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Insights into the role of Nup62 and Nup93 in 
assembling cytoplasmic ring and central 
transport channel of the nuclear pore complex

ABSTRACT  The nuclear pore complex (NPC) is a highly modular assembly of 34 distinct nu-
cleoporins (Nups) to form a versatile transport channel between the nucleus and the cyto-
plasm. Among them, Nup62 is known as an essential component for nuclear transport, Nup93 
for proper nuclear envelope assembly. These Nups constitute various NPC subcomplexes 
such as the central transport channel (CTC), the cytoplasmic ring (CR), and the inner ring (IR). 
However, how they play their roles in NPC assembly and transport activity is not clear. Here 
we delineated the interacting regions and conducted biochemical reconstitution and struc-
tural characterization of the mammalian CR complex to reveal its intrinsic dynamic behavior 
and a distinct “4”-shaped architecture resembling the CTC complex. Our in vitro reconstitu-
tion data demonstrate that the Nup62 coiled-coil domain is critical to form both Nup62322-525 
•Nup88517-742 and Nup62322-525•Nup88517-742•Nup214693-926 heterotrimers and both can bind 
to Nup931-150. We therefore propose that Nup93 acts as a “sensor” to bind to Nup62 shared 
heterotrimers including the Nup62•Nup54 heterotrimer of the CTC, which was not shown 
previously to be an interacting partner. Altogether, our biochemical study suggests that 
Nup62 via its coiled-coil domain is central to form compositionally distinct yet structurally 
similar heterotrimers and Nup93 binds these diverse heterotrimers nonselectively.

INTRODUCTION
Nuclear pore complexes (NPCs) function as the exclusive gateways 
between the nucleus and the cytoplasm to facilitate bidirectional 
nucleocytoplasmic transport (Rout et  al., 2000; Beck and Hurt, 
2017). The NPCs are highly modular and intricate structures ranging 
from ∼60 MDa in yeast to ∼120 MDa in humans (Cronshaw et al., 
2002; Alber et  al., 2007) and are composed of about 34 distinct 
nucleoporins (Nups), which are present in multiple copies to form an 
eightfold rotational symmetric core across the nucleocytoplasmic 
axis. These Nups are arranged in various subcomplexes to carry out 

the distinct biologically conserved functions such as messenger ri-
bonucleoprotein particle (mRNP) export into the cytoplasm and 
transport of cargoes into and out of the nucleus (Hoelz et al., 2011; 
Grossman et al., 2012; Beck and Hurt, 2017; Schwartz, 2017; Lin and 
Hoelz, 2019). Although radially symmetric, the NPC shows nuclear-
cytoplasmic asymmetry and is composed of three structural fea-
tures: a nuclear ring (NR) with a nuclear basket that extends into the 
nucleoplasm, a central transport channel (CTC) along with inner ring 
Nups, and a cytoplasmic ring (CR) with filaments that stretch out into 
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the cytoplasm (Supplemental Figure S1). Detailed knowledge of 
NPC structure is a prerequisite for mechanistic understanding of its 
function. The unusually large size of the NPC, together with its con-
formational plasticity, represents a challenge for determination of its 
three-dimensional (3D) structure at atomic resolution. Moreover, the 
complete interaction network of NPC components and their bio-
chemical behavior is still not fully understood. These bottlenecks 
have significantly hampered the basis for modular NPC assembly 
and its role in versatile transport functions.

Throughout the vertebrates, a major component of the CR is the 
Nup88 complex harboring three proteins, Nup62, Nup88, and 
Nup214 (Supplemental Figure S1). Both Nup88 and Nup214 pos-
sess an N-terminal β-propeller domain followed by an α-helical re-
gion (Figure 1, A and C). Additionally, Nup214 contains an extensive 
unstructured FG repeat region at its C-terminal (Figure 1C). On the 
other hand, Nup62 possesses an N-terminal unstructured region 
with FG repeats and a C-terminal α-helical region (Figure 1B). These 
three proteins in the Nup88 complex (Nup88•Nup62•Nup214) are 
suggested to interact via coiled-coil domains (Huang et al., 2020). 
Various mRNA export factors that are important for mRNP remodel-
ing bind at the CR of the NPC before translation (Belgareh et al., 
1998; Bailer et al., 2000; Hutten and Kehlenbach, 2006; Napetschmig 
et al., 2007; Kalverda et al., 2010). Moreover, Nup214 and Nup88 
are also associated with various human neurological disorders, car-
diac diseases, and cancers (Köhler and Hurt, 2010; Yarbrough et al., 
2014; Ciomperlik et al., 2015; Nofrini et al., 2016; Lin and Hoelz, 
2019). However, the detailed mechanistic function of these Nups 
with the diseases is not characterized. Interaction studies of the 
Nup88 complex with other neighboring Nups are limited, except for 
reports from lower eukaryotes such as Saccharomyces cerevisiae 
and Chaetomium thermophilum. The homologue of the Nup88 
complex in fungi is known as the Nup82 complex, containing Nup82 
(Nup88), Nup159 (Nup214), and Nsp1 (Nup62). Cross-linking mass 
spectrometry data suggest the presence of an interdomain interac-
tion network between the subunits of the Nup82 complex and with 
the linker Nups (such as Nup98, Nup145C, and Nup145N) that are 
responsible for NPC assembly (Gaik et al., 2015; Teimer et al., 2017). 
Moreover, x-ray crystallographic structures of the fragments of some 
of these Nups and their complexes, such as Nup82NTD•Nup159Tail 
with Nup116CTD, Nup145N, and Nup98APD, are available 
(Napetschmig et al., 2007; Yoshida et al., 2011; Stuwe et al., 2012, 
2016a,b). Negative stain electron microscopy (EM) of the fungal 
Nup82 complex has revealed an overall “P” or “D” shape architec-
ture for this complex (Gaik et al., 2015; Fernandez-Martinez , 2016). 
However, in the case of metazoans, cryoelectron tomographic 
(Cryo-ET) reconstructions of the Xenopus laevis CR (Huang et al., 
2020; Fontana et al., 2022) resolved at ∼8 Å showing the positioning 
of the Nup88•Nup62•Nup214 complex along with the IR complex 
(Nup93, Nup205, Nup188, Nup155, and Nup35) and the Y-shaped 
complex (Nup107, Nup133, Sec13, Seh1, Nup160, Nup43, Nup96, 
Nup75, and Nup37) are available. Similar tomography maps from 
Homo sapiens (Bui et al., 2013; Hurt and Beck, 2015; Von Appen 
et al., 2015; Kosinskiet al., 2016; Schuller et al., 2021) are available 
lately showing proximity of the CR, IR, and Y shape complexes. 
However, in these cases, precise interdomain interactions and the 
biochemical behavior of CR and IR complexes have not been under-
stood yet. Limitations in purifying these stable complexes have im-
peded the attempts to pursue structural studies for the mammalian 
complexes.

Recent studies have demonstrated the diverse nature of Nups in 
different species (Eibauer et al., 2015; Von Appen et al., 2015; Kim 
et al., 2018; Mosalaganti et al., 2018; Chopra et al., 2019; Field and 

Rout, 2019). There are significant differences in the arrangement 
and architecture of CR Nups in different organisms. Evidence from 
the vertebrate X. laevis shows that the Nup88 complex adopts a 
“rake-shaped” structure that is different from those of fungi, where 
the corresponding homologue’s two copies (Nup82 complex) are 
arranged in a parallel manner (Tai et al., 2022). In another study (Bley 
et al., 2022), it is shown that both yeast and corresponding human 
heterotrimeric Nup88 complexes have a “P”- or “4-shaped struc-
ture. Further, the mechanisms for the attachment of the CR 
complexes in C. thermophilum NPC are distinct from those of the 
vertebrates where Nup358 is wrapped around the CR to form the 
cytoplasmic filaments (Tai et al., 2022).

As the Nup88•Nup62•Nup214 complex is central to the CR, we 
explored detailed interaction studies followed by biochemical re-
constitution of this mammalian complex to understand the role of 
individual Nups. To characterize the interaction networks, we per-
formed the in silico protein–protein interaction prediction using the 
CoRNeA (coevolution random forest and network analysis) platform 
(Chopra et al., 2020) coupled with in vitro tandem affinity pull-down 
(TAP) assays and dissected the interdomain interactions among 
these three Nups. Our study revealed that the α-helical coiled-coil 
regions of these proteins are critical to form the stable complexes 

FIGURE 1:  Secondary structure organization of the Nup88, Nup62, 
and Nup214 sequences: organization of secondary structure domains 
for Nup88 (A), Nup62 (B), and Nup214 (C) from species Hs, Homo 
sapiens; Rn, Rattus norvegicus; Xl, Xenopus laevis; Dr, Danio rerio; Sc, 
Saccharomyces cerevisiae; Ct, Chaetomium thermophilum. Predicted 
α-helical domains are represented by cylinders, and β-sheets are 
represented by red color. FG repeats in the sequences are 
represented by vertical black lines. The FG repeats sandwiched 
between the helical region and the β-propeller region in Nup214 
sequences of Saccharomyces and Chaetomium are underlined in 
black.
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of Nup88517-742•Nup62322-525 and Nup88517-742•Nup62322-525 
•Nup214693-926. Further, we purified these complexes and per-
formed size exclusion chromatography coupled with multiangle 
light scattering (SEC-MALS) and circular dichroism (CD) measure-
ments to uncover the varying oligomeric status and thermal stabili-
ties. These reconstituted complexes were subjected to structural 
analysis using small-angle x-ray scattering (SAXS) and EM, demon-
strating the overall architecture of mammalian Nup88517-742 
•Nup62322-525 and Nup88517-742•Nup62322-525 •Nup214693-926 hetero-
trimers. Notably, we observed a significant similarity between the 
structures of the Nup88517-742•Nup62322-525•Nup214693-926 heterotri-
mer and the earlier reported Nup62•Nup54•Nup58•Nup931-819 
complex, which led us to establish that the Nup93 can bind to 
Nup62 shared compositionally different heterotrimers such as 
Nup88517-742 •Nup62322-525, Nup88517-742•Nup62322-525•Nup214693-976, 
Nup62 •Nup54•Nup58, and Nup62322-525 •Nup54181-507. Thus, our 
data here illustrate the hub role of Nup62 to form distinct heterotri-
mers and of Nup93, which behaves as a sensor in recognizing these 
Nup62 shared heterotrimers, thereby assembling the CR and CTC 
complexes of the mammalian NPC.

RESULTS
Divergence in the sequences of Nup88 complex 
across phyla
The phylogenetic analysis of Nup88, Nup62, and Nup214 protein 
sequences from a total of 38 different organisms showed that Nups 
from humans, rats, and other vertebrates such as Xenopus and 
Danio species clustered distantly from the branches of Chaetomium 
and Saccharomyces (Supplemental Figure S2, a, b, and c and Table 
S1). The metazoan clade marks close proximity and similarity among 
various organisms from different phyla. Accordingly, the secondary 
structure prediction of Nup88, Nup62, and Nup214 from different 
organisms ranging from fungi to humans displays the differences 
and similarities in domain organization of these Nups in different 
organisms (Figure 1, A and C). It is observed that the α-helical re-
gion in the mammalian Nup214 is shortened when compared with 
unicellular eukaryotes (Supplemental Figure S3). In mammals, this 
helical region is sandwiched between the propeller domain and the 
FG region, whereas in fungi, it is present at the C-terminal end 
(Figure 1C). As reported previously (Chopra et al., 2019), we noticed 
that there are significant divergences in the primary sequence iden-
tity between the Nups of fungi and vertebrates (Supplemental Table 
S2). Thus, we concluded that although some of the domains and 
folds remain conserved, there are distinct species-specific features 
evident among these Nups’ homologues from unicellular eukary-
otes to vertebrates.

Establishing the interacting interface among Nup88, 
Nup214, and Nup62
Earlier, we developed a computational tool, CoRNeA, which can 
predict binary interacting interfaces solely based on primary protein 
sequences (Chopra et al., 2020). We employed this tool to predict 
precise interacting regions among Nup88, Nup214, and Nup62. A 
concatenated multiple sequence alignment file (only structured re-
gions) of two interacting partners, namely: Nup62•Nup88, 
Nup88•Nup214, and Nup214•Nup62, was used in the CoRNeA 
workflow as described previously (Chopra et al., 2020). The final in-
terface outputs were sorted based on the convolution scores as high 
scoring residue pairs indicating a very high probability of these resi-
due pairs to form the interactive interface between the two proteins 
(Supplemental Figure S4). A summarized representation of such 
interdomain interactions is depicted in Figure 2A. Overall we 

observed that the Nup62 coiled-coil region forms an extensive in-
teraction network with the coiled-coil region of Nup88 and Nup214. 
Similarly, the β-propeller domains of Nup88 and Nup214 are capa-
ble of interacting with each other; however, fewer contacts were 
formed between Nup62 coiled-coil regions with the β-propellers of 
Nup214 and Nup88. The detailed pairwise interaction analysis is 
described as follows.

Nup88 and Nup214 interface.  For this pair, based on the convolu-
tion scores (Supplemental Figure S4a), the strongest interacting re-
gions were predicted for Nup88β-propeller (304–308 amino acid resi-
dues) with Nup214β-propeller (10–27) and Nup214coiled-coil (950–1099 

FIGURE 2:  Interaction mapping among Nup88, Nup62, and Nup214 
coiled-coil regions. (A) Schematic depiction of various interdomain 
interactions between Nup88517-742 (purple), Nup214693-976 (green), and 
Nup62322-525 (orange) by the in silico tool CoRNeA. The helices are 
represented by cylinders, and β-sheets are represented by red color. 
Interacting residue pairs are marked on the respective domains. High 
convolution score predictions are marked by solid lines, while low 
score predictions are represented by dashed lines. (B–D) Western blot 
scan showing tandem affinity pull down (Ni2+-NTA followed by GST 
affinity) of coiled-coil domains (depicted as cylinders) of Nup88517-742, 
Nup62322-525, and Nup214693-976. Schematic representation of Nup88 
(green) and Nup62 (orange) coiled-coil interactions as cylinders are 
shown. (BGST-tagged Nup214693-976 interaction with His6- tagged 
Nup88517-742. (C) GST-tagged Nup214693-976 interaction with His6- 
tagged Nup62322-525. (D) His6-tagged Nup88517-742 association with 
GST-tagged Nup62322-525. (E) Cartoon summarizing interaction results 
of CoRNeA prediction and pull-down experiments. Lanes M, 1, and 2 
represent marker, input, and eluent, respectively. Coiled-coil domain 
represented by “CC” and β-propeller domain by “β” symbol.



4  |  P. K. Madheshiya et al.	 Molecular Biology of the Cell

amino acid residues). Low scores were obtained for regions Nup-
88coiled-coil (611–628) interacting with Nup214coiled-coil (1091–1100) 
and Nup214β-propeller (201–351) (Supplemental Figure S4a). Overall, 
this indicated that both the β-propeller and the coiled-coil domain 
of Nup214 and Nup88 can interact with each other.

Nup214 and Nup62 interface.   CoRNeA of this pair revealed that 
the α-helical region of Nup62 (370–490) has strong interaction with 
Nup214coiled-coil (685–1072). Very low convolution scores were ob-
tained for Nup214β-propeller with Nup62coiled-coil, indicating low possi-
bility of direct interactions among them (Supplemental Figure S4b).

Nup88 and Nup62 interface.  A very strong interaction between 
Nup62 and Nup88 was observed. A high convolution score suggests 
that Nup62coiled-coil (370–492) and Nup88coiled-coil (609–626) have 
strong interaction between them. Interestingly, CoRNeA also pre-
dicted an interface for Nup62coiled-coil (370–373) and Nup88β-propeller 
(140–152) with high scores (Supplemental Figure S4c).

Pull-down approach delineates the interdomain interaction 
network among Nup88, Nup62, and Nup214
To test the CoRNeA-predicted domain interactions, we evaluated 
their in vitro binding capability using the TAP assay. In each case, we 
cotransformed the recombinant plasmids harboring specific regions 
of two Nups fused with two different tags (GST and His6). Then we 
performed protein overexpression and subsequently tandem affinity 
purification (Ni2+-NTA pull down in series with GST pull down) to 
analyze their physical interaction with each other. Further, the inter-
actions were confirmed either by Coomassie staining of SDS–PAGE 
or by Western blotting using anti-His and anti-GST antibodies. We 
have used a total of six constructs for the interaction analysis using 
the TAP method, the coiled-coil domains His6- and GST-tagged 
Nup62522-325, His6- tagged Nup88517-742, and GST-tagged 
Nup214693-976; the β-propeller domains His6-tagged Nup8859-498 and 
GST-tagged Nup2141-407. Out of these, Nup214693-976 alone could 
not be expressed in soluble form (unpublished data). So we pro-
ceeded with the remaining constructs to rule out their nonspecific 
interactions with the affinity resins (Supplemental Figure S5) and 
found that none of these constructs is interacting with the affinity 
resins nonspecifically. Also to be noted is that all the pull-down ex-
periments were performed under identical conditions including buf-
fers, bacterial culture conditions, and equipment.

The coiled-coil domains of the Nup88, Nup62, and Nup214 
interact in a stable manner.  Plasmids containing GST-tagged 
Nup214693-976 were cotransformed with either His6-tagged 
Nup62322-525 or Nup88517-742 for tandem affinity purification followed 
by Western blotting as well as Coomassie-stained SDS–PAGE analy-
sis. We observed that the coiled-coil region of Nup214693-976 has a 
stable interaction with the coiled-coil regions of Nup88517-742 and 
Nup62322-525 (Figure 2, B and C; Supplemental Figure S6, a and b). 
In another parallel set of pull-down experiments, the GST-tagged 
Nup62322-525 region was coexpressed with the His6- tagged 
Nup88517-742. They were also subjected to similar analysis, and phys-
ical interaction was seen between the coiled-coil regions of these 
two Nups (Figure 2D). Thus, it became evident (Figure 2E) that the 
coiled-coil domains of Nup88517-742, Nup214693-976, and Nup62322-525 
are capable of forming stable complexes, as they are not washed 
away during the two steps of the purification (Supplemental Figure 
S6 and Figure 2). Furthermore, this analysis validated our in silico 
predictions (Figure 2A), where we noticed a high convolution score 
for the coiled-coil domains of Nup62 and Nup88 (Supplemental 

Figure S4c) and relatively lower convolution scores for the coiled-
coil domains of the Nup214 and Nup62 interface (Supplemental 
Figure S4b).

β-Propeller and α-helical domains of Nup88 and Nup214 interact 
with each other.  The β-propeller domain of Nup8859-498 was coex-
pressed as a His6-tagged fusion protein with either the β-propeller 
or helical domain of Nup214 viz. Nup2141-407 and Nup214693-976. 
which were fused with the GST tag. They were processed by the 
TAP method as described above. We found that the β-propeller re-
gion of Nup8859-498 was able to pull down both the β-propeller and 
the coiled-coil regions of Nup214, forming probable α/β and α/α 
associations, respectively (Supplemental Figure S7). To rule out non-
specific interactions of the proteins, we also performed a pull-down 
assay using the combination of His6-tagged Nup88 with the 
pGEX4T1 plasmid (expressing the GST protein alone) and observed 
that the β-propeller domain of Nup8859-498 does not interact with 
the GST protein (Supplemental Figure S5e). These interactions be-
tween the β-propeller domain of Nup8859-498 and Nup2141-407 ap-
pear to be biochemically stable in both the Coomassie-stained 
SDS–PAGE and corresponding Western blotting analyses of the 
coeluting fractions (Figure 3, A and B; Supplemental Figure S7c). 
Similarly, in the case of Nup2141-407 coexpressing with Nup88517-742, 
we noticed that both proteins were interacting stably (Figure 3C). 
Taking together these data and in silico interface prediction data 
(Figure 2A), we concluded that the β-propeller and coiled-coil do-
mains of both Nup88 and Nup214 interact with each other, making 
a lengthwise strong connection (Figure 3D).

Coiled-coil domain of Nup62 interacts transiently with β-
propeller domains of Nup214 and Nup88.  The β-propeller re-
gion of Nup88 is identified as 59–498 amino acids long, and the 

FIGURE 3:  Interaction mapping of coiled-coil and β-propeller 
domains of Nup88 with Nup214. (A–C) Western blot scan showing 
tandem affinity pull down (Ni2+-NTA followed by GST affinity) of 
Nup88 (green) and Nup214 (purple). Schematic representation of 
coiled-coil domain of Nup88517-742 (green) and Nup214693-976 depicted 
by cylinders and β-propeller domains of Nup8859-498 (green) and 
Nup2141-407 depicted by circles. (A) GST-tagged Nup214693-976 
interaction with His6-tagged Nup8859-498. (B) GST-tagged Nup2141-407 
interaction with His6-tagged Nup8859-498. (C) GST-tagged Nup2141-407 
interaction with His6-tagged Nup88517-742. (D) Cartoonsummarizing 
interaction results of the CoRNeA prediction and pull-down 
experiments. Lanes M, 1, and 2 represent marker, input, and eluent, 
respectively. Coiled-coil domain represented by “CC” and β-propeller 
domain by the “β” symbol.
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β-propeller region of Nup214 is 1–407 amino acids. When the coe-
lution of the Nup62322-525 with the β-propeller regions of Nup2141-407 
and Nup8859-498 was analyzed, we observed that the bands of His6-
tagged Nup62322-525 and Nup8859-498 were washed off in a second 
(GST) affinity step (Figure 4, A and B), suggesting a relatively 
transient interaction between these domains (Figure 4C). Similar 
weak or no interaction was also observed in our CoRNeA-based 
prediction analysis (Figure 2A). Thus, we conclude that the 
Nup62322-525 domain is not able to form a stable complex with ei-
ther Nup2141-407 or Nup8859-498.

α-Helical domains are sufficient for Nup88•Nup62•Nup214 
complex reconstitution
On the basis of our in silico and pull-down analyses, we established 
that the coiled-coil regions of Nup88, Nup62, and Nup214 are ca-
pable of interacting with each other. Additionally, to accomplish bio-
chemical reconstitution of Nup88517-742•Nup62322-525•Nup214693-976 
complex assembly, we coexpressed and purified the helical regions 
of these Nups (Figure 5A). The tandem affinity–purified proteins 
(Figure 5, B and C) were subjected to size exclusion chromatogra-
phy (SEC) after affinity tag removal, which indicated the formation of 
a stable yet dynamic complex under the given biochemical condi-
tions (Figure 5D). We found ambiguity in validating the presence of 
all three Nups on the Coomassie-stained SDS–PAGE as it showed 

the presence of the Nup62322-525 corresponding band as well as two 
closely placed bands for Nup88517-742 and Nup214693-976 (below the 
30 kDa weight marker; Figure 5D). It seemed that all three proteins 
(with theoretical molecular weight: Nup88517-742 = 26.6 kDa; 
Nup62322-525 = 23.7 kDa; and Nup214693-976 = 32.8 kDa) migrated 
very close to each other. Therefore, these proteins were further 
subjected to Orbitrap mass spectrometry, where trypsin-digested 
fragments of all three Nups were detected as the top hits (Supple-
mental Figure S8, a and b, and Supplemental Table S3). This mass 
spectroscopy–based analysis revealed that the purified Nup214693-976 
is truncated at the C-terminus (due to nonspecific thrombin cleav-
age) and its boundary shifted to 693–926 instead of 693–976. This 
led to alter the observed molecular weight of Nup214693-926 to 
27.4 kDa, thus migrating very closely to the observed Nup88517-742 
band (26.6 kDa). Overall, the formation of a trimeric complex 

FIGURE 4:  Mapping interaction of Nup62 coiled-coil domain with 
β-propeller domains of Nup88 and Nup214. (A, B) Western blot scan 
showing tandem affinity pull down (Ni2+-NTA followed by GST affinity) 
of Nup88 (green), Nup62 (orange), and Nup214 (purple). Schematic 
representation of Nup8859-498 and Nup2141-407 β-propeller domain 
depicted as circles,helical regions of Nup62322-525 as cylinders. 
(A) GST-tagged Nup2141-407 showed transient interaction with 
His6-tagged Nup62322-525. (B) GST-tagged Nup62322-525 has a weak 
interaction with His6-tagged Nup8859-498. In both cases, one of the 
partners is washed away during the second round of purification. 
(C) Cartoon summarizing interaction results of CoRNeA prediction 
and pull-down experiments. Lanes M, 1, and 2 represent marker, 
input, and eluent, respectively. Coiled-coil domain represented by 
“CC” and β-propeller domain by the “β” symbol.

FIGURE 5:  Purification of the Nup88•Nup62 and Nup88•Nup62 
•Nup214 complexes: (A) Diagrammatic depiction of domain 
boundaries of Nup62322-525, Nup88517-742 and Nup214693-976 used for 
cloning, co-expression and purification. (B) SDS–PAGE showing the 
purified heterotrimeric Nup88517-742•Nup62322-525•Nup214693-976 
complex via Ni2+-NTA affinity purification followed by (C) GST affinity 
purification. (D) 12% SDS–PAGE scan showing the SEC peak eluted 
fractions (ml) of the Nup88517-742•Nup62322-525•Nup214693-926 complex. 
(E) SEC-MALS analysis of the Nup88517-742•Nup62322-525•Nup214693-926 
complex showing the Rayleigh scattering in black and molecular 
weight distribution across the peak in red color. (F) 12% SDS–PAGE 
scan showing the SEC eluted peak fractions (ml) of the Nup88517-742 
•Nup62322-525 complex. (G) SEC-MALS analysis of the Nup88517-742 
•Nup62322-525 complex showing Rayleigh scattering in black while 
yellow color marks molecular weight distribution across the peak; the 
SEC eluted fractions used for the negative stain EM analysis 
represents by asterisk underline and coiled-coil domain by “CC.”
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(Nup88517-742 •Nup62322-525•Nup214693-926) by in vitro reconstitution 
was confirmed. Additionally, we observed variation in the ratio of 
Nup62322-525, Nup88517-742, and Nup214693-926 on the SEC-eluted 
peak profile (Figure 5D); the peak fraction eluted at 11.0 ml showed 
only two bands corresponding to Nup62322-525 and Nup88517-742, 
and 12–13 ml peak fractions showed bands corresponding to 
Nup88517-742, Nup62322-525, and Nup214693-926. This clearly indicated 
that the purified trimeric complex is a mixture of several stoichio-
metric combinations of heterotrimers, such as Nup88517-742 
•Nup62322-525 and Nup88517-742•Nup62322-525•Nup214693-926. To fur-
ther understand the dynamics, the purified complexes and individ-
ual components were subjected to SEC-MALS analysis and glutaral-
dehyde cross-linking as described below.

Establishing the oligomeric status of the 
Nup88•Nup62•Nup214 complex
We have earlier reported that the coiled-coil region of Nup62322-415 
exists in a dynamic equilibrium between trimer and dimer (Dewan-
gan et  al., 2017). Further, the sequences of Nup88 and Nup214 
when analyzed by MULTICOIL2 indicated that the propensity of 
these nucleoporins to form trimers is greater than that for dimers. To 
understand the oligomeric properties of individual proteins, we puri-
fied them separately as Nup62322-525 and Nup88517-742 (Supplemen-
tal Figure S9, a and b). The purification of Nup214693-976 alone did 
not yield a soluble form of the protein (unpublished data). We there-
fore concluded that Nup214693-976 certainly needed an interacting 
partner to remain in a soluble form. Consistent with this MULTI-
COIL2 prediction, SEC-MALS analysis of His6-tagged Nup88517-742 
(theoretical molar mass 26.6 kDa) indicated two peaks ranging from 
75 to 50 kDa, suggesting a dynamic equilibrium between trimeric 
and dimeric forms, respectively (Supplemental Figure S9c). Also, the 
peak for the trimer was much higher when compared with that of the 
dimer. Similarly, the purified Nup88517-742•Nup62322-525•Nup214693-926 
complex, when analyzed using SEC-MALS, showed the average mo-
lar mass of 69.3 kDa (theoretical mass 77.6 kDa = Nup62:23.7+Nup
88:26.6+Nup214:27.4) (Figure 5E), which suggests that the complex 
is likely to be a heterotrimer with several possibilities of combina-
tions: one copy each of Nup88517-742, Nup62322-525, and Nup214693-926 
or two copies of Nup62322-525 or Nup88517-742 with a single chain of 
Nup88517-742, Nup62322-525, respectively. We used two different con-
centrations of the complex (0.4 and 1.4 mg/ml) to rule out the con-
centration-dependent variations and found the averaged molar 
mass to be consistent (Supplemental Table S4). We further at-
tempted to understand the stoichiometry using the glutaraldehyde 
cross-linking analysis, which revealed a protein band (in smear man-
ner) corresponding to 75 kDa (Supplemental Figure S10). Thus we 
concluded that various combinations of heterotrimers such as 
Nup62322-525•Nup88517-742•Nup214693-926 (theoretical 77.5 kDa in 
1:1:1 stoichiometry), Nup88517-742•Nup62322-525 (theoretical 73.8 kDa 
with 2:1 stoichiometry), and Nup62322-525•Nup214693-926 (theoretical 
74.6 kDa with 2:1 stoichiometry) appear to have very close mole-
cular weights to be separated in our cross-linking experiments and 
hence appeared as a smear band ranging from 70 to 80 kDa. Over-
all, we observed that none of these methods was capable of differ-
entiating various heterotrimers existing in the purified Nup62322-525 
•Nup88517-742•Nup214693-926 complex. However, a significant popu-
lation of the Nup62322-525•Nup88517-742•Nup214693-926 complex 
(1:1:1 stoichiometry) would coexist with other heterotrimeric combi-
nations (Figure 5, D and E, and Supplemental Figure S10). In the 
case of X. laevis, the Nup88•Nup62•Nup214 heterotrimer model 
was fitted into the EM density map, which indicated the coiled-coils 
from three core proteins of the Nup88 complex (Huang et al., 2020). 

Furthermore, fungal species–based studies also revealed stoichiom-
etry of corresponding homologous complexes in fungi in 1:1:1 stoi-
chiometry (Fischer et al., 2015; Gaik et al., 2015). This indicates that 
the propensity of these Nups to form a heterotrimer is evolutionarily 
conserved; however, a significant intrinsic plasticity in the Nup88 
complex is evident in our study to form a distinct combination of the 
heterotrimers.

Coiled-coil domains of Nup88 and Nup62 also form a 
dynamic heterotrimer
On the basis of our protein–protein interaction analysis, we observed 
that the coiled-coil domains of Nup88 and Nup62 interact with each 
other strongly. The affinity-purified Nup88517-742•Nup62322-525 com-
plex, when analyzed using SEC methods, showed a homogeneously 
reconstituted complex (Figure 5F). Further, we obtained a uniform 
distribution of averaged mass (71.1 kDa) with SEC-MALS (Figure 
5G). Because the theoretical mass of the heterodimeric (1:1) com-
plex is 52.8 kDa, we suspect that the complex exists in 1:2 stoichi-
ometry with an additional chain of either Nup62322-525 or Nup88517-742. 
To confirm this, we did a densitometric analysis of the SDS–PAGE 
bands, which clearly specifies that the band intensity corresponding 
to Nup62322-525 is almost twice that of Nup88517-742; I, indicating two 
copies of Nup62322-525 in complex with a single Nup88517-742 (Sup-
plemental Figure S11).

Solution structure reveals an elongated shape of 
heterotrimer Nup88•Nup62 complex
To gain further insight into the Nup88517-742•Nup62322-525 complex 
structure and dynamicity, we employed the SAXS technique, an 

Data collection parameters

Beamline BM29

Detector Pilatus 1 M

Wavelength (λ), Å 0.991

Detector-to-sample distance, m 2.867

Q-range, nm–1 0.035–4.94

No. of frames collected 10

Exposure time per frame, s 0.5

Measurement temperature, K 277

Concentration range, mg/ml 0.9

Concentration range, µM 11.5

Structural parameters

Guinier analysis

Rg, nm 7.1

Rc, nm 2.15

L, nm 23.44

Indirect Fourier transformation P(r)Dmax, nm 36.39

Rg, nm 8.45

Porod exponent estimate 2

Modeling parameters

χ2 value of DAMFILT model with raw data (CRYSOL) 2.88

DAMMIF (10 models) NSD 1.031 ± 0.132

TABLE 1:  SAXS data collection, structure solution, and model 
parameters for the Nup88•Nup62 complex.
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established method for the structural analysis of dynamic behavior of 
proteins in solution. We calculated the radius of gyration (Rg) using 
the low-Q region as well as the radius of cross-section (Rc) by assum-
ing the globular and rod-like shape of the predominant scattering 
molecules in the solution. By employing L = [12(Rg

2 – Rc
2)]1/2 (Table 1), 

the length of persistence (L) of respective scattering entities was 
calculated. Further, the double log plot, that is, Log10 I (Q) versus 
Log10 Q (nm–1), confirmed no interparticle interaction or aggregation 
(Supplemental Figure S12a). The Guinier analysis, Ln I (Q) versus Q2, 
plot is linear, indicating good monodisperse quality of the heterodi-
meric complex (Supplemental Figure S12b). The slope of the Guinier 
plot was used to calculate the Rg value of the complex as 7.11 nm 
(Table 1). The Dmax was calculated from the pairwise distance distribu-
tion plot P(R) using indirect Fourier transformation, and the maximum 
distance observed is 36.39 nm. The elongated and highly dynamic 
shape of the P(R) functions confirms the extended state of the com-
plex in solution. The Kratky plot, that is, I(Q)*Q2 versus Q (nm–1), 
shows the highly flexible structure of the complex corroborated by 
Porod exponent (quantitative metric for assessing compactness) 
value of 2.2 (Supplemental Figure S12, c and d), suggesting a less 
compact and highly dynamic structure.

On the basis of the SAXS data, we performed dummy atomic 
modeling (DAMMIF) to build a 3D model of the complex. The final 
generated model of the complex was compared with the raw data 
I (Q) profile by using the CRYSOL program. The Chi-square value of 
2.88 suggests that the DAMFILT model fits well with the raw data. 
There are some extra regions observed at the extremities of the 
SAXS model that could be due to intrinsic flexibility of the protein 
complex in solution (Figure 6). The high degree of flexibility be-
tween the coiled-coil domains of fungal homologue Nup82 with a 
kinked structure was also reported earlier (Fernandez-Martinez 
et  al., 2016). Additionally, we earlier showed that the coiled-coil 
domain of Nup62 forms a triple helix bundle (Dewangan et  al., 
2017), and our SEC-MALS data in this study further suggests that 
the Nup88517-742•Nup62322-525 complex exists in 1:2 stoichiometry. 
Hence, we represented Nup88517-742•Nup62322-525 as a heterotri-
mer in 1:2 stoichiometry as shown in Figure 6. It appears that the 
complex is highly elongated. Overall, our SAXS data clearly indi-
cate that the Nup88517-742•Nup62322-525 complex possesses a flexi-
ble and dynamic behavior in solution and adopts an elongated 
structure.

Nup88•Nup62 and Nup88•Nup62•Nup214 heterotrimers 
show variable conformational thermostability
The α-helical coiled-coil is one of the principal subunit oligomeriza-
tion motifs in proteins. Despite its simplicity, it is a highly versatile 
folding motif due to which coiled-coil–containing proteins exhibit a 
broad range of functions (Greenfield and Hitchcock, 1993; Burkhard 
et  al., 2001). We probed the secondary structure and conforma-
tional stability of proteins by CD spectroscopy. Wavelength scans 
showed the α-helical coiled-coil signature with minima at 208 and 
222 nm for Nup62322-525 and Nup88517-742 (Supplemental Figure 
S9d), the Nup88517-742•Nup62322-525 complex, and the Nup62322-525 
•Nup88517-742•Nup214693-926 complex (Figure 7A). The θ222/θ208 
ratio depicts the helix propensity of the proteins. Also, the combina-
tion of helix propensity and hydrophobic core packing determines 
the stability of coiled-coil structures (López-García et al., 2019). So, 
we calculated the θ222/θ208 ratios and percent helicity in each case 
as displayed in Supplemental Table S5a. When the θ222/θ208 ratio 
exceeds 1, it indicates a well-defined coiled-coil structure. It is clear 
from Supplemental Table S5a that the complexes behave very well 
as a coiled-coil structure in the solution.

To compare the thermostability of the heterodimeric and hetero-
trimeric complexes, we investigated their thermal denaturation 
with CD spectroscopy. Examination of the CD signal at 222 nm 
over a range of temperatures (25–95°C) showed that the 
Nup88517-742•Nup62322-525 complex exhibits a Tm of 48°C and the 
Nup62322-525•Nup88517-742•Nup214693-926 complexes have a Tm of 

FIGURE 6:  SAXS analysis of the Nup88•Nup62 complex. The 
molecular envelope of the Nup88517-742•Nup62322-525 complex was 
obtained by DAMMIF analysis (shown in blue color). The cartoon 
model of the protein complex (two copies of the Nup62 in green 
color and one copy of the Nup88 in red) is shown in two different 
orientations.

FIGURE 7:  CD spectroscopy analysis of the Nup88•Nup62 and 
Nup88•Nup62•Nup214 complexes. (A) Far-UV CD spectra of purified 
Nup88517-742•Nup62322-525 and Nup88517-742•Nup62322-525•Nup214693-926 
are shown in black and red color, respectively. (B) Thermal 
denaturation profile showing Tm for the complexes via a sigmoidal fit 
of the ellipticity shift at 222 nm. The red color denotes the curve for 
the Nup88517-742•Nup62322-525•Nup214693-926 complex, while the curve 
for Nup88517-742•Nup62322-525 is shown in black.
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51°C (Figure 7B), a feature that is consistent with the thermostability 
of other naturally occurring coiled-coil domains (Tm ≥ 50°C) (Tsuruda 
et  al., 2011; Fujiwara et  al., 2012). It is apparent from the CD 
denaturation curves that though the unfolding begins, the 
Nup62322-525•Nup88517-742•Nup214693-926 complex retains its helical 
structure even at higher temperatures (40–45°C). On the other 
hand, the Nup88517-742•Nup62322-525 complex loses its helical 
conformation faster and is adopting random coil structure as the 
temperature increases (Supplemental Table S5b). These results sug-
gest that Nup214693-926 plays an important role in providing stability 
to the complex. Moreover, the thermal denaturation was irreversible 
in all cases (unpublished data).

Structure of the Nup88•Nup62•Nup214 complex revealed 
by negative stain EM
As we could not pursue SAXS studies of the Nup88517-742• 
Nup62322-525•Nup214693-926 complex due to low solubility, we ana-
lyzed the structure of this heterotrimer using negative stain EM. The 
SEC-purified complex (Figure 5D; 12.5–13 ml peak fraction) was ad-
sorbed on EM grids and stained with 2% uranyl acetate. We antici-
pated conformational heterogeneity of the complex on the grid, 
due to the intrinsic plasticity of the Nup88517-742•Nup62322-525 
•Nup214693-926 complex (Figure 8A). Approximately 4737 particles 
were manually selected and utilized for the single-particle analysis 
using CryoSPARC. The 2D class averages obtained showed the dis-
tinct shape-elongated structures with a curve at one end (Figure 8B). 
Further, these 2D classes were used for the ab initio 3D reconstruc-
tion into two classes, where we found that about 67% of particles 
were assigned to a distinct shape and compact structure (Figure 8C) 
and the rest (∼33%) of the particles showed a much smaller flattened 
shape, perhaps due to the preferred orientation issues or highly vari-
ability in the shape. Based on the FSC cutoff at 0.143, the global 
resolution of the structure is 19.27Å (Supplemental Figure S13b). In 
comparison with SAXS data of the Nup88517-742•Nup62322-525 com-
plex (Figure 6), we observed that the EM 3D map is much more 
compact in shape (Figure 8C). The final EM map showed an elon-
gated “4” shape with a bulky head. This shape shows similarity with 
the tube-like density reported for the coiled-coil helix bundle of. the 
Nup88 complex in Xenopus (Huang et al., 2020) where the authors 
modeled full-length Nup88 and the coiled-coil domains of Nup62 
and Nup214 and fitted them into the tomogram. We obtained the 
homology models of Nup88, Nup62, and Nup214 from the Alpha-
Fold database (Varadi et al., 2022) and built a complex model using 
the CtNsp1 complex (PDB ID; 5CWS; Stuwe et al., 2016b) as the 
template. This modeled complex was then docked into the EM den-
sity map (Figure 8D), which shows that the model fitted very well in 
the density map and adopts a “4” shape structure inside the density, 
which is almost identical to the reported CtNsp1•Nup49•Nup54•Nic96 
complex (Stuwe et  al., 2016a), where ∼41 residues (139–180) of 
Nic96 (a homologue of Nup93) is located in the bulky head. We also 
attempted to dock the Nup62322-525•Nup88517-742 heterotrimer into 
the obtained density but could not find a better fit (unpublished 
data). Moreover, our previous study (Sonawane et  al., 2020) has 
shown that mammalian Nup93 is capable of forming a quaternary 
complex with CTC (Nup62•Nup54•Nup58) and a “4”-shaped struc-
ture where the CTC complex is aligned parallel to Nup931-819. Inter-
estingly, a feature of “bulky head” was also observed in this case.

Nup88•Nup62 and Nup88•Nup62•Nup214 heterotrimers 
interact with the N-terminal region of Nup93
The superimposition of the EM density of the CTC•Nup931-819 
complex (Figure 8E) with the density map obtained for the Nup88 

complex (Figure 8F) revealed that the head regions of both densi-
ties match perfectly, indicating similar arrangements of the triple 
helix bundle formed by both Nup88517-742•Nup62322-525 
•Nup214693-926 and Nup62322-525•Nup58239-415•Nup54332-510. Also it 
was shown previously (Sonawane et al., 2020) that the 1–150 region 
of Nup93 is sufficient to form the stable quaternary complex 
Nup62322-525 •Nup58239-415•Nup54332-510•Nup931-150. Hence, on the 
basis of these observations, we hypothesized that similar to the CTC 
complex, the Nup88 complex may also bind to the Nup931-150, and 
we evaluated whether Nup931-150 can interact with either or 
both Nup88517-742•Nup62322-525 and Nup88517-742•Nup62322-525 
•Nup214693-926 heterotrimers. We performed TAP of both these 
complexes with the Nup931-150 domain. Surprisingly, we observed 
the N-terminus of Nup931-150 forming a stable complex with both 
the Nup88517-742•Nup62322-525 heterotrimer (Figure 9, A and B) as 
well as the Nup88517-742•Nup62322-525•Nup214693-976 heterotrimer 
(Figure 9, C and D). Our finding seems to be in agreement with a 

FIGURE 8:  Negative staining EM analysis of the Nup88 complex 
and superposition over the CTC•Nup93 (1–819) complex. 
(A) Representative micrograph of purified Nup88517-742•Nup62322-525 
•Nup214693-926 complex stained with 2% uranyl acetate. Scale bar: 
200 nm. Representative particles used for the analysis are shown in 
the inset with the arrow. (B) Representative 2D class averages. (C) 3D 
density map obtained at 19.27 Å. (D) Density map fitted with 
modeled structures of the coiled-coil complex. The bulky head of the 
map and N-terminal helix density of Nup214 are shown by the black 
thin and thick arrow, respectively. In the EM density map Nup214, 
Nup88, and Nup62 are represented by red, blue, and green color, 
respectively. (E) 3D density map of the CTC•Nup931-819 complex 
(shown in green color). (F) Superimposed 3D density map of Nup88 
complex (gray) over the CTC•Nup93 complex (green). Dash blue box 
shows the overlapping head region of both complexes.
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recent study, which used the hNup93 construct boundary as 2–93 to 
interact with Nup88559-741•Nup62317-522•Nup214699-888 (Bley et  al., 
2022). Additionally, we observed the existence of a stable complex 
of Nup931-150 with the Nup88517-742•Nup62322-525 heterotrimer.

Mammalian Nup62•Nup54 heterotrimer can also bind with 
the N-terminal region of Nup93
Previously it was reported that Nup62 along with Nup54 can form a 
stable heterotrimer (Solmaz et al., 2011) and its minimal coiled-coil 
domain structure was revealed using x-ray crystallography showing 
two helices of Nup62 interacting with one helix of Nup54. Interest-
ingly, in this case also, it is observed that the mammalian 
Nup62•Nup54•Nup58 heterotrimer is highly dynamic and Nup58 
can be easily dissociated to form the Nup62•Nup54 complex 
(Sharma et al., 2015). We found such observation remarkably similar 
to our reported data in the case of Nup88517-742•Nup62322-525 and 
Nup88517-742•Nup62322-525•Nup214693-976 complexes. Therefore, we 
made an assumption that, similar to the Nup88517-742•Nup62322-525 
heterotrimer, the Nup62322-525•Nup54181-507 heterotrimer may bind to 
the Nup931-150 region. To prove this, we coexpressed proteins human 
Nup54 (181–507 region; all structured), Nup931-150, and Nup62322-525 
and performed TAP experiments as described above. The SDS–
PAGE analysis clearly indicated that the mammalian Nup62•Nup54 
heterotrimer is capable of interacting with Nup931-150 in a stable man-
ner as it has not dissociated in our TAP experiments (Figure 9, E and 
F). The presence of the three proteins was also confirmed in Western 
blotting analysis using anti-His6, anti-GST, and anti-Nup54 antibodies 
(Supplemental Figure S14). This led us to conclude that the Nup931-150 
region is capable of binding with compositionally different yet struc-
turally similar heterotrimers such as Nup88517-742•Nup62322-525, 
Nup88517-742•Nup62322-525• Nup214693-976, Nup62322-525•Nup54181-507 

(described in this study), and Nup62•Nup54•Nup58 (described in 
Sonawane et al., 2020). Such a phenomenon of multipartner protein 
interface clusters that can adaptively bind to different proteins due to 
their conserved binding pocket is also known in other cases in the 
literature (Keskin and Nussinov, 2007).

DISCUSSION
The CR of the mammalian NPC is an important platform for mRNA 
export and is linked to several diseases. To gain insights into inter-
domain interactions and structural aspects, we focused on the mam-
malian Nup88•Nup62•Nup214 complex, which is positioned in the 
CR along with the Y-shape complex. In this study, we demonstrate 
for the first time, the extensive interaction network and biochemical 
reconstitution of the mammalian Nup88517-742•Nup62322-525 and 
Nup88517-742•Nup62322-525•Nup214693-926 complex. We observed 
that most of the interacting regions are conserved between the 
mammalian and corresponding complexes in fungal species (Gaik 
et al., 2015; Teimer et al., 2017), indicating that the coiled-coil do-
mains of Nup62, Nup88, and Nup214 drive the conserved core as-
sembly of the CR complex. Nup62 is also a key component to form 
the CTC complex as reported previously (Bailer et al., 2000; Solmaz 
et al., 2011) in similar stoichiometry and molecular arrangement; it is 
therefore reasonable to propose that the Nup62 coiled-coil domain, 
which is highly dynamic in nature (Dewangan et al., 2017), plays an 
important role in providing the plasticity of both the CR and the 
CTC complex.

The biochemical reconstitution followed by extensive character-
ization using CD spectroscopy, SAXS, EM, and SEC-MALS analysis 
of Nup88517-742•Nup62322-525•Nup214693-926 and Nup88517-742 
•Nup62322-525 heterotrimers established that they both could form 
heterotrimeric assemblies, which is highly dynamic in nature. Our 
studies also established that the Nup88517-742•Nup62322-525 com-
plexes exhibit a highly elongated conformation, and incorporation 
of Nup214693-926 into Nup88517-742•Nup62322-525 formed a slightly 
more stable heterotrimer that results in a compact conformation 
(Figure 8D). The low-resolution 3D structure revealed by negatively 
stained EM of the Nup88517-742•Nup62322-525•Nup214693-926 com-
plex showed an elongated density with a bulky and curved head. It 
displayed an unusual asymmetric “4”-shaped structure where 
helical regions of all three Nups can be modeled. It is noteworthy 
that the affinity purification of the Nup88517-742•Nup62322-525 
•Nup214693-926 complex although appearing to have 1:1:1 stoichi-
ometry, shows highly dynamic behavior, and it is likely that various 
stoichiometric combinations may coexist together in solution, in-
cluding Nup88517-742•Nup62322-525 and Nup88517-742•Nup62322-525 
•Nup214693-926 heterotrimers, as evident by the broad SEC eluted 
peak profile (Figure 5, D and E). Therefore it is plausible thatboth 
heterotrimeric populations might have existed on the uranyl ace-
tate–stained EM grids (Figure 8A); however, we might have enriched 
the Nup88517-742•Nup62322-525•Nup214693-926 heterotrimer popula-
tion by particle selection as it is biased toward selecting more glob-
ular and compact structures. Additionally, our CD-based analysis 
has demonstrated that the Nup88517-742•Nup62322-525•Nup214693-926 
heterotrimer is more thermally stable and structured in comparison 
to the Nup88517-742•Nup62322-525 heterotrimer (Figure 7 and Supple-
mental Table S5).

Our interaction analysis demonstrated a direct physical interac-
tion of the β-propeller domains of Nup8859-498 and Nup2141-407 
(Figure 3B), and the Nup2141-407•Nup8859-498 complex is stable 
enough for biochemical purification (Supplemental Figure S7c). 
Also, this β-propeller domain complex is expected to occupy the 
bottom of the Nup88•Nup62•Nup214 complex (Figure 10A). The 

FIGURE 9:  Interaction analysis of N-terminal domain of Nup93 with 
Nup88•Nup62Nup88•Nup62•Nup214 and Nup62•Nup54 
complexes: SDS–PAGE images showing the reconstituted complexes 
with Nup931-150 and their interaction via tandem affinity purification 
(Ni2+-NTA affinity followed by GST affinity purification). 
(A, B) Nup88517-742•Nup62322-525 complex. (C, D) Nup88517-742• 
Nup62322-525•Nup214693-976 complex. (E, F) Nup62322-525•Nup54181-507 
complex. A, C, and E show the Ni2+-NTA affinity elutions, while B, D, 
and F show GST-affinity elutions. M-marker, E-eluted fractions.
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β-propeller domain of Nup214 is known to bind the mRNA export 
factor DDX19/Dbp5 (Schmitt et al., 1999; Weirich et al., 2004; von 
Moller et al., 2009), while the β-propeller domain of Nup88 binds to 
the autoproteolytic domain (APD) of Nup98 (Stuwe et al., 2012; Bley 
et  al., 2022). Our finding reveals that the β-propeller domains of 
Nup8859-498 and Nup2141-407 can also form a biochemically stable 
complex, thus showing an additional feature in the interaction net-
work of the Nup88, Nup214, and Nup98 (APD) domain within the 
NPC. However, it is yet to be seen whether the Nup98 (APD do-
main) and β-propeller domains of Nup88 and Nup214 can form a 
heterotrimeric complex or interact in a mutually exclusive manner. 
These interactions may have a direct role in mRNA export and re-
modeling, and it is yet to be shown how the cross-talk between the 
β-propeller domains of Nup214 and Nup88 can influence mRNA 
export.

We have previously reported the low-resolution EM structure of 
the mammalian Nup62322-525•Nup58239-415•Nup54332-510•Nup931-819 
quaternary complex (Sonawane et al., 2020), and we observed re-
markable similarity with the Nup88517-742•Nup62322-525•Nup214693-926 
heterotrimeric EM map (Figure 8D). Hence, we conclude that both 
complexes adopt similar architectural arrangements of the coiled-coil 
domains. Notably, it has been reported that in C. thermophilum, 

the Nsp1•Nup49•Nup57 complex (homologue of Nup62•Nup58 
•Nup54) is structurally related to the Nup82•Nup159•Nsp1 complex 
(situated in the CR), as both complexes assume similar triple helix 
coiled-coil “4”-shaped architectures (Chug et al., 2015; Fernandez-
Martinez et al., 2016; Teimer et al., 2017). Such structural similarity is 
further demonstrated in our data where we showed that Nup931-150 
could bind to Nup88517-742•Nup62322-525•Nup214693-976 heterotrimers 
(Figure 9) in a similar manner as reported previously for the 
Nup62•Nup54•Nup58 complex (Sonawane et al., 2020). On the ba-
sis of all this evidence, we propose that Nup62 is a hub protein of the 
NPC to form distinct biochemically stable heterotrimers (Nup62322-525 
•Nup88517-742•Nup214693-976, Nup88517-742•Nup62322-525, Nup62322-525 
•Nup54181-507, and Nup62•Nup54•Nup58 complexes), and this abil-
ity is exhibited due to dynamic behavior of its coiled-coil domain 
(Figure 10C).

The dynamic nature of the CTC complex is well documented for 
mammalian and yeast species (Ulrich et  al., 2014; Sharma et  al., 
2015; Dewangan et al., 2017), where the varying stoichiometry is 
interpreted based on biochemical reconstitution of the structured 
regions of Nup62 (Nsp1), Nup54 (Nup57), and Nup58 (Nup49). This 
variation in the CTC complex stoichiometry is mainly attributed to 
its intrinsic plasticity, and the biochemical purification strategies 
seem to enrich a selective combination, thus giving the false notion 
of 1:1:1 stoichiometry (Sonawane et al., 2020). Moreover, the crystal 
structures of the structure regions of the CTC complexes from fun-
gal (bound to the Nic96 N-terminal helix) and Xenopus species 
(without Nup93) (Chug et al., 2015; Stuwe et al., 2016a) also indi-
cated 1:1:1 stoichiometry of the CTC complexes. It is to be noted 
that these complexes were stabilized using nanobodies and thus 
may not represent the true dynamic nature of the CTC complex 
(Chug et al., 2015; Stuwe et al., 2016a). All together it is now clear 
that the dynamic nature of the CTC complex is an evolutionarily 
conserved phenomenon and may play a role in the NPC-mediated 
nucleocytoplasmic transport. Notably, earlier it was thought that 
only the Nup62•Nup54•Nup58 heterotrimer could bind to Nup93. 
Our current biochemical study clearly demonstrates that Nup62 
shared other heterotrimers (Nup62322-525•Nup54181-507 and 
Nup88517-742•Nup62322-525) are fully capable of binding to the 
Nup931-150 (Figure 9). The existence of such dynamic heterotrimers 
and their anchorage to Nup93 are yet to be demonstrated in vivo. 
Nonetheless, considering the versatile transport activity of the NPC, 
it is plausible that these heterotrimers might play a role in regulating 
transport function, which is primarily driven by the interaction of the 
FxFG/FG regions of these Nups with the transporting cargoes 
(Bayliss et al., 2000).

Previously, biochemically reconstituted hydrogel studies have 
shown that the FG regions and FG-like regions of Xenopus Nup62, 
Nup54, and Nup58 together provide a complete passive diffusion 
barrier (Labokha et al., 2013). However, the hydrogels derived from 
the FG and FG-like regions of Nup54 and Nup58 alone did not 
show such a passive diffusion barrier. Notably, the hydrogel consti-
tuted of FG regions of Nup62 alone showed a partial passive diffu-
sion barrier (Labokha et al., 2013). Hence we can imagine a scenario 
within a NPC where Nup62•Nup54•Nup58 heterotrimers anchored 
with Nup93 will provide a complete diffusion barrier; however, when 
one of the Nup62-interacting partners is missing, a heterotrimer 
such as Nup62•Nup54 would still be able to anchor to the Nup93, 
but its passive diffusion barrier would be altered. Such possibilities 
hence could guide us in understanding the mechanistic regulation 
of nucleocytoplasmic transport.

Based on a Xenopus cryo-ET study, the central channel is shown 
to undergo significant structural rearrangement when transcription 

FIGURE 10:  Role of Nup62 and Nup93 as hub proteins in the 
mammalian NPC. (A) Cartoon representation of “4” shape structure 
adopted by the coiled-coil domains of the Nup88•Nup62•Nup214 
complex and showing β-propeller domain interaction of Nup88 and 
Nup214. (B) Summary of the interdomain interaction network among 
the three Nups. (C) Cartoon representation of coiled-coil domain of 
Nup62 (orange), Nup88 (green), Nup214 (purple), Nup54 (cyan), and 
Nup58 (pink). The plasticity exhibited by the Nup62 coiled-coil 
domain allows it to interact with other Nups and form various 
heterotrimers such as Nup88517-742•Nup62322-525, Nup88517-742• 
Nup62322-525•Nup214693-976, Nup62322-525•Nup54181-507, and 
Nup62•Nup54•Nup58. Such heterotrimers are further recognized by 
the N-terminal (1–150) of Nup93 (blue) to form distinct quaternary 
complexes.
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is blocked (Eibauer et al., 2015), Recently, human NPC cryo-ET re-
vealed substantial plasticity in its structure and it is believed that the 
structural plasticity might be due to compositional variation, which 
is driven by the cellular context (Schuller et al., 2020). Additionally, it 
has been shown that Nup62, Nup58, and Nup54 undergo major 
conformational changes when transport through the NPC is altered 
(Pulupa et al., 2020). On the basis of our data here and evidence 
from other studies (Labokha et al., 2013; Eibauer et al., 2015; Pulupa 
et al., 2020; Schuller et al., 2020), we propose that diverse Nup62 
shared CTC heterotrimers could exist within a NPC and contribute 
to modulating the diffusion barrier. Moreover, as Nup62 is demon-
strated to be a part of the exocyst complex and centrosome as well 
(Hubert et al., 2009; Hashizume et al., 2013; Dewangan et al., 2017; 
Chien et al., 2020), it is possible that the non–NPC related Nup62 
shared heterotrimers might also have some functional specificity in 
these cellular functions that are yet to be explored. Similarly, recent 
cryo-ET–based studies of the Xenopus NPC also revealed substan-
tial plasticity in the Nup88•Nup62•Nup214 complex organization 
with the NPC as clear density for one copy of the complex could be 
seen; however, the density for the second copy is partially visible 
(Fontana et  al., 2022). Notably, the electron density for the β-
propeller domain of Nup214 is not clearly understood in this study 
(Fontana et al., 2022). This indicates that similar to the CTC com-
plexes, the Nup88 complexes are also highly dynamic and compo-
sitional variations might exist together.

Nup93 is also central to NPC organization; it can interact with 
Nup188, Nup35, Nup205, and Nup155 along with the CTC com-
plexes (Fischer et al., 2015). Recently, a Xenopus oocyte nuclei cryo-
ET study revealed that Nup93 bridges the CR complex with the Y 
shape complex (Fontana et al., 2022). It was also reported previ-
ously that the N-terminal region of human Nup931-150 has two short 
helices (1–82 and 96–150) that can preferentially interact with other 
partners, for example, region 1–82 interacts with the CTC complex 
in 1:1:1:1 stoichiometry (Sonawane et al., 2020). In the case of both 
fungal and mammalian CTC, so far only the Nup62•Nup54•Nup58 
complex is shown to interact with Nup93 (Stuwe et  al., 2016a; 
Sonawane et al., 2020). Although it was reported earlier that rat and 
the corresponding yeast Nup62•Nup54 also form a complex 
(Solmaz et al., 2011; Ulrich et al., 2014) but its relevance with Nup93 
interaction was not clear. Here, we show that the N-terminal region 
of Nup931-150 can bind to a diverse set of heterotrimers formed by 
Nup62, including the Nup62322-525•Nup54181-507 and Nup88517-742 
•Nup62322-525 heterotrimers. It is therefore plausible that Nup62 
shares various heterotrimers that pose a specific binding pocket that 
can be recognized by Nup93. Such shared organizational behavior 
of Nups is very intriguing in terms of NPC assembly and its versatile 
transport function.

In the case of multipartner protein, a hub protein is defined as a 
protein with the conserved domain/motif that can interact with mul-
tiple partners (Ekman et al., 2006) and show highly clustered func-
tional modules. In the case of Nup93 and Nup62, it is shown that 
both are essential for cell viability and proper NPC organization 
(Grandi et al., 1993; Allende et al., 1996; Galy et al., 2003; Osmani 
et al., 2006; Sachdev et al., 2012; Kinoshita et al., 2014). The role of 
Nup93 in NPC assembly and the role of Nup62 in mRNA export and 
mitosis have been extensively studied (Galy et al., 2003; Sachdev 
et  al., 2012; Hashizume et  al., 2013; Fernandez-Martinez et  al., 
2016; Okazaki et al., 2020). Moreover, their functions are evolution-
arily conserved. Our study here suggests that Nup93 and Nup62 
meet these criteria to be hub proteins and thus enable us to under-
take further studies to refine their role in transport activity in a Nup-
specific manner.

Interestingly, it has been shown that the overall structures of the 
Nup88 complex and its homologue in yeast (Nup82 complex) are 
similar (Gaik et al., 2015; Fernandez-Martinez et al., 2016) but their 
interactions with other Nups could be different. For instance, the 
mammalian Nup88 complex interacts with the N-terminal of Nup93 
as described here. However, in fungi, the corresponding homo-
logue Nup82 complex does not bind to the N-terminal of Nic96 
(homologue of Nup93); rather it interacts with Nup145C (Teimer 
et al., 2017; Bley et al., 2022). This highlights the fact that although 
both CTC and the Nup88/82 complexes are conserved between 
unicellular and vertebrate NPC, their anchorage to the NPC frame-
work might be mediated by two different partners, namely Nup145C 
and Nup93, respectively. It will be interesting to understand further 
how these differences would lead to species-specific arrangement 
of the IR and CR.

The human CR Nups and their associated mRNA export factors 
are recognized as important players in multiple disease conditions 
(Köhler and Hurt, 2010; Yarbrough et al., 2014; Ciomperlik et al., 
2015; Nofrini et al., 2016; Lin and Hoelz, 2019) and are suggested to 
govern the remodeling of mRNPs at the cytoplasmic face of the 
NPC (Belgareh et al., 1998; Bailer et al., 2000; Hutten and Kehlen-
bach, 2006; Napetschmig et al., 2007; Kalverda et al., 2010). There-
fore, ultimate mechanistic insights of these Nups will be feasible by 
high-resolution structural analysis, which could not be pursued for 
mammalian Nup88 complexes until now, mainly due to the lack of 
biochemical reconstitution. Our interaction and reconstitution data 
here suggested a hub role for Nup62 in assembling both the Nup88 
complex (constituent of CR) and CTC complexes and the role of 
Nup93 in their anchorage to the NPC framework, thus laying the 
groundwork for atomic resolution structural studies in the future.

MATERIALS AND METHODS
Sequence analysis of Nups
A total of 38 sequences were obtained from Uniprot (Supplemental 
Table S1) for each Nup and were aligned by MUltiple Sequence 
Comparison by Log Expectation (MUSCLE). The sequences were 
assembled to a neighbor-joining tree using MEGA 6 (Tamura et al., 
2013), and the bootstrap was calculated with 1000 replications. The 
final trees were edited and viewed using the iTOL tool (Letunic and 
Bork, 2019). The sequence alignment (structure guided) of rats, hu-
mans, Xenopus, Danio, Chaetomium, and Saccharomyces was done 
using PROMALS3D (Pei et al., 2008) and edited in Jalview (Water-
house et al., 2009) to remove the low-complexity FG repeat regions 
and Jpred (Drozdetskiy et al., 2015) to predict the secondary struc-
tures considering Rattus norvegicus Nup as a template. The domain 
organizations based on the secondary structure predictions for 
Nups were performed using the PSIPRED server (Jones, 1999), and 
the sequences were visualized using the IBS illustrator (Liu et al., 
2015).

CoRNeA
CoRNeA was performed using primary amino acid sequences 
from both proteins in a complex as the input information as de-
scribed in Chopra et  al. (2020). Only the structured regions of 
Nup881-742, Nup62320-525, and Nup2141-1100 were considered for 
the predictions.

Generation of Escherichia coli-based overexpression 
plasmids
The total RNA was isolated from rat spleen using the Trizol reagent 
(Invitrogen), and cDNA was prepared with the Superscript-II synthe-
sis kit (Invitrogen) following the manufacturer’s instructions. The 
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gene-specific primers (Supplemental Table S6) for Nup88517-742, 
Nup62322-525, and Nup214693-976 were used to amplify various dele-
tion constructs using Phusion polymerase (NEB). The α-helix of 
Nup62322-525 and the α-helix as well as β-propeller regions of 
Nup8859-498 and Nup2141-407 were cloned into the respective 
vectors (refer to Supplemental Table S6). In all cases, affinity tags 
were removed by thrombin digestion. All positive clones were con-
firmed by gene sequencing.

In vitro pull-down assay
pET28a and pGEX4T1 vectors having respective genes (Supple-
mental Table S6) were cotransformed into E. coli BL21 (DE3) RIL 
cells. Rat His6-Nup62322-525 was subcloned into the pET28a vector 
using a construct described in Melcak et al. (2007), which was gifted 
by the Blobel lab. For the negative control for pull-down experi-
ments, the empty pGEX4T1 vector cotransformed with pET28a ex-
pressing Nup88 (β-propeller; 59–498) and pET28 expressing Nup88 
(α-helix; 322–525; β-propeller; 59–498) and pGEX4T1 expressing 
Nup62 (α-helix; 322–525) and Nup214 (β-propeller; 1–407) were 
transformed separately. All the experiments were repeated at least 
three times. Briefly, the bacterial culture was grown at 37°C until the 
OD600 reached 0.6, induced with 0.4 mM of Isopropyl β-d-1-
thiogalactopyranoside [IPTG] (MP Biomedicals) and incubated for 
14–16 h at 18°C. The bacterial cells were harvested and lysed in lysis 
buffer (20 mM Tris-HCl, pH 8, 250 mM NaCl, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 5 mM beta mercaptoethanol (β-Me), 
10 mM imidazole, 10% glycerol, and 1% Triton X-100). The clear ly-
sate was incubated with Ni2+-NTA agarose beads (Qiagen) for 2 h at 
4°C. The unbound fractions were discarded, and the beads were 
washed with 40 column volumes (CV) of wash buffer (20 mM Tris-
HCl, pH 8, 250 mM NaCl, 5 mM β-Me, 35 mM imidazole, 2.5% 
glycerol, and 0.1% Triton X-100). Bound fractions were eluted with 
elution buffer (20 mM Tris-HCl, pH 8, 250 mM NaCl, 5 mM β-Me, 
300 mM imidazole, 2.5% glycerol, and 0.05% Triton X-100). Ni-
NTA–eluted fractions were incubated with GSH-Sepharose (Pierce) 
beads for 5 h at 4°C. The unbound fractions were discarded, and the 
beads were washed with 40 CV of wash buffer (with 0.05% Triton 
X-100). Bound fractions were eluted with elution buffer (with 10 mM 
reduced glutathione). The eluted fractions from each pull down 
(Ni2+-NTA and GST-affinity) were probed with anti-GST (1:3000) an-
tibody (Sigma) and anti-His (1:3000) antibody (Sigma). Horseradish 
peroxidase–conjugated mouse immunoglobulin G was used at 
1:5000 dilution (Sigma) for developing the signal and all the images 
were captured using Amersham Imager 600 and 800 (GE 
Healthcare).

Protein purification
To purify the Nup88•Nup62•Nup214 complex, a pRSFDuet1 vector 
expressing Nup88517-742 and Nup62322-525 was cotransformed with 
pGEX4T1 expressing Nup214693-976 into the BL21 (RIL) cells. The 
protein was overexpressed as described above and lysed using the 
lysis buffer mentioned previously followed by centrifugation. The 
clear lysate was incubated with Ni2+-NTA (Qiagen) beads for 2–3 h 
at 4°C and washed with a 40× CV of wash buffer followed by elution. 
For the second affinity step, the Ni2+-NTA–eluted fractions were 
pooled, dialyzed, and incubated with GSH-Sepharose (Pierce) 
beads. The bound complexes were eluted with a wash buffer having 
10 mM reduced glutathione (Sigma). Eluted fractions were then 
concentrated with a 10 kDa concentrator (Amicon Ultra; Merck), and 
both His6 and GST tags were cleaved with 5–10 U of thrombin 
(Merck) per milligram of protein for 24 h at 4°C and subjected to 
SEC using the Superdex 200 10/30 GL column, preequilibrated with 

SEC buffer (20 mM Tris-HCl, pH 8, 150 mM NaCl, 0.5 mM EDTA, 
and 1 mM dithiothreitol [DTT]). The entire purification was analyzed 
using SDS–PAGE. To purify the Nup88•Nup62 binary complex, the 
pRSFDuet-1 expressing Nup88517-742 and Nup62322-525 was similarly 
overexpressed and purified as mentioned above. For the purifica-
tion of Nup88517-742 and Nup62322-525, pET28a constructs were used 
and proteins were purified using Ni2+-NTA affinity chromatography. 
The buffer composition for Nup62 was similar except for the deter-
gent and glycerol, while for Nup88, 0.05% detergent was used. To 
purify the Nup88•Nup62•Nup214•Nup93 complex, the bacterial 
cells having Nup88•Nup62•Nup214 and Nup931-150 were ex-
pressed separately and colysed, purified by tandem affinity pull 
down. For the Nup88•Nup62•Nup93 complex, Nup88•Nup62 and 
Nup931-150 were coexpressed and purified by tandem affinity pull 
down. The buffer compositions were the same as those mentioned 
above. The constructs for Nup54181-507•Nup931-150 and Nup62322-525 
were cotransformed, overexpressed, and purified using Ni2+-NTA 
followed by GST pull down as described earlier (Sonawane et al., 
2020).

Mass spectrometry–based confirmation of the 
Nup88•Nup62•Nup214 complex
The SEC-eluted fraction and SDS–PAGE bands corresponding to 
the complex were subjected to trypsin digestion and investigated 
using the Orbitrap analyzer, and the obtained data were analyzed 
using Proteome Discoverer 2.2 (Thermo Fisher) software.

SEC-MALS
The purified individual Nups and complexes at various concentra-
tions (Supplemental Table S4) were analyzed with SEC using either 
Superdex 200 10/30 GL or Superose6 increase 10/30 GL column 
coupled with a MALS instrument (Wyatt Technology). The chroma-
tography system was connected in series with a light-scattering de-
tector (Wyatt Dawn HELIOS II) and refractive index detector (Wyatt 
Optilab t-rEX). Bovine serum albumin (2 mg/ml) (Sigma) was used as 
a standard to calibrate the system, and 100 µl of each sample was 
injected. The column was equilibrated with the SEC buffer. Data 
analysis was carried out using the program ASTRA (Wyatt Technol-
ogy), yielding the molar mass and mass distribution (polydispersity) 
of the samples.

CD analysis and thermal denaturation
CD spectra of SEC-purified proteins (0.15–0.2 mg/ml) were recorded 
using a Jasco J-815 (Jasco, Tokyo, Japan) spectropolarimeter at 
25°C. The proteins in 10 mM Tris-Cl (pH 8.0), 50 mM NaCl, and 
1 mM DTT used for far-UV CD spectra were recorded in a rectangular 
quartz cuvette of 1 mm path length in the range of 200–250 nm at a 
scan speed of 100 nm/min with slit width of 1 nm. Each spectrum 
was recorded as an average of three accumulations and was cor-
rected for buffer contributions before analysis. The observed values 
were converted to mean residue ellipticity (MRE) using the equation 
MRE = Mθλ/10dcr, where M is the molecular weight of the protein, θλ 
is the CD in millidegrees, d is the path length in centimeters, c is the 
protein concentration in milligrams per milliliter, and r is the average 
number of amino acid residues in the protein. The relative content of 
secondary structure elements was calculated using CDPro software 
and the CONTINLL program, which gave the smallest NRMSD (nor-
malized root mean square deviation) value. The percent helicity (α-
helix content) was calculated from the MRE value at 222 nm, using 
the equation % α-helix = (MRE222nm/MREmax) × 100, where MREmax 
= –23400 (Wang et al., 2006). For thermal denaturation studies, the 
protein sample was incubated at varying temperatures from 25 to 
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85°C with an interval of 5°C for 5 min each. The melting tempera-
tures of the proteins/complexes were calculated by scattering the 
ellipticity at 208 and 222 nm, followed by sigmoidal fit analysis.

SAXS analysis
Purified Nup88517-742•Nup62322-525 complex (0.9 mg/ml) was used 
to collect scattering data at the European Synchrotron Radiation 
Facility (ESRF), Grenoble, France, on beamline BM29 (λ = 0.991 Å) 
in a standard setup (Pernot et al., 2013). A total of 10 frames were 
collected (0.5 s/frame) at 277 K on a PILATUS 1M detector and the 
sample-to-detector distance was 2.87 mm. Sample buffer (SEC buf-
fer) was used as control for buffer scattering data set subtraction 
automatically via EDNA (Incardona et al., 2009). Scattering data sets 
collected were analyzed using ATSAS 2.8 (Franke et al., 2017). The 
initial molecular envelope was built using DAMMIF. CRYSOL was 
used to obtain the theoretical I (Q) profile of the model and to com-
pare it with the I (Q) profile of raw data.

Negative staining and EM
Purified protein complex (4 µl) (Nup88517-742•Nup62322-525• 
Nup214693-926; 0.05 mg/ml) was adsorbed onto a glow-discharged, 
carbon-coated 300 mesh copper grid for 2 min, and the excess sam-
ple was blotted away using Whatman filter paper. Then, 4 µl of 2% 
uranyl acetate adjusted to pH 7.4 was applied on the grid twice for 
2 min each time. The grids were again blotted to remove excess stain 
and air dried overnight. The grids were loaded on JEM 220FS (Jeol) 
accelerated at 200 kV with a field emission gun. Fifty-four micro-
graphs were collected and subjected to single particle analysis using 
CryoSPARC (Punjani et al., 2017) using MotionCorr2, and CTF estima-
tion was performed using CTFFIND4 implemented in RELION 3.1.0 
(Zivanov et  al., 2018). After several rounds of 2D classification fol-
lowed by manual inspection, a total 4737 particles were selected for 
ab initio reconstruction. Homogeneous refinement was performed 
using a 3D map to obtain the final resolution. The homology model 
of the complex was built using CTC•Nic96R1 complex (Stuwe et al., 
2016a; PDB; 5CWS) structure as a template in SWIS MODEL (Schwede 
et al., 2003). Additional regions were modeled using the Alpha fold 
model of Nup88 and Nup214 and fitted into the EM density map as 
the rigid body using UCSF chimera (Pettersen et al., 2004).
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