nup145c-Sec13 dimer (Cα dRMSD of 4.0 Å) in the model of the entire complex is 

higher than the accuracy of modeling the Nup145c-Sec13 dimer on its own  (Cα dRMSD 

of 6.5 Å, Figure 5B-C). This observation underscores the synergy between orthogonal 

data, thus demonstrating the premise of integrative modeling. 

 

Finally, the proximities of any two residues within each of the two dominant solution 

clusters were measured by their relative ‘contact frequency’, which is defined by how 

often the two residues contact each other in the cluster (7).  The contact frequencies are 
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in remarkable agreement with the cross-link dataset (Supplemental Figure S4). 

  



29 
 
 
 

DISCUSSION 

Integrative structural characterization of the endogenous Nup84 complex based 

on CX-MS data  

We present here an optimized CX-MS workflow for integrative structural 

characterization of native protein complexes. Importantly, this pipeline generates 

structures of complexes with near-atomic resolution and in a fraction of the time that, in 

our experience, previous approaches have taken to achieve similar accuracy. To 

achieve this goal, we have developed an improved CX-MS pipeline for robust and 

comprehensive analysis of endogenous protein complexes available in limited amounts 

(10-20 µg), as demonstrated for both the Nup84 complex and the SEA complex (in an 

accompanying paper (74)). Our approach also allows rapid and efficient integration of 

structural information from various sources at different levels of resolution, including 

complementary cross-linking restraints, crystallographic structures, comparative 

models, electron microscopy class averages and density maps, as well as affinity 

purification data. This approach also provides information concerning the heterogeneity 

and structural flexibility of endogenous complexes, which have been poorly investigated 

before.  

 

We found that at least 4 or 5 cross-links between two crystallographic structures is 

sufficient to relatively accurately model the corresponding dimer (Figure 5C and 

Supplemental Figure S2). Additional cross-links further increase the precision of the 

final solutions, although they only marginally improve their accuracy. We demonstrate 

the benefits of using two complementary, commercially available cross-linkers (DSS 
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and EDC), targeting amine and carboxylic groups, respectively. Further efforts are 

needed to design cross-linkers of varying length and/or type (28). 

 

We empirically observed that in-gel digestion generally yielded more cross-links than in-

solution digestion (Fig. S12). We speculate that one reason for this higher yield is the 

presence of SDS in the gel, which greatly helps to denature the otherwise rigidified 

cross-linked complex; efficient proteolysis by trypsin thus becomes of great importance 

for a successful experiment. In addition, the use of a gel makes it easy to clean up 

contaminants such as detergents and elution peptides.  

 

Conformational heterogeneity of endogenous protein complex inferred from non 

self-consistency of structural information 

Like many native protein assemblies, the Nup84 complex has been shown to exist in 

multiple conformational states (14, 30, 35, 36). We noticed that not all cross-links could 

readily fit into our ensemble of structures calculated by integrative modeling 

(Supplemental Figure S4 and Supplemental Table S3). We suggest that such 

inconsistency largely reflects the heterogeneity, flexibility, and/or disorder, as seen 

previously by EM (14, 30, 35, 36). Examples include the N-terminus of Nup85 and 

Nup145c, which are located in the Nup85-Seh1 arm that has been suggested to be 

flexible based on negative-stain EM data (14). Other notable examples are the 

Nup133(253)-Nup84(340) and Nup133(936)-Nup133(392) cross-links, connecting the β-

propeller N-terminal region of Nup133 to either the N-terminal region of Nup84 or the C-

terminal region of Nup133, respectively.  It has been reported that the Nup133 region of 
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the stalk is flexible in yeast (14, 30, 36) and, in an accompanying paper (75), we 

described how the S. cerevisiae Nup133 molecule shows significant flexibility in the 

hinge between its N- and C-terminus. Also recently, negative-stain EM analysis of the 

human counterpart (Nup107-160 complex (35)) suggested extreme flexibility for the 

Nup133 homolog. Our cross-linking restraints connecting the base of the stalk with its 

middle region would imply a similar bending of the yeast Nup133 molecule. Other 

constituents of the NPC core have been shown to present significant flexibility (76). 

Together, this flexibility may allow for the dilations of the NPC when accommodating 

large cargoes and the tensions that the NE suffers during cell growth.  

 

Molecular architecture of the endogenous Nup84 complex revealed by integrative 

modeling 

Our CX-MS Nup84 complex structure recapitulates most of the features already 

described in our previous structure (14) and by others (30, 36, 77), including the Y-

shape, kinked stalk, the key role of the α-solenoid interfaces in establishing the overall 

architecture, and peripheral locations of the β-propeller domains (Figure 6). The stalk of 

the Y was shown to be formed by a tail-to-tail connection between Nup133 and Nup84 

as well as a head to middle region connection between Nup84 and Nup145c. Nup120 

and the Nup85-Seh1 dimer form the two arms of the Y, respectively. The pentameric 

hub of the complex is formed by an intricate connection between Nup145c, the C-

termini of Nup120 and Nup85, and the β-propeller Nups of Seh1 and Sec13. This 

arrangement is consistent with several previous structures and models (14, 35, 77), but 

does not agree with docking of crystal structures into a density map from single particle 
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EM reconstruction of the entire complex, where the Nup85-Seh1 arm is oriented the 

other way around (36), or with the fence model where homodimeric interactions connect 

different copies of the complex (53, 73). The overall topology of the complex is 

conserved across the different clusters of solutions (Figure 6C-D). The exact positions 

of the domains vary slightly across the clusters, reflecting either intrinsic flexibility or 

lack of sufficient restraints. The main variability is detected in two regions: the Nup85-

Seh1 arm and the stalk of the complex. The Nup85-Seh1 arm adopts slightly different 

arrangements, depending on whether or not the 3 crystallographic interface constraints 

are considered (Figure 6A and Supplemental Figure S7). This variability of the arm 

configuration is consistent with the apparent flexibility observed in our negative-stain 

raw EM particle images (not shown) and the class averages obtained by an 

independent analysis (36). The stalk of the complex is kinked in our structure (Figure 6), 

consistent with the shape of the crystallized Sec13-Nup145c-Nup84 trimer (49, 50). 

However, solutions calculated without the EM 2D restraint and crystallographic interface 

constraints (data not shown) include structures compatible with an alternative, extended 

conformation of the stalk of the complex (30, 36). Structural characterization of the 

Nup84 complex in the context of the whole NPC may be able to address which of the 

complex conformations is the predominant one in vivo. 

 

The main insight from the newly determined structure is the higher level of detail in the 

hub region of the complex (Figures 6C-D), indicating a more intricate arrangement than 

previously described (49). This region has proved refractory to classical high-resolution 

methods due to its heterogeneity and/or flexibility. Our approach, however, was able to 
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surpass these challenges. The hub arrangement involves the β-propeller proteins 

Sec13 and Seh1, the C-terminal α-helical domains of Nup85, Nup120, and Nup145c, as 

well as the N-terminal region of Nup145c. The C-terminal domain of Nup85 wraps 

around the Seh1 β-propeller and projects into the hub to interact with the C-terminus of 

Nup120. The resulting interface serves as a platform for the interaction with the C-

terminal domain of Nup145c. The N-terminal domain of Nup145c is inserted between 

Nup85, Sec13, and Seh1, thus bridging the interaction between the dimers Nup145c-

Sec13 and Nup85-Seh1. A remarkable feature is the position of the β-propeller proteins 

Seh1 and Sec13 (Figure 6C-D). The position of Sec13 is consistent between the 

different clusters of solutions, forming the lower part of the hub. In contrast, Seh1 moves 

between two configurations: a distal position, away from Sec13 (Figure 6D, bottom row), 

and another one proximal, close to Sec13 (Figure 6D, top row). Both configurations are 

supported by the input data, and they may identify alternative configurations of the 

Nup85-Seh1 arm. The significant flexibility shown by EM data for the Nup85-Seh1 arm 

(discussed above) is consistent with the different configurations suggested by our 

clustering analysis (Figure 6C-D). The proximal localization of Seh1 (Figure 6D, top 

row) likely implies an interaction with Sec13 that was already indicated by our previous 

structure (14). The fact that Sec13 and Seh1 are not required for the formation of the 

complex (14) suggests that the interaction between them is weak, allowing the 

conformational changes observed for the Nup85-Seh1 arm. Such transient β-propeller 

arrangements are common in the vertices of evolutionarily related vesicle coating 

complexes (VCC), such as COPII and COPI, and have been suggested to be important 

for the assembly of the coats (54, 78). None of our experimental evidence points to a 
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vertex-like arrangement between Nup84 complex copies, but one interesting possibility 

is that - in the context of the whole NPC - the Seh1-Sec13 pair are arranged in close 

contact with other β-propellers in the NPC. There are four other Nups not in the Nup84 

complex that contain β-propeller domains (Nup82, Nup159, Nup157, and Nup170). We 

have already suggested that all of them are in close proximity to the Nup84 complex, 

based on the coarse structure of the entire NPC (8).  

 

The Nup84 complex as a membrane coating module 

The protocoatomer hypothesis suggests that the NPC shares a common evolutionary 

origin with the VCCs clathrin, COPI, and COPII (32, 79, 80) as well as other membrane-

associated assemblies such as the SEA (74, 81) and IFT (82) complexes. The Nup84 

complex forms part of the core scaffold of the NPC, and in many ways this scaffold 

resembles that within the outer coats of VCCs (7, 8). However, although shared 

components, common protein domain arrangements (32), and structural features (31, 

54, 73) clearly reveal this ancient relationship, evolution appears to have shaped the 

overall architecture of the Nup84 coat and VCC outer coats in distinct ways subsequent 

to their evolutionary divergence (83). Moreover, the present structure of the Nup84 

complex reinforces our previous observations (76) that the NPC carries a mixture of the 

architectural motifs found among the other VCCs. In addition to previously described 

COPII-like features, like the Nup145c-Nup84 connection (31, 49) and the Nup145c-

Sec13 and Nup85-Seh1 dimers (31, 54, 73), our structure also reveals a trimeric 

interaction between the helical C-terminal domains of Nup145C, Nup120, and Nup85 in 

the hub (Figure 6C-D). This arrangement may have an ancient evolutionary relationship 
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with the trimeric C-terminal interaction of the clathrin triskelion (84), and indeed the first 

description of the hub region of the Nup84 complex noted its triskelion-like shape (85). 

Also within this hub, we detect for the first time a heterodimeric interaction between the 

β-propeller proteins Sec13 and Seh1 (Figure 6C-D). Similar β-propeller arrangements 

are key for both COPI and COPII coat assembly (83). This mixture of motifs, found 

scattered among the different VCCs, is consistent with our hypothesis that different 

architectures previously postulated to be discrete (31, 86) actually evolved together 

within a single ancestral protocoatomer before the divergence of VCCs and NPCs (76). 

Recent evidence further underscores this idea, by providing a possible “missing link” 

between COPI and the adaptin complexes that can mediate VCC interaction with 

membrane-bound receptors (87). 

 

The protocoatomer hypothesis also suggests that NPCs and VCCs arose through a 

series of gene duplications to generate architectural complexity from a simpler 

precursor set of only a few proteins. In the case of the eight-fold NPC, we found that 

each octagonal symmetry unit can be divided into two parallel columns, in which every 

Nup in one column contains a similarly positioned homolog in the adjacent column (7, 

8). This pattern can be seen in the Nup84 complex. Our structure indicates a similarity 

in the connections of the clathrin/COPI-like paralogs Nup133 and Nup120, through a 

region proximal to their C-termini, with the C-termini of their respective cognate COPII-

like partners, Nup84 and Nup145c. Such similarities agree with our previous suggestion 

for the origin of the Nup84 complex as the result of an ancient duplication of a hub-like 

triskelion module, followed by selective loss of proteins and domains from the Nup133-

http://en.wikipedia.org/wiki/Receptor_%28biochemistry%29
http://en.wikipedia.org/wiki/Receptor_%28biochemistry%29
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containing copy of the hub (14). 

 

Putative membrane interacting motifs are localized to the periphery of the Nup84 

complex 

The human Nup133 has been shown to contain an ArfGAP1 Lipid Packing Sensor 

(ALPS) motif (residues 245-267) in its N-terminal β-propeller (45, 88, 89).. An ALPS 

motif generally functions as a membrane curvature sensor and may help anchor the 

protein to the pore membrane (88). Previous analyses were not able to detect such 

motifs in fungal Nup133 homologs (88), but in an accompanying paper by Kim et. al (75) 

in this same journal issue, we annotated the presence - and solved the atomic structure 

- of one putative ALPS motif in the β-propeller domain of ScNup133 (252-270), and 

annotated the presence of two ALPS motifs in the β-propeller domain of its paralog 

ScNup120 (135-152 and 197-216). We mapped the positions of these motifs in our 

Nup84 complex ensemble (Figure 7). All the putative ALPS motifs were localized to 

peripheral positions of the Nup84 complex and showed similar orientation (although the 

conformational variability of the complex precludes a precise localization). The positions 

of these putative ALPS motifs are consistent with the Nup133 and Nup120 tips of the 

Nup84 complex contacting the NE membrane at the interface with the NPC (8, 14), 

forming clusters of ALPS motifs that may enhance their membrane binding due to the 

head-to-tail arrangement of the different Nup84 complex copies in the NPC. In addition, 

the predicted ALPS location is also entirely consistent with the functional role suggested 

for Nup120 and Nup133 in our previous work as key hotspots for the stabilization of the 

NPC membrane curvature (14). We suggest that similar ALPS motif arrangements and 
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mechanisms are conserved between yeast and vertebrates, as supported by recent 

cryo-EM tomography observations (35) of close proximity between the equivalent 

Nup120 and Nup133 tips of the human Nup107-160 (HsNup107-160) complex and the 

NPC membrane. 

 

Structural basis for the difference in size and architecture between yeast and 

human NPCs 

Our groups have previously shown that the yeast Nup84 complex is present in 16 

copies per NPC (8, 29), organized into two head-to-tail rings at the cytoplasmic and 

nuclear sides of the NPC (8, 14). In a recent study (35), cryo-EM tomography revealed 

that the human NPC contains 32 copies of the ScNup84 complex counterpart 

(HsNup107-160 complex) arranged head-to-tail into two concentric rings on each side 

of the NPC. The resulting model for the architecture of the HsNup107-160 complex 

suggests a conserved arrangement for the 7 components that are common to the 

Nup84 complex, and localizes the two additional β-propeller proteins specific to the 

HsNup107-160 complex, HsNup43 and HsNup37, at the Nup85-Seh1 and Nup120 

arms, respectively. The cryo-EM map indicates that the main contacts between the 

concentric rings of HsNup107-160 complexes are established through the hub and arms 

of the complex, potentially involving both HsNup43 and HsNup37. We speculate that 

the absence of these two β-propeller proteins in the ScNup84 complex would not allow 

a similar oligomerization as the one described in the human NPC, and go a long way to 

explaining the difference in the Nup84 complex copy number and in the overall size and 

mass between the yeast and human NPCs (8, 29, 90, 91). This scenario is also 



38 
 
 
 

compatible with our previous hypothesis suggesting that the Nup84 complex evolved 

through a series of duplication, divergence, and secondary loss events (14). We 

suggest that a wider picture of the NPC composition and arrangement coming from 

distantly related organisms is the best way to trace the evolution of this molecular 

machine and the origin of the eukaryotic nuclei, as well as reveal its varied functional 

roles in NPCs between different organisms. 
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FIGURE LEGENDS 

Figure 1. CX-MS integrative pipeline for the structural characterization of 

endogenous complexes 

The workflow of the cross-linking and mass spectrometric analysis of endogenous 

Nup84 complex is summarized. The endogenously tagged protein complex is affinity 

purified from cell cryolysis, natively eluted, and cross-linked by two complementary 

cross-linkers DSS and EDC. The cross-linked complex is then subjected to in-solution 

and in-gel digestion and the resulting peptide mixtures are fractionated using a peptide 

size exclusion chromatography (SEC). The cross-linked peptides were analyzed by a 

Velos Orbitrap mass spectrometer using high-resolution HCD and searched by pLink 

(40). All software-produced identifications were manually inspected (see Experimental 

Procedures). 

 

Figure 2. CX-MS analysis of the Nup84 complex 

(A-B) Cross-linking maps of the Nup84 complex by either DSS cross-linker (A) or EDC 

cross-linker (B). Straight lines in red connecting residues from different subunits 

represent DSS inter-subunit cross-links while straight lines in green represent EDC 

inter-subunit cross-links. Curved, dotted lines represent intra-subunit cross-links. Only 

intra-subunit cross-links between residues more than 40 positions apart are shown. 

(C) A high-resolution HCD MS/MS spectrum ( m/z=1096.169, z=6 ) of the inter-subunit 

DSS cross-link connecting Nup85 residue 30 (lysine) and Seh1 residue 1 (N-terminal 

methionine). The methionines are oxidized. F* indicates an immonium ion of 

phenylalanine which is frequently observed in HCD spectrum. b and y ion series 
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including their charge states are labelled. The fragment of y20 is zoomed in and the 

mass accuracy is labeled in parts per million (ppm).  

(D) A high-resolution HCD MS/MS spectrum ( m/z 1044.139, z=6 ) of the inter-subunit 

EDC cross-link connecting Nup85 residue 17 and Seh1 residue 1. The spectrum is 

labelled as of C).The fragment of y20 is zoomed in and the mass accuracy is labeled in 

parts per million (ppm). 

(E) A high-resolution HCD MS/MS spectrum ( m/z=903.317, z=7 ) of the intra-subunit 

DSS cross-link connecting Nup133 residue 506 and Nup133 residue 59. F*, and Y* 

indicate immonium ions of phenylalanine and tyrosine which are common for HCD 

fragmentations. The fragment of b14 is zoomed in and the mass accuracy is labeled in 

parts per million (ppm). 

(F) A high-resolution HCD MS/MS spectrum ( m/z= 917.327, z=6 ) of the intra-subunit 

EDC cross-link connecting Nup133 residue 506 and residue 562. F*, and Y* indicate 

immonium ions of phenylalanine and tyrosine which are common to HCD 

fragmentations. The fragment of y16 is zoomed in and the mass accuracy is labeled in 

parts per million (ppm). Charge states of the fragments in the high mass region of this 

spectrum  (i.e, 1,100- 1,300 m/z) are not resolved.  

 

Figure 3. Distance distribution of the cross-links and their mapping on the  

available crystal structures 

(A) We mapped the Euclidean Cα-Cα distances between the cross-linked residues onto 

several domains of the Nup84 complex proteins with available crystal structures (49, 

50). The Cα-Cα distance distributions of the cross-linked residues are shown for both 
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DSS and EDC cross-links. All the measured DSS cross-links fall within the expected 

maximum threshold of ~30 Å (72), and the great majority of EDC cross-links fall within 

the expected threshold of 17 Å. 

(B) Both DSS (in red) and EDC (in green) cross-links are mapped on the 

crystallographic structure of the Sec13-Nup145c-Nup84 interface (PDB code 3IKO 

(50)). The EDC and DSS cross-links provide complementary spatial information. 

 

Figure 4. The 4-stage scheme for integrative structure determination of the Nup84 

complex 

Our integrative approach to determine the Nup84 complex structure proceeds through 

four stages (7, 13, 14, 43): (1) gathering of data, (2) representation of subunits and 

translation of the data into spatial restraints, (3) configurational sampling to produce an 

ensemble of models that satisfies the restraints, and (4) analysis of the ensemble. The 

modeling protocol (ie, stages 2, 3, and 4) was scripted using the Python Modeling 

Interface (https://github.com/salilab/pmi), version be72c15, a library to model 

macromolecular complexes based on our open source Integrative Modeling Platform 

(IMP) package (http://salilab.org/imp/), version 829c3f0 (44). 

 

Figure 5. Correlation between the number of cross-links and the accuracy of 

dimer models 

(A) Localization density maps of the Nup84 subunits (solid contour surfaces; Fig. 6A) 

and position of the Nup145c-Sec13 crystallographic dimer (PDB code 3IKO (50)). 

(B) Total scores (i.e., the sum of excluded volume and cross-link restraint scores) are 

https://github.com/salilab/pmi
http://salilab.org/imp/
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plotted as a function of the Cα dRMSD of the Nup145c-Sec13 dimer models with 

respect to the crystallographic dimer; as the number of cross links increases, the 

ensemble of models is enriched in accurate structures (i.e., low dRMSD models, left of 

dotted line). 

(C) Accuracy of dimer models as a function of the number and type of cross-links. Each 

symbol displays the first and third quartile (lower and upper side of the boxes), the 

median (red line), as well as minimum and maximum (lower and upper limit of the 

dashed whiskers, respectively) of the Cα dRMSD with respect to the crystallographic 

structure for the 100 best-scoring models. The median and the spread (i.e., difference 

between the first and third quartile) of the distribution is a measure of the accuracy and 

precision of the ensemble of models, respectively. 

 

Figure 6. The Nup84 complex molecular architecture revealed by CX-MS 

integrative pipeline 

The localization density maps of the Nup84 subunits (solid contour surfaces) and the 

entire complex (transparent surfaces) were computed and contoured at the threshold of 

2.5 times their volumes estimated from sequence (Supplemental Table S6) (panels A to 

C). 

(A) Front and back views of the localization density maps of the Nup84 subunits  and 

the entire complex. 

(B) A representative single Nup84 complex structure (colored ribbon) is shown along 

with the localization density maps of the individual subunits.  

(C) The localization density maps of the two dominant clusters computed on the hub 
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region (Nup120-CTD, Nup85, Nup145c, Sec13, and Seh1) are shown, along with the 

representative single structures of the hub region for each of the two clusters, from 

multiple viewing points. 

(D) The positions of Sec13 and Seh1 are presented for each of the two clusters. 

(E) The representative model projections in each of the two clusters are shown, along 

with the EM class average (14). 

 

Figure 7. The putative membrane interacting ALPS motifs 

One putative ALPS motif in Nup133 (252-270) and two in Nup120 (135-152 and 197-

216) are mapped on the Nup84 complex. All 3 putative ALPS motifs are localized to 

peripheral positions of the Nup84 complex. 
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TABLES 

 

Table 1. Accuracy of determining the crystallographic interfaces  

The accuracy of modeling each crystallographic interface was calculated as the average 

Cα dRMSD between the models in the cluster and the corresponding crystallographic 

interface. The minimum value of Cα dRMSD in the cluster is indicated in parenthesis. 
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Figure 1. CX-MS integrative pipeline for the structural characterization of 

endogenous complexes 

Suggested location – Results, Development of a workflow for CXMS of endogenous 

protein complexes 
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Figure 2. CX-MS analysis of the Nup84 complex 

Suggested location – Results, Chemical crosslinking and MS analysis of the Nup84 

complex 
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Figure 3. Distance distribution of the cross-links and their mapping into the 

available crystal structures 

Suggested location – Results, Chemical crosslinking and MS analysis of the Nup84 

complex 
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Figure 4. The 4-stage scheme for integrative structure determination of the Nup84 

complex 

Suggested location – Results, Molecular architecture of the endogenous Nup84 

complex revealed by integrative modeling 
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Figure 5. Correlation between the number of cross-links and the accuracy of 

dimer models 

Suggested location – Results, Correlation between the number of cross-links and the 

accuracy of dimer models 
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Figure 6. The Nup84 complex molecular architecture revealed by CX-MS 

integrative pipeline 

Suggested location – Results, Molecular architecture of the endogenous Nup84 

complex revealed by integrative modeling 
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Figure 7. The putative membrane interacting ALPS motifs 

Suggested location – Discussion, Putative membrane interacting motifs are localized to 

the periphery of the Nup84 complex 

 


