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Abstract 

 

As a primary gateway of nucleocytoplasmic transport, the nuclear pore complex (NPC) 

plays important roles in cellular homeostasis and regulation. The NPC is a large 

macromolecular assembly that contains more than 30 proteins called nucleoporins 

(Nups), forming a molecular crowding barrier inside the pore. Although oxidative stress 

is known to affect the transport/permeability through the NPC, the molecular 

mechanism of this adaptive control remains unknown. In this study, redox-dependent 

responses of nuclear transport were investigated from a structural aspect of the NPC. 

Molecular crowding states of individual Nups were examined with a help of a 

crowding-sensitive fluorescent probe. Based on the detail analyses of the obtained 

images, Nups were classified into three categories: DTT-sensitive, H2O2-sensitive and 

insensitive Nups. Amino acid substitutions of cysteine residues to serine in 

H2O2-sensitive Nups partly abolished the H2O2-dependent crowding control, 

demonstrating that disulfide bonds play critical roles in this regulation. Fluorescence 

recovery after photobleaching analyses of importin α/β-dependent nuclear transport 

under oxidative stress also revealed that disulfide bonds are involved in the 

redox-dependent regulation of the nuclear transport. Combine with previous 

achievements from single molecular transport assays, a cysteine-based proximal control 

model was proposed to explain the adjustment of the molecular crowding barrier of the 

NPC under redox conditions. Taken together, this study demonstrated that redox 

environments can control the NPC-mediated nuclear transport via directly inducing 

disulfide bonds among channel-forming Nups. 
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1.1 Nuclear Pore Complex  

1.1.1 Structure of nuclear pore complex 

As the solo guardian to control the nucleocytoplasmic molecular exchanges in 

eukaryotic cells, the nuclear pore complex (NPC) plays a crucial role in cellular 

homeostasis and regulations. From its first identification in the 1950s (Tomlin, 1950; 

Watson, 1959), the structure and function of the NPC have been intensively studied (Lin 

et al., 2016) (Kim et al., 2018) (Hampoelz et al., 2019). 

The NPC is a large complex of proteins with a molecular mass from 60 MDa 

(yeast) to 112 MDa (human) depending on species, which is comprised of more than 30 

protein subunits called nucleoporins (Nups). It forms a cylindrical structure that spans 

across the nuclear membrane with a predominant octagonal symmetry. Structurally, the 

NPC is made of three major substructures that are sparsely connected one to another: 

the cytoplasmic filaments, the central transport channel, and the nuclear basket. The 

molecular architecture and spatial organization of each substructure depend also on 

species (Lin and Hoelz, 2019) (Figure 1-1). In metazoan, the central channel of the NPC 

has a dimension of ~90 nm long and ~50 nm in diameter, with the extension of 

cytoplasmic filaments up to ~200 nm and an opposite extension towards nucleoplasm, 

~75 nm connected to a ~55 nm-diameter distal ring (Stoffler et al., 2003). 
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Figure 1-1 Structure of NPC from different species (Lin and Hoelz, 2019) 

The structure of NPC from homo sapiens, Chlamydomona reinhardtii, and 

Saccharomyces cerevisiae. Different illustrations from (a) top view, (b) side view, and (c) 

schematic architecture are shown. The molecular details for two-dimensional schema 

are marked with different color codes for coat nucleoporin complex (CNC), channel 

nucleoporin heterotrimer (CNT), pore membrane protein (POMs), and other Nups. Sizes 

of each part of NPC from different species are marked.  
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Functionally, the cytoplasmic filaments serve as the docking harbor for nuclear transport 

of macromolecules, which facilitate the recognization step for import and release step 

for export of molecules, respectively. The nuclear basket plays a similar role with the 

reverse order compared to cytoplasmic filaments. On the other hand, the central 

transport channel is considered as the pivotal structure controlling nucleocytoplasmic 

exchange under given circumstances. The central channel cavity is filled with a high 

concentration of phenylalanine-glycine (FG) repeat motifs (up to 240 mM) extended 

from pore-forming Nups, which also provides an area with intensive binding sites 

(Aramburu and Lemke, 2017) that contribute to the nuclear transport process (See 1.2). 

Detailed molecular structures of individual Nups from each substructure are shown in 

Figure 1-2. 
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Figure 1-2 The molecular structures of Nups (Lin and Hoelz, 2019). 

Detailed domain architectures of human Nups. Bars above domain indicate the regions 

explicated by high-resolution methods of each Nup, with color code of species from 

which the structures were determined. Abbreviations: CTD, C-terminal domain; NTD, 

N-terminal domain; POMs, pore membrane proteins. 
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1.1.2 Nucleoporins and FG repeats 

Based on their function, the Nups could be classified into three categories: the 

transmembrane Nups, the scaffold Nups, and the barrier Nups (Figure 1-3). The 

transmembrane Nups (Gp210, Pom121 and Ndc1) are responsible for the anchorage of 

the rest of Nups within NPCs to the nuclear envelope (NE). The Nups that share a 

common feature of FG-repeats enriched intrinsically disordered regions (IDRs) are 

categorized as barrier Nups; since they are indispensable for the formation of a selective 

barrier in the NPC. The scaffold Nups (Nup160, Nup93, Nup205, etc.) function as 

bridges between the anchor component of transmembrane Nups and the functional 

component of barrier Nups.  

The FG-domain in Nups possesses a high mean hydrophobicity and a very low 

net charge, with a hydrophilic inter-motif sequence that contains 10-20 amino acids. 

Most characterized FG-motifs in vertebrate Nups are FXFG, Glycine-Leucine FG 

(GLFG), Proline-XFG (PXFG), Serine-XFG (SXFG), and FG, in which X represents 

any amino acid (Cushman et al., 2006; Denning and Rexach, 2007; Schmidt and 

Gorlich, 2015). Due to their structural features, FG-Nups have shown the ability to 

adapt to different states, from the collapsed extended state as individual protein to brush 

state when they assembled on surfaces (Aramburu and Lemke, 2017). They could also 

form the transitions to supramolecular assemblies (Labokha et al., 2013; Milles et al., 

2013) with different physical properties (Lim et al., 2007; Yamada et al., 2010) (Eisele 

et al., 2010; Milles and Lemke, 2011; Schoch et al., 2012).  
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Figure 1-3 Architecture of NPC (Azimi and Mofrad, 2013).  

The nuclear pore is anchored to the nuclear membrane with the membrane layer of Nups, 

the scaffold layer of Nups connected the membrane layer to the FG-Nups layer. IDRs of 

Nups in the FG-Nups layer constitute a selective barrier in NPC, which is important for 

nucleocytoplasmic transports through NPC. Vertically, the central channel of NPC 

protrudes both into cytoplasm and nucleoplasm, with cytoplasmic filaments and nuclear 

filaments, respectively. 
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1.1.3 Selective barrier 

Translocation through the NPC is highly selective. Besides the passive diffusion of 

small molecules (< 40 kDa), only the passage for transport receptor (TR)-dependent 

cargos that contain nuclear signals are facilitated (Palmeri and Malim, 1999) (la Cour et 

al., 2004; Stewart, 2007). Although the underlying mechanism for NPC‟s selective 

barrier remains unclear, the molecular features of IDRs within FG-Nups surely 

contribute to NPCs‟ function as guardian gateway (Zeitler and Weis, 2004) (Kerr and 

Schirmer, 2011) (Fiserova et al., 2014). 

For passive diffusion, the NPC functions as a size-filtration barrier, of which 

diffusion efficiency decreases dramatically with the molecular mass around 30-60 kDa. 

Based on dynamics simulation, this diffusion mode could be explained by a dual effect 

of molecules for constraining and competing within the limited volume of the NPC, 

which leads to an entropic repulsion force (Timney et al., 2016).  

Opposite to the passive diffusion, multiple models are proposed to explain the 

TR-related active translocation through the NPC. A biomechanical study suggested that 

a delicate balanced FG-morphology between FG-Nup cohesiveness and entropic 

repulsion is essential for selective barrier (Stanley et al., 2017). Other studies are trying 

to explain the selective character of the NPC through binding affinities between 

FG-Nups and cargo complexes (Raveh et al., 2016). Based on a recent study, the 

recycling of nuclear import factors back to the cytoplasm is important for enhanced 

import and there is an optimal cytoplasmic concentration of cargo for import rate boost 

(Fogelson and Keener, 2018). Besides, it seems both hydrophobicity and surface 

properties of cargo molecules affect its passage rate through NPCs (Yoshimura et al., 

2014) (Frey et al., 2018).  

From the perspective of phase separation among FG-Nups, several studies have 
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agreed on the dissolution process of either the TRs or the FG-Nups into the selective 

barrier is an important step for the cargo translocation through the NPCs (Ribbeck and 

Gorlich, 2001) (Frey et al., 2006) (Ma et al., 2016) (Stanley et al., 2017).  

 

1.2 Receptor-dependent nucleocytoplasmic transport 

1.2.1 Import and export signals 

For the import and export of macromolecules, transport signals are generally required 

during the process. These signals are polypeptide chains that contain recognizable 

information to TRs, for ultimately either transport in or out of the nucleus.  

 

Nuclear Localization Signal (NLS) 

The NLSs are briefly classified into two types: the classical NLS (cNLS) and the 

proline-tyrosine (PY)-NLS.  

The cNLS comprises either one (monopartite) or two (bipartite) cluster(s) of basic 

amino acids. The consensus sequence for monopartite is K-K/R-X-K/R; whereas for 

bipartite is K/R-K/R-X10-12-(K/R)3/5, in which X represents any amino acid and 3/5 

means three out of five consensus amino acids are lysine or arginine (Soniat and Chook, 

2015). The cNLS is recognized indirectly by importin-β (Impβ), one of the karyopherin 

(Kap) proteins, through an adaptor protein importin-α (Impα). The high affinity between 

cNLSs and Impα is mainly achieved by electrostatic and polar interactions between 

them, with the help of hydrophobic interactions (Conti et al., 1998). 

On the other hand, the PY-NLSs consist of three important binding epitopes: the 

N-terminal hydrophobic/basic epitope, the middle epitope, and the C-terminal epitope 

of P-Y or homologous P-Φ motif (Φ for a hydrophobic amino acid). The consensus 
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motif of the middle epitope, together with the C-terminal epitope is R/K/H-X2-5-P-Y. 

The PY-NLS is recognized directly by karyopherin-β2 (Kapβ2, also known as 

importin-β2 or transportin-1) via the large concave surface of Kapβ2 (Lee et al., 2006) 

(Imasaki et al., 2007) (Suel et al., 2008).  

Furthermore, non-classified NLSs such as the Karyopherin 121 (Kap121)-specific 

lysine-rich NLSs (Kobayashi and Matsuura, 2013) and the RS-repeat NLSs (Lai et al., 

2000) (Maertens et al., 2014) have been identified.  

 

Nuclear Export Signal (NES) 

The NESs share a consensus motif of Φ-X2-3-Φ-X2-3-Φ-X-Φ, where the Φ represents 

hydrophobic residues, X means any amino acids (Bogerd et al., 1996) (la Cour et al., 

2003) (Engelsma et al., 2004) (Kutay and Guttinger, 2005) (Xu et al., 2012). The 

best-studied NES binds to an export mediator chromosome region maintenance 1 

(Crm1) protein. Its fragment usually exposes 3-5 hydrophobic residues to hydrophobic 

pockets in Crm1. There is one turn of helix in this NES that is conserved, which binds 

to the central part of the Crm1 groove. Furthermore, the backbone structure of this NES 

forms a hydrogen bond with Crm1 to further stabilize the interaction (Fung et al., 2017). 

 

1.2.2 Nuclear Transport receptors 

As mentioned previously, most of the proteins larger than 40 kDa travel through the 

NPC mediated by TRs. One of the important TR families is the Kapβ family, including 

importins and exportins (Chook and Blobel, 2001) (Conti and Izaurralde, 2001) 

(Gorlich and Kutay, 1999) (Weis, 2003). 25 Kaps have been identified in the human 

genome (Cagatay and Chook, 2018). Even though the sequence similarity among Kaps 

is very low (15%-20%) (Xu et al., 2010) (O'Reilly et al., 2011), they share similar 
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molecular weights ranging from 90 kDa to 150 kDa and an isoelectric point (pI) 

between 4.0 and 5.0 (Chook and Suel, 2011). More importantly, they all contain 19-21 

helical repeats named HEAT (Huntingtin-Elongation factor 3-Protein phosphatase 2A 

-yeast kinase TOR1) repeats (Andrade Ma Fau - Bork and Bork, 1995) (Chook and 

Blobel, 2001) (Conti et al., 2006) (Chook and Suel, 2011); each repeat contains two 

anti-parallel amphiphilic α-helices (A-helix and B-helix) which connected by a short 

loop region (Chook and Blobel, 1999) (Cingolani et al., 1999). The hydrophobic sides 

of the α-helices are facing one and another, toward inside of the molecule; whereas the 

hydrophilic sides are facing outside of molecule, with contact to solvent. These HEAT 

repeats provide a structural flexibility to Kaps, which is crucial for its functional role as 

nuclear transporters, that is to interact with cargo proteins and RanGTP (Chook and 

Blobel, 2001) (Conti et al., 2006) (Forwood et al., 2010) (Lee et al., 2000) (Stewart, 

2007) (Yoshimura et al., 2014). The outer surface of HEAT repeats provides multiple 

hydrophobic pockets, which interact with FG-Nups of NPC (Bayliss et al., 2000; 

Bayliss et al., 2002) (Liu and Stewart, 2005) (Otsuka et al., 2008) (Milles et al., 2015). 

One of the best-studied Kaps is Impβ, which contains 19 tandem repeats of HEAT 

motifs. Impβ usually forms a trimeric transport complex with Impα and the NLS-cargo. 

To form this transport complex with an optimal transport activity, a specific range of 

concentration for Impβ is needed (Yang and Musser, 2006). Impα contains both 

cargo-binding and importin β-binding (IBB) domains, and mediate the formation of the 

trimeric complex. Structural studies suggested that Impβ could drastically change its 

structure, from a highly flexible structure to a compact one when interacting with the 

IBB domain (Cingolani et al., 1999) (Cingolani et al., 2000) (Zachariae and Grubmuller, 

2008). 
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1.2.3 RanGTP gradient 

Besides TRs, a small Ras-like GTPase Ran (~25 kDa) also plays an essential role in the 

nuclear transport process. In general, a GTP-bound form of Ran (RanGTP) is dominant 

in the nucleus, and a GDP-bound form of Ran (RanGDP) is dominant in the cytoplasm. 

This spatial distribution of Ran is called the RanGTP gradient (Nemergut and Macara, 

2000). The RanGTP gradient is a fundamental feature for efficient nuclear transport 

because the different form of Ran directs nuclear transport via its selective binding to 

TRs to regulate association/dissociation of their cargos (Abu-Arish et al., 2009). Ran 

also affects Nup153-Impβ interaction for the importing process, especially for large 

cargoes (Lowe et al., 2015). This gradient is maintained by the isolated distribution of 

the nucleoplasmic regulator of chromosome condensation 1 (RCC1, also known as 

guanyl nucleotide exchange factor, RanGEF) and the cytoplasmic Ran 

GTPase-activating protein (RanGAP) (Gorlich et al., 1996) (Gorlich et al., 2003). 

1.2.4 Nuclear import cycle 

As shown in Figure 1-4, the classic nuclear import cycle mediated by Impα and Impβ 

includes four steps: 

1) NLS-cargo in the cytoplasm is recognized by Impα with a high binding affinity (KD ~ 

nanomolar range) (Hodel et al., 2001) (Hodel et al., 2006), then binds to Impβ through 

IBB domain of Impα (KD~2 nM) (Cingolani et al., 1999) to form trimeric transport 

complexes (Impα·Impβ·NLS-cargo).  

2) Transport complexes translocate the NPC with the help of interaction between Impβ 

and FG-Nups.  

3) Once the transport complexes arrive in the nucleoplasm, binding of RanGTP to Impβ 

triggers the dissociation of this complex and releases the cargo.  
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4) Finally both Impα and Impβ are recycled to the cytoplasm with the help of other 

proteins, such as the cellular apoptosis susceptibility (CAS) protein.  

Approximately 100~1000 cargos per minute per NPC are transported by the 

classic nuclear import cycle (Ribbeck and Gorlich, 2001) (Stewart, 2007). Although the 

nuclear import time and transport efficiency depend on Impβ concentration (Yang and 

Musser, 2006), recent studies agreed that the cargo molecule import process takes less 

than 10 ms (Kubitscheck and Siebrasse, 2017).  
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Figure 1-4 Nuclear import cycle (Adapted from (Stewart, 2007)) 

Four steps of the nuclear import cycle that are mediated by Impα and Impβ are shown. 

The transport process is assisted by various proteins, such as RanGAP (Ran 

GTPase-activating protein), RanGEF (guanyl nucleotide exchange factor), CAS 

(cellular apoptosis susceptibility), and Nup50. 
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1.2.5 Nuclear export cycle 

Correspondently, the nuclear export cycle is a reverse process to the import cycle, as 

shown in Figure 1-5, with an example of a well-known exportin, Crm1 (Hutten and 

Kehlenbach, 2007). The nuclear export cycle also has four steps:  

1) A cargo protein with NES in the nucleus is recognized and bound to Crm1, then 

RanGTP is recruited to form an export complex: NES-cargo·Crm1·RanGTP.  

2) The export complex is translocated to the cytoplasm through NPC, which is also 

mediated via interaction with FG-Nups (Yang et al., 2004).  

3) Upon binding to cytoplasmic filament Nups (Nup88, Nup98, Nup214 and Nup358) 

(Fornerod et al., 1997) (Hutten and Kehlenbach, 2006) (Askjaer et al., 1999) (Bernad et 

al., 2004) (Oka et al., 2010), this export complex interacts with RanGAP, which leads to 

the hydrolysis of GTP to GDP and promotes the dissociation of export complex 

(Kehlenbach et al., 1999) (Bischoff and Gorlich, 1997) (Bischoff et al., 1995) (Seewald 

et al., 2002).  

4) Once the cargo molecule is released in the cytoplasm, Crm1 is recycled back to the 

nucleus where the exportin get prepared for the next round of export (Floer and Blobel, 

1999) (Koyama and Matsuura, 2010). 
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Figure 1-5 Nuclear export cycle (Adapted from (Weberruss and Antonin, 2016)  

Four steps of the nuclear export cycle that are mediated by Crm1 are shown. The 

transport process is assisted by various proteins, such as RanGAP, RanGEF, and the 

cytoplasmic filament Nups (Nup88, Nup98, Nup214, and Nup358). 
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1.3 Models for nuclear transport through the NPC 

Since selective nuclear transports through the NPC are mainly established by structural 

features of NPCs and coordinated ability of TRs, there are several nuclear transport 

models (Walde and Kehlenbach, 2010) (Donnaloja et al., 2019) proposed with different 

perspectives, as shown in Figure 1-6. 

The virtual-gate model is proposed based on the preset that unstructured FG-Nups 

are non-cohesive with each other, thus they could form an entropic barrier due to the 

thermal movements of FG-repeats. Small molecules can pass through the NPC; the 

transport is mediated by transient binding events between TRs and FG-repeats (Miao 

and Schulten, 2010) (Moussavi-Baygi et al., 2011) (Gamini et al., 2014) (Figure 1-6A). 

The forest model is proposed based on the heterogeneity of FG domains within 

NPCs (Yamada et al., 2010), Nups are classified into two categories of configurations, 

two distinct zones of traffic were proposed. Small molecules passively diffuse through 

NPCs mainly via zone 2 (close to the scaffold, indicate with yellow color), and active 

transport of macromolecules is conducted mainly through zone 1 (axial channel, 

indicate with green color) of the NPC (Figure 1-6B).  

The reduction of dimensionality model suggested that active nuclear transport is 

carried out by sliding of TRs on the surface of FG-repeats through continuous binding 

sites, which makes the transport process mimic a 2D random walk (Figure 1-6C). 

The hydrogel model proposed that the interaction among cohesive hydrophobic 

FG-repeats form a sieve-like hydrogel meshwork. Upon interacting with TRs, this 

meshwork is reversibly dissolved, in order to facilitate the passing through of cargos 

traverse NPCs (Ribbeck and Gorlich, 2002) (Miao and Schulten, 2009) (Gamini et al., 

2014) (Figure 1-6D). 
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Figure 1-6 Nuclear transport models (Adapted from (Donnaloja et al., 2019)) 

The nuclear membrane is illustrated with blue color, a schematic NPC is simplified with 

different forms in color codes: the membrane and scaffold Nups in pink, the 

cytoplasmic filament Nups in dark green, the nucleoplasmic basket in violet. The 

boundary of NPC is shown with light grey. Small molecules within the 40 kDa 

threshold are shown in yellow triangles, large molecules are shown in blue isosceles 

triangles, transporters are shown in yellow rounds. FG-Nups are shown with dark blue 

wavy lines except for the Forest model. In the forest model, FG-Nups in „shrub‟ 

conformation are shown in cyan disks, FG-Nups with „tree‟ conformation are shown in 

dark blue disks with an extended coiled in the same color.  
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1.4 Stress-responses of nuclear transport 

In recent years, more and more external stresses have been studied for a better 

understanding of physiology, from the individual level to the cellular level. I introduce 

here several stresses that have been reported to trigger cellular responses. Nuclear 

transports are generally involved in these regulatory processes.  

 

1.4.1 Heat Stress 

For homothermal animals, thermoregulation plays a vital function to keep the body core 

temperature at 37ºC. Hypothermia (< 35.0ºC) and hyperthermia (> 40.5ºC) are 

life-threatening emergencies (Cheshire, 2016). Usually, this range of temperature 

between hypothermia and hyperthermia won‟t cause too much damage at the cellular 

level.  

It has been reported that nuclear transports that were mediated only by Ran and 

Impβ family proteins (transportin- and Crm1- dependent transports, for example) were 

partially suppressed at temperatures < 44ºC (Ogawa and Imamoto, 2018), from an in 

vitro assay. The nuclear translocation of Impα seems to induce the import inhibition for 

transports that dependent on the Impα/β complex. This conclusion is supported by the 

fact that within a temperature range from 37.3ºC to 44.1ºC, the RanGTP/RanGDP cycle 

and function of Impβ are quite stable compare to physiological conditions (37ºC). 

Because the nuclear import efficiencies were not affected with either RanGDP or Impβ 

preincubated at high temperatures. 

In addition, since Crm1-dependent export was still active while 

Impα/β-dependent import was inhibited, different types of localization signals are 

presumed to carry the information regarding the localization changes of cargo protein 
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under heat stress (Ogawa and Imamoto, 2018). 

 

1.4.2 Mechanical Stress 

Contrary to heat stress, cells are constantly facing various mechanical stimuli such as 

compression force, shear force, tensile force. As a principal regulation hub, the nucleus 

senses and reacts to the mechanical force that applied on cells through multiple 

molecules such as the linker of nucleoskeleton and cytoskeleton complex (LINC) (Crisp 

and Burke, 2008) (Alam et al., 2015), emerin (Guilluy et al., 2014), nuclear lamina 

(Folker et al., 2011) (Zwerger et al., 2013). It has been reported that cells react to force 

that applied on the cell surface by an instantaneous stretching of chromatin and a rapid 

transcription of transgene within the same chromatin regions (Tajik et al., 2016).  

Apart from the transcriptional regulation, increased local tension upon the nuclear 

membrane would cause an alternation of NPCs‟ permeability. From a structural view, 

NPCs possess the conformational potential to restrict or dilate their central channel 

upon mechanical force stimulation (Solmaz et al., 2013) (Stuwe et al., 2015) (Chug et 

al., 2015). Several components of the nuclear envelope, such as Sun1 and lamin A/C, 

were shown to interact with Nup153 (Liu et al., 2007) (Jahed et al., 2016). Therefore, 

force-induced changes in NPC structure may be transmitted from the LINC complex 

and nuclear lamina. Indeed, the colocalization of NPCs with LINC proteins and actin 

was observed recently in cells under mechanical stimulation (Hoffman et al., 2020). In 

some cases, the translocalization of mechano-sensitive regulatory molecules such as 

YAP (Yes-associated protein) has been observed under mechanical stress, accompanied 

by an altered NPC conformation and nucleocytoplasmic transport (Elosegui-Artola et al., 

2017). 
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1.4.3 Osmotic Stress 

Cells adapt to osmotic stress by altering gene expression and metabolic activity. Usually, 

the osmotic stress affects directly the cell volume, thus directly changes the 

concentration of intracellular macromolecule. This concentration acts as an important 

physical factor for nucleus organization (Finan and Guilak, 2010). 

The shrinkage of cell volume under hyper-osmotic stress results in an expanded 

nuclear pore and increases nucleocytoplasmic transport. On the other hand, 

hypo-osmotic stress has no such effect on nucleocytoplasmic transport (Finan et al., 

2011). 

 

1.4.4 Oxidative stress 

For all the external stresses that may display on cells, oxidative stress has been 

considered as an important one that affects directly the nucleocytoplasmic transport. 

Aberrations in the nucleocytoplasmic transport would cause mislocalizations of proteins, 

which is often been found in neurodegenerative diseases (Patel and Chu, 2011).  

Several regulatory factors of the nuclear transport system were known to be 

affected when cells are exposed to reactive oxygen species (ROS). For example, the 

nuclear factor erythroid 2-related factor 2 (Nrf2) has been found to mislocalize to the 

nucleus by ROS exposure due to its dissociation from cytoplasmic protein Kelch-like 

ECH-associated protein 1 (Keap1) (Kaspar et al., 2009) (Bellezza et al., 2018). As one 

of the important cellular regulators against oxidative stress, Nrf2 itself affects multiple 

cellular mechanisms by different signaling pathways (Zhang et al., 2015) (Sajadimajd 

and Khazaei, 2018).  
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At the structural level of the NE, A-type lamins act as a mediator of oxidative 

stress in cells (Sieprath et al., 2012) (Shimi and Goldman, 2014). Furthermore, 

oxidative stress has a direct effect on lipid peroxidation, thus the stability of lipid 

bilayer membranes of the NE could be compromised (Ramana et al., 2017).  

Previous studies showed that oxidative stress has a direct effect on nuclear export; 

multiple FG-Nups are affected under this stress (Crampton et al., 2009) (Patel and Chu, 

2011). It has also been reported that a mislocalization of nucleoporins such as Nup153 

and Nup88 in the nucleus was observed under oxidative stress, and they form a high 

molecular mass complex with Impα inside the nucleus (Kodiha et al., 2008). In addition, 

other transport-related regulators such as the RanGTP gradient could be disrupted under 

oxidative stress (Chatterjee and Paschal, 2015). 

 

1.5 Objective of Study 

Living organisms are constantly facing various stimuli and very often need to overcome 

stress conditions, which processes are now considered as part of physiological 

regulations within certain realms (Pomatto and Davies, 2017). As the gateway to the 

nucleus, apart from its conventional role in nuclear transport, the NPC is considered a 

dynamic hub for multiple essential cellular activities including cell cycle, cell 

differentiation, and gene regulation (Capelson et al., 2010). To get a better 

understanding of cellular homeostasis, intensive studies have been carried out for 

different stimuli and nuclear transport processes (Gilbert and Weaver, 2017) (Goulev et 

al., 2017). However, the systematic control of NPCs at the molecular level remains 

unknown. In this study, I have chosen oxidative stress as stimulation to investigate the 

adjustment of NPCs while facing stressed conditions.  
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A previous study in my lab reported that the permeability through nuclear pore 

complexes could be suppressed by oxidative stress, which process has an affiliated 

formation of disulfide bonds among Nups (Yoshimura et al., 2013). With an established 

crowding-sensitive FRET (Förster resonance energy transfer) probe tools that were 

attached to individual Nups, molecular crowding states within different regions of NPC 

were directly measured in vivo (Konishi et al., 2017). By using this technique, I 

investigated the stress-induced alteration of the nuclear pore property. Several 

cysteine-to-serine (CS) mutants of Nups were designed for the investigation of 

molecular crowding. Furthermore, fluorescence recovery after photobleaching (FRAP) 

assay and previous single molecular transport assay provided more detailed information 

of the adaptive regulation in nuclear permeability/transport process under redox 

conditions. Finally, based on the experimental results mentioned above, I propose a 

proximal control model of molecular crowding in vivo, which is dynamically regulated 

at the molecular level. 
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Chapter 2 Alterations of the molecular 

crowding barrier in the NPC under different 

redox conditions 
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2.1 Introduction: Redox conditions and GimRET probe 

In recent years, oxidative stress has been considered to play a key role in 

neurodegeneration diseases including Huntingtin disease, amyotrophic lateral sclerosis 

(Grima et al., 2017) (Fahrenkrog and Harel, 2018; Guo et al., 2018), etc. A previous 

work of my laboratory also demonstrated that the permeability of the NPC is reduced by 

oxidative stress, which is accompanied by the formation of intermolecular disulfide 

bonds among Nups and eventually affects Impβ-dependent nuclear transport 

(Yoshimura et al., 2013).  

To investigate this in vivo process, a crowding-sensitive tool named GimRET has 

been implanted for individual Nup (Konishi et al., 2017), which was first developed 

based on a FRET principle (Morikawa et al., 2016) (Figure 2-1).  

The GimRET probe uses a cyan fluorescent protein (CFP) as a donor and a 

glycine-inserted yellow fluorescent protein (YFP1G) as an acceptor. Under a low 

crowding environment, YFP fluorescence is observed by CFP excitation due to the 

energy transfer among them. When facing a highly crowded environment, the collapse 

of YFP1G protein leads to a reduced fluorescence signal in YFPG1. Therefore, 

GimRET could measure the local molecular crowding states in vivo by expressing 

together with the target protein. 
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Figure 2-1 Schematic illustration of the GimRET probe 

(Adapted from (Morikawa et al., 2016))  

The illustration of crowding-sensitive probe GimRET. In a crowded environment, 

GimRET shows a low FRET signal due to the collapse of acceptor protein YFP1G. 
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2.2 Materials and methods 

2.2.1 DNA constructs 

Constructions of plasmids to express GimRET-Nups wild type (WT) were described in 

a previous report of my laboratory (Konishi et al., 2017). The CS mutants for Nup62, 

Nup98, Nup153, and Nup214 were constructed as described below.  

 

GimRET-Nup62CS 

Nup62 contains two cysteines (C478, C509) on its C-terminal region. A CS mutant for 

rat Nup62 was previously prepared using the GeneTailor Site-Directed Mutagenesis 

System (Invitrogen) (Yoshimura et al., 2013) in pcDNA3.1 vector, with an HA tag 

inserted at the N-terminus. To construct GimRET-Nup62CS mutant, CS containing 

region was amplified from the pcDNA3.1 construct and inserted into the GimRET 

vector (Figure 2-2). The CS mutated fragment of pcDAN3.1 construct (from 1035 bp to 

1554 bp, a total 519 bp fragment) was amplified using forward and reverse primers of 5‟ 

ctcgacctcctggtcctcgccgtga 3‟ and 5‟ tcggccgcgttccttgtccttgcgt 3‟, respectively. GimRET 

vector with the rest part of Nup62 was amplified from GimRET-Nup62WT by PCR 

using forward and reverse primers of 5‟ tccttgtccttgcgtcggacgcgta 3‟ and 5‟ 

gacctcagacctcgacctcctggtc 3‟, respectively. The amplified fragments were combined 

using the InFusion® system (TAKARA).  
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Figure 2-2 The strategy for GimRET-Nup62CS plasmid 

CS fragment region was shown in the blue box. Complementary sequences (~15 bp) 

were shown in triangles: upstream sequence in black and downstream sequence in white. 

PCR primers were shown in black arrows. See text for more information. 
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GimRET-Nup98CS 

For Nup98, a PCR-based mutagenesis strategy was used to mutate three cysteine 

residues (C188, C743, and C818). Two cycles of PCR-based mutagenesis were 

performed, as shown in Figure 2-3. A forward primer for the amplification of C188 to 

C743 fragment with both a ScaI site (indicated in italic letters) and a CS mutation 

(indicated in capital letters) at C188  was designed: 5‟ 

cactaacataagtactaagcaccagAGCat 3‟. The reverse primer for the C743 side with a CS 

mutation at C743 was used: 5‟ gaaatcagagacaatGCTctctccttt 3‟. However, after the 

InFusion reaction with the GimRET-Nup98WT construct, only the C743 site was 

mutated to S743. The same procedure was followed with the same C188 forward primer 

and C818 reverse primer with CS mutation at C818: 5‟ tgggctctttattaaGCTacgagatg 3‟. 

After the second round of InFusion reaction, both C743 and C818 were mutated in the 

GimRET-Nup98 construct. The final mutation of C188 (capital letters) was proceeded 

by another round of two-step PCR based mutagenesis with amplification of fragment 

between BglII and HindIII restriction sites (italic letters) of GimRET-Nup98WT. Four 

primers are shown below:   

BglII forward: 5‟ tccggactcagatctatgtttaacaaatca 3‟ 

C188 forward: 5‟ accaagcaccagAGCattactgctatgaaa 3‟ 

C188 reverse: 5‟ tttcatagcagtaatGCTctggtgcttggt 3‟ 

HindIII revers: 5„ tgtagtaagcttgttattgccaaacagggt 3‟ 

Finally, the GimRET-Nup98CS construct with all three CS mutations was obtained. 
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Figure 2-3 The strategy for GimRET-Nup98CS plasmid 

CS fragment region was shown in the blue box. Complementary sequences (~15 bp) 

were shown in triangles: upstream sequence in black and downstream sequence in white. 

CS mutations were shown in red vertical lines, the correspondent PCR primers 

(including these CS mutations) were shown in orange arrows. 
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GimRET-Nup153CS and GimRET-Nup214CS 

For Nup153, 21 cysteine residues among a total of 28 cysteine residues were substituted 

to serine residues. For Nup214, 8 cysteine residues among a total of 13 cysteine 

residues were mutated to serine residues. The correspondent CS fragments of Nup153 

(C585 to C874) and Nup214 (C102 to C299) were synthesized (FASMAC), provided 

within the pMA-RQ vector. The strategies of these two plasmid constructs are shown in 

Figure 2-4; the fragments were amplified by PCR, with the insertion of silent XmaI 

(purple) and SacI (green) restriction sites for Nup153 and Nup214, respectively. 

Primers for Nup153 are shown as below, restriction sites were indicated in italic letters: 

153CS fragment PCR forward: 5‟ gtgaacagtacaaatagcaagsagacacca 3‟ 

153CS fragment PCR reverse (+XmaI): 5‟ gggctttgcactttcgcttgccaagctttt 3‟ 

GimRET-Nup153 forward (+XmaI): 5‟ gaaagtgcaaagcccgggacaaaatctgg 3‟ 

GimRET-Nup153 reverse: 5‟ atttgtactgttcactgtagtgacatgatg 3‟ 

Primers for Nup214 are shown as below: 

214CS fragment PCR forward (+SacI): 5‟ atcacctggccttgagctccgataacctca 3‟ 

214CS fragment PCR reverse: 5‟ tgatgctgtctctccgtgctgctgcc 3‟ 

GimRET-Nup214 Vector PCR forward: 5‟ ggagagacagcatcattactacctca 3‟ 

GimRET-Nup214 Vector PCR reverse: 5‟ tcaaggccaggtgatggattgggaat 3‟ 

Amplified CS fragments are switched to the WT constructions of GimRET-Nup153 and 

GimRET-Nup214 respectively, using InFusion® enzyme. 
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Figure 2-4 The strategies for plasmid constructs of GimRET-Nup153CS and 

GimRET-Nup214. 

CS fragment regions were shown in the blue box. Complementary sequences (~15 bp) 

were shown in triangles, sequences with inserted restriction sites during PCR 

amplification were shown in colors: purple for Nup153 (XmaI), green for Nup214 

(SacI); sequences without sites were marked in black (upstream) and white 

(downstream). Correspondent PCR primers were shown in vertical lines with the same 

color as sequences. PCR primers identical to templates were shown in black arrows. 
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2.2.2 Bulk GimRET assay 

HeLa S3 cells (ATCC, CCL-2.2) were cultured in Dulbecco‟s Modified Eagle‟s Medium 

(DMEM) (Sigma) with 10% fetal bovine serum (FBS). Plasmid DNA was introduced to 

HeLa cells the next day of seeding (cellular confluency 60% ~ 70%), using an Effectene 

transfection reagent (QIAGEN). Depend on DNA constructs, either 23 h (Nups with 

small molecular weight, e.g. Nup62) or 29 h (Nups with large molecular weight, e.g. 

Nup153 and Nup214) after transfection, a new medium (DMEM+10% FBS) was 

supplied to the dishes. To prepare cells under oxidative condition, 2 mM H2O2 was 

added and incubated for 1 h before the sample processing. HeLa cells expressing 

GimRET-fused Nups (24 h or 30 h after transfection) with or without H2O2 treatment 

were semi-permeabilized by treating with 40 μg/mL digitonin in transport buffer (20 

mM HEPES-KOH, pH 7.3, 110 mM CH3COOK, 2 mM (CH3COO)2Mg, 5 mM 

CH3COONa, 0.5 mM EGTA, and 1 mM Dithiothreitol (DTT)) for 5 min at 4°C, as 

described previously (Yoshimura et al., 2013). After digitonin treatment, the cells were 

washed twice using transport buffer with DTT (10 mM DTT for standard condition, 100 

mM DTT for reduced condition) or without DTT (oxidative condition). A short 

incubation step of 10 min at 37°C was performed afterward, with the same buffer as 

washing steps. 

Microscopic observations were performed at room temperature for 30 min after 

the permeabilization. Microscopic images were captured using the FV1200 confocal 

laser-scanning microscope (Olympus) with a 60 ×  NA1.35 objective lens. The 

excitation wavelength was 433 nm, and the emission wavelength was set between 460 

to 500 nm for the CFP channel, and 520 to 570 nm for the FRET (or YFP) channel. The 

NE area for each cell was selected using ImageJ (Version1.51W) software (Figure 2-5); 

The FRET ratios were calculated with YFP intensity over CFP intensity (YFP/CFP). 
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Figure 2-5 The CFP channel image (8-bits TIFF) of GimRET-Nup62 and the NE area 

selection by ImageJ for CFP and YFP images 

The entire NE region was selected (indicate by the red line) for bulk FRET ratio 

analysis. Scale bar = 5μm. 
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2.2.3 Single-NPC-level GimRET assay: analysis methods 

The same microscopy with the same objective lens and same setting as bulk assay were 

used for observation. The NE areas were largely zoomed; microscopic images with 

partial NE were captured for both CFP and YFP channels, in the format of 8-bits TIFF. 

The detailed analysis method using ImageJ for GimRET crowding assays at a 

single-NPC-level is shown in Figure 2-6. Data processing was carried out with the 

following steps: 1) The CFP image was enhanced to get better contrast and then 

smoothed to reduce noise to be miss-detected as a signal in the latter step. The smooth 

step could decrease the automatic recognition of random noisy pixels in TIFF images by 

software. After this smooth step, only the spots (3x3 pixels averaged) with reasonable 

size and uniform signal intensity above the threshold (noise tolerant) would be 

recognized. 2) Areas outside/inside the nucleus are masked from the image and 

fluorescent spots corresponding to NPCs were detected using the „Process—Find 

Maxima‟ tool. A threshold of „noise tolerance‟ was settled for each image to get an 

optimum detection of individual NPC‟s maxima according to each image. 3) A list of 

XY coordination (X for horizontal and Y for vertical coordination) for the maxima of all 

the NPCs detected was provided by the same tool, and round regions of interest (ROI) 

with a diameter of 7 pixels (≈ 200 nm) were chosen as the standard area of individual 

NPCs. The XY coordination pairs for each NPC on images were confirmed during the 

repetitive selection process, remaining noisy spots after previous steps were finally 

eliminated. 4) By combining the XY coordination and the ROI manager, all the 

single-NPC areas were extracted for CFP images, and a list of fluorescent signal 

intensities for CFP of each NPC was obtained. 5) The same ROI was applied for FRET 

(or YFP) images and a list of fluorescent signal intensities for FRET images was 

obtained. 6) Calculation of ratios as FRET signal over CFP signal for all NPC detected. 
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Figure 2-6 Analysis method for single-NPC-level crowding assays 

Single-NPC-level analysis of molecular crowding for individual Nups, with ImageJ. 

Smooth and masking steps help to eliminate isolated noise signals and unrelated areas, 

respectively. The area corresponds to a single-NPC was limited by circle selection with 

a diameter of 7 pixels (≈ 200 nm). A list of detected circle areas was provided, 

fluorescent intensities in CFP and YFP (FRET) channels were recorded, and the final 

FRET ratios (YFP/CFP) were calculated for each NPC detected. 
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2.2.4 Evaluation of single-NPC identification method 

The accuracy of the single-NPC detection was evaluated by comparative trials that 

overlaying the immunostaining signals on the GimRET fluorescent signals for 

individual NPCs. GimRET-Nup expressing HeLa cells on a coverslip were fixed and 

immunostained with the primary antibody of mAb414, an anti-FG Nups antibody that 

recognizes Nup62, Nup153, Nup214, and Nup358. A secondary antibody fused with 

Alexa 568 was used for observation. Same microscopic settings as single-NPC-level 

experiments were used for CFP and YFP channels. The excitation wavelength for the 

detection of immunostaining (Alexa 568) signal was 559 nm. In both CFP and mAb414 

images, the fluorescent spots on the nuclear membrane, which correspond to individual 

NPCs, were distinguished as described in 2.2.3. An exemplary analysis from 

GimRET-Nup58 expressing cell is shown in Figure 2-7.  
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(A) 

 

 

(B) 

 

Figure 2-7 Colocalization analysis of GimRET and mAb414 spots 

(A) GimRET-Nup58 and mAb414 images are shown. GimRET-positive and negative 

NPCs are indicated by white and black arrowheads, respectively, in zoomed images. 

Scale bars=5 μm. (B) Venn diagram for single-NPCs identification. Immunostaining of 

HeLa cells transfected by GimRET-Nup58. The number of individual NPCs identified 

by IgG-Alexa568 of anti-mAb414 antibody (sky blue, 485 spots) and number of NPCs 

identified by GimRET-Nup58 CFP (red, 174 spots) were shown. The number of NPCs 

identified by both methods was shown by overlap region (pink, 160 spots).  
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The total number of spots detected from the same set of samples was 174 for the 

GimRET signal and 485 for the mAb414 signal. Among the 174 GimRET spots, 160 of 

them were co-localized with mAb414 spots, which correspond to a 92.0% detection 

accuracy for the single-NPCs identification method. 

 

2.2.5 Detection of disulfide bond formation in Nups 

To confirm the deficiency in disulfide bonds formation of Nup62CS and Nup153CS 

mutants, nuclei lysate samples were collected as previously described (Yoshimura et al., 

2013), with the presence of N-ethylmaleimide (NEM) to prevent oxidation during 

sample preparation, for HeLa cells expressing GimRET-Nup WT or CS mutants with or 

without 1 h H2O2 treatment. These samples were further treated with DTT (standard and 

reduced conditions) or without DTT (oxidative condition) during the sample preparation 

step for SDS-PAGE and western blot experiments. Anti-GFP (rabbit) antibody (MBL) 

was used for detection of GimRET tag, by recognition of consensus sequence between 

cyan variant (CFP) and GFP (Veening et al., 2004). Signal enhanced reagent Can Get 

Signal® (TOYOBO) was used for western blot signal detection. 

 

2.3 Results 

2.3.1 Subcellular localization of GimRET-Nups at the nuclear envelope was maintained 

in redox conditions 

It was already reported that GimRET-fused Nups were localized correctly on the NE 

(Konishi et al., 2017). To assess the effect of redox treatments (DTT or H2O2) on 

subcellular localization of GimRET-Nups, cells treated with redox treatments were 

observed under the microscope, as shown in Figure 2-8.  
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Figure 2-8 Fluorescent signal localization of GimRET-Nups tested in HeLa cells 

(A) Digitonin-permeabilized HeLa cells expressing GimRET-Nups, fluorescent signals 

were detected at the NE. (B) Permeabilized HeLa cells after redox treatments, for 

reduced and oxidative treatment, the NE enriched fluorescent signals did not change. 
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The fluorescent signal enriched at NE was not affected during the 

permeabilization step. In addition, treatment of the permeabilized cells with redox 

reagents did not change the localization of GimRET-Nups, as shown in examples of 

GimRET-Nup88 and GimRET-Nup98 (Figure 2-8B). More than 15 cells were analyzed 

for each condition for all Nups tested; at least two independent experiments have been 

performed for the same GimRET-Nup expressing HeLa cells. 

 

2.3.2 Nups responded differently for different redox conditions 

Local molecular crowding states for each Nups were directly measured by analyzing 

FRET signals under different redox conditions. FRET ratios relative to the non-treated 

condition are shown in the graphs (Figure 2-9). 

As shown in Figure 2-9A, Nup50, Nup54, and Nup88 showed a significant 

increase in the FRET ratio after DTT treatment, especially with 100 mM DTT; which 

means their local crowding states were decreased under reduced condition. In addition, 

the sensitivities for the reduced condition were clearly different for different Nups. 

Nup54 and 88 showed no obvious response under the 10 mM DTT condition, while 

Nup50 showed significant responses from 10 mM DTT. All of these three Nups showed 

no response to the oxidative environment (2 mM H2O2). Therefore, it is reasonable to 

see that a successive DTT treatment (100 mM) after 1 h incubation with H2O2 (recovery 

condition) leads to a similar level of crowding compare to the 100 mM DTT treatment 

alone.  
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Figure 2-9 Effects of redox conditions on crowding states of HeLa cells expressing 

GimRET-Nups constructs (performed by Ryuji Watanabe) 

Bulk analysis of relative FRET ratios of GimRET-Nups expressed in HeLa cells under 

standard condition (green), reduced conditions (10 and 100 mM DTT treatment, blue), 

oxidative condition (2 mM H2O2 treatment, red), and successive treatment of oxidative 

(2 mM H2O2) and reduced (100 mM DTT) conditions (O/R) for recovery assay (yellow) 

(*indicates p<0.05, **indicates p<0.01, by Welch‟s t-test). Nups tested were classified 

into three categories: DTT-sensitive Nups (Nup50, Nup54, Nup88), H2O2-sensitive 

Nups (Nup62, Nup98, Nup153, Nup214, Pom121), and insensitive Nup58, respectively. 
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On the other hand, Nup62, Nup98, Nup153, Nup214, and Pom121 showed 

significant responses against H2O2 treatment and no response to reduced conditions 

(Figure 2-9B). The degree of response among these Nups was more or less evident. A 

higher degree of fluctuation was observed for Nup153 and Pom121 compare to other 

Nups. This may be due to their spatial localizations (Nup153 on the nuclear basket and 

Pom121 is a transmembrane Nup), which are relatively remote from the direct contact 

area to the oxidative environment. The effect of oxidative stress for these H2O2-sensitive 

Nups was completely canceled by DTT treatment (100 mM DTT) in the recovery 

condition. Finally, there was one Nup, Nup58, which showed no response to any redox 

condition (Figure 2-9C). 

Besides H2O2, another oxidative reagent diethyl maleate (DEM) was used to 

ensure the effect. Since the sulfhydryl group of glutathione (GSH) is alkylated by DEM, 

the function of GSH as an antioxidant is blocked by this reagent and ROS accumulate in 

cells (Kaur et al., 2006), which ultimately causes oxidative stress. Two representative 

GimRET-Nups, Nup62 and Nup153 were tested under this oxidative stress caused by 

DEM (Figure 2-10).  

FRET ratios for both Nup62 and Nup153 showed a significant reduction by DEM 

treatments, which is consistent with H2O2 treatment. This indicates the H2O2-sensitive 

Nups are not exclusively reacted to H2O2; they also adapted their crowding states while 

facing an oxidative environment caused by another reagent. 
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Figure 2-10 Effect of DEM induced oxidative stress on the crowding states of HeLa 

cells expressing H2O2-sensitive GimRET-Nups 

(A) HeLa cells expressing GimRET-Nup62 were treated with 2 or 10 µM DEM, 

followed by the FRET measurement. The relative FRET ratio was statistically analyzed 

(**indicates p<0.01 tested by Welch‟s t-test). (B) The result for GimRET-Nup153. 
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When compare the molecular crowding response of Nups while facing oxidative 

stresses (Figure 2-9 and Figure 2-10), DEM did not induce a dramatic effect as H2O2, 

probably due to the property of reagents. As a pro-oxidant reagent, H2O2 has broader 

impacts on cells compare to DEM (Rahal et al., 2014), whereas the DEM is a 

glutathione-depleting reagent for mild oxidative stress (Castillo et al., 2002). There are 

also the interactive effects between these two substances (Makino et al., 1994); it seems 

that partial H2O2 induced reactions could be diminished by treatment with diethyl 

maleate (Sasaki et al., 1998). 

 

2.3.3 Characteristic redox responses were also observed at single-NPC-level assays 

To further confirm that these crowding state changes for individual Nup are actually 

occurred at NPC, FRET measurement was performed at a single-NPC-level for Nup50 

(DTT-sensitive), Nup62 (H2O2-sensitive), and Nup58 (insensitive). 

There were 114, 73, and 68 single-NPCs analyzed for Nup50, Nup58, and Nup62, 

respectively. More than 20 images issued from at least two independent experiments for 

each condition were used for the analysis. As shown in Figure 2-11, the 

single-NPC-level crowding assays showed consistent results compare to NE level bulk 

crowding results (Figure 2-9).  
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Figure 2-11 Single-NPC-level analysis of relative FRET ratios for HeLa cells 

expressing GimRET-Nups  

Crowding states of HeLa cells under standard condition (green), reduced conditions 

(blue), and oxidative condition (red) (**indicates p<0.01, by Welch‟s t-test) were 

analyzed at the single-NPC-level.  
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A smaller degree of response between correlated conditions was observed for this 

single-NPC-level assay. This is due to the limitation in the single-NPC selection method. 

As shown below in Figure 2-12, there is a correlative tendency for the fluorescent 

intensity of CFP and FRET ratio. Even though I have chosen the same detection range 

for all parallel redox conditions in all experiments, compare to bulk assay under the 

same conditions, the single-NPC selection was limited to a narrower range of CFP 

intensity for several reasons. First, while selecting individual NPCs, highly zoomed 

images were acquired, with a signal-to-noise ratio optimized. This step has limited 

already the CFP signal to a certain range. Second, the detection using noise tolerance 

tool in ImageJ also preferentially choose NPCs with higher CFP signal, thus more 

crowded NPCs were chosen for further ratio analysis. 

The results of the crowding assay suggested differential roles of Nups for 

environmental sensing: some are devoted to responding to oxidative conditions, while 

others are specialized to sense the reduced environments. 
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Figure 2-12 Correlations between GimRET-Nup62 expression level and the FRET ratio 

Plot graph of FRET ratio against CFP signal intensity, there is a negative correlation 

between FRET ratio and CFP intensity with a coefficient of -0.956. 
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2.3.4 Multiple mutations on cysteine residues abolished nuclear envelope localization of 

several Nups 

A suppressed nuclear transport under oxidative stress was observed in a previous study 

of my laboratory (Yoshimura et al., 2013), in parallel with the formation of 

intermolecular disulfide bonds among Nups. Thus, multiple mutations were introduced 

to cysteine residues to investigate relationships between this formation of disulfide 

bonds and crowding states in the NPCs. As shown in Figure 2-13, four plasmid 

constructs of GimRET-fused Nups with CS mutants were prepared. 

For the rat Nup62 that I have performed the experiments with, all those two 

cysteine residues on C-terminal have been replaced by serine residues (Figure 2-13, 

human Nup62 with an extra cysteine in IDR region was shown, in black color). 

Similarly, for Nup98, all three cysteines were substituted for serines. For Nup153 and 

Nup214, since they are large Nups with many cysteines distributed throughout the 

proteins, only the cysteines enriched regions were chosen for serine replacements. 21 

out of total 28 cysteines were substituted to serines for Nup153; 8 out of 13 cysteines 

were substituted to serine for Nup214. 
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Figure 2-13 Summary of CS mutants for GimRET-fused Nups  

Cysteine residues are indicated with vertical lines, substituted cysteine residues (to 

serine residues) are indicated with red color. IDRs are marked with yellow box (es) for 

each Nup. Molecular details for each Nup were collected from Uniprot database with 

accession numbers: Nup62 (P37198-1), Nup98 (P52948-1), Nup153 (P49790-1) and 

Nup214 (P35658-1). 
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As shown in Figure 2-14, several CS mutants showed distinct localization 

patterns compared to the WT (Figure 2-8). For Nup62 and Nup153, the CS mutants 

showed similar localization to WT constructs, which means an intensive localization of 

fluorescence signal at NE. In contrast, GimRET-Nup98CS and GimRET-214CS 

abolished their enriched localization at NE. The signals were detected in the entire 

nucleoplasm and cytoplasm, showing an essential role of cysteine residues in targeting 

these Nups to the NE. 

To describe quantitatively this loss of localization effect, further analysis with 

plotline across the entire nucleus region for CFP image was performed. As shown in 

Figure 2-15, the enriched fluorescent signal at NE level, which corresponds to a peak or 

peak region across the nucleus could be observed in WT expressed cells, for both 

GimRET-Nup98 (Figure 2-15A) and GimRET-Nup214 (Figure 2-15B) cases. However, 

for cells expressing CS mutants, even partially mutated construct such as 

GimRET-Nup214CS, the enrichment of fluorescent signals on NE has disappeared. 

From this result, the importance of cysteine residues for correct targeting of 

nucleoporins on NE was detected unexpectedly. 
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Figure 2-14 Localization of fluorescence signal in HeLa cells expressing GimRET-Nups 

WT vs. CS mutants 

A similar fluorescent signal was observed, in HeLa cells expressing either WT or CS 

construct of GimRET-Nup62 and GimRET-Nup153. Localization of GimRET-Nups on 

the NE area was lost in CS mutant expressed HeLa cells, for both GimRET-Nup98 and 

Nup214 cases. 
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Figure 2-15 Targeting loss at NE for GimRET-Nup98CS and GimRET-Nup214CS 

HeLa cells transfected with (A) GimRET-Nup98WT/CS and (B) 

GimRET-Nup214WT/CS are observed 30 h after transfection. The plotlines across the 

nucleus are drawn and analyzed with CFP images using ImageJ software; fluorescent 

intensities (y-axis) along the plotline (x-axis) are shown with the graph for each image.  
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2.3.5 Overexpression of CS mutant Nups abolished crowding control in response to 

oxidative stress 

Single-NPC-level crowding analyses were performed for HeLa cells expressing 

GimRET-Nup62CS and GimRET-Nup153CS. As shown in Figure 2-16, the significant 

decrease of FRET ratio observed in WT was completely abolished in CS mutants.  

For these single-NPC-level crowding assays, an average of 45 NPCs and 155 

NPCs were analyzed under each condition for Nup62 and Nup153, respectively. This 

result suggested a direct involvement of cysteine residues in regulating molecular 

crowding states of Nups. 
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Figure 2-16 Crowding assays for WT and CS mutants of Nup62 and Nup153 

Relative FRET ratio between WT and CS mutant of Nup62 and Nup153, under 

Non-treated condition (NT) and oxidative condition (H2O2) with 2 mM H2O2 

(**indicate p<0.01, by Welch‟s test). 

 

 

 

 

 

 

 



65 

 

2.3.6 Formation of disulfide bonds was suppressed for Nup62CS and Nup153CS under 

oxidative stress 

Western blot analyses were performed to detect the formation of disulfide bonds for WT 

and CS mutants. As described previously (Yoshimura et al., 2013), DTT-free 

SDS-PAGE was performed to separate disulfide bond-forming Nups as slow-migrating 

shift-bands. 

Since GimRET (~58 kDa) tags were fused to Nup62 (~62 kDa) and Nup153 

(~153 kDa), the theoretical molecular size for GimRET-Nup62 and GimRET-Nup153 

are around 120 kDa and 210 kDa, respectively. 

As shown in Figure 2-17, several shift-bands were observed for 

GimRET-Nup62WT and GimRET-Nup153 WT (red arrowheads). For Nup153 WT, the 

shift-bands were distinguishable for both standard (H2O2-, DTT-) condition and 

oxidative stressed condition (H2O2+, DTT-); whereas for Nup62WT, the shift-band was 

much enhanced for oxidative stressed sample (H2O2+, DTT-). These shift-bands were 

not observed after DTT treatment (H2O2+, DTT+).  

For GimRET-Nup62CS and GimRET-Nup153CS, no visible shift-bands were 

observed, even under oxidative stress condition (H2O2+, DTT-). 

This western blot result revealed that multiple cysteines are involved in the 

formation of intermolecular disulfide bonds under oxidative stress. 
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Figure 2-17 Shift-bands detection by western blot 

Disulfide bonds related to shift-bands detection for GimRET-Nup62WT/CS (left panel) 

and GimRET-Nup153WT/CS (right panel) expressed HeLa cell nuclei lysates. 

Conditions with (+) or without (-) H2O2 and DTT treatments are summarized on the top 

of the membrane. Target protein positions are marked with green arrowheads; 

shift-bands are indicated with red arrowheads. 
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Chapter 3 Kinetic analysis of the cargos passing 

through the nuclear pore 
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3.1 Introduction 

To investigate the molecular dynamics of nuclear transport under redox conditions, 

single-molecule fluorescence microscopy was applied. The experiments were performed 

by a former member of my research group, Ryuji Watanabe. I found that the dynamics 

of nuclear transport were drastically affected by redox conditions.  

As shown in Figure 3-1, for standard condition (10 mM DTT), 421 events in 89 

NPCs were observed. Among them, 68.2 % were detected within a single frame (≤ 15 

msec); the incidence of the events persisted more than 150 msec was 23.5%. The 

number of detectable events at each NPC in the 60-second observation was ranged from 

1 to 11.  

The same single-molecule fluorescence measurement assays were performed 

under redox conditions using cells pre-incubated with 2 mM H2O2 for 1 hour or treated 

with 100 mM DTT. In total, 250 events in 64 NPCs and 585 events in 67 NPCs were 

detected for oxidative and reduced conditions, respectively. There was a significantly 

reduced incidence of the fast event under oxidative condition (56.0%), compared to 

reduced conditions (65.7%), which share a similar pattern with the standard condition 

(68.2%).  The ratio was significantly higher in oxidative condition (35.6%) for events 

that persisted more than 150 msec, whereas that in reduced condition (19.5%) was 

similar to the standard condition (23.5%). 

Under the reduced condition, the number of events for all NPCs ranged from 3 to 

19, which was significantly higher than that under standard condition (1 to 11); whereas 

that under oxidative condition (2 to 9) was similar to the standard condition. Generally, 

under the reduced condition, the average number of nuclear transport is 8.7±3.7, which 

is significantly higher than standard condition (4.7±2.1) and oxidative condition 

(3.9±1.8). 
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Figure 3-1 Transport patterns for NPCs under redox conditions 

(Performed by Ryuji Watanabe) 

Statistical results for single molecular transport assay. Transport patterns of fluorescent 

TMR-Impβ passing through NE were summarized, when permeabilized HeLa cells 

were exposed to standard condition (10 mM DTT, n = 89 NPCs, green), reduced 

condition (100 mM DTT, n = 67 NPCs, blue), and oxidative condition (2 mM H2O2, n = 

64 NPCs, red). Percentages of fast single frame transport (≤ 15 ms) and long-last 

multiple frame transport (> 150 ms) were shown in the left panel. Detailed transport 

patterns per NPC in 60 s were shown in the middle panel, with ID of NPC on the x-axis 

and type of event on the y-axis (single frame even in the light color, and multi-frame 

event in the dark color). Histograms of the event frequency for NPCs under redox 

conditions were shown in the right panel, with the Gaussian distribution fitting.  
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In conclusion, it seems that the oxidative stress alters the NPC‟s property to hold 

transport molecules longer in the pore and suppress the transport efficiency, while the 

reduced environment acts on the NPCs to be more accessible for the transport 

molecules. 

Based on these findings, I tried to elucidate how local molecular crowding states 

of Nups affect the nuclear permeability by FRAP experiments. 

 

3.2 Materials and methods 

3.2.1 DNA constructs 

The WT and CS mutant fragments of Nup62 and Nup153 were cut from the GimRET 

expressing plasmid by double digestion using restriction enzyme pairs of BamHI+KpnI 

and BglII+SalI for Nup62 and Nup153, respectively. Then these fragments were 

inserted into the pEGFP-C1 vector, to get pEGF-Nup62 and pEGFP-Nup153 for WT 

and CS mutant constructs. The Impβ fragment was prepared by PCR with the previously 

constructed plasmid of pEGFP-Impβ (Kumeta et al., 2018), with the restriction site of 

SalI (indicated in italic letters) added to both ends of the fragment. The forward primer 

5‟ accgtcgacatggagctcataaccatcc 3‟ and the reverse primer 5‟ 

ggtgtcgacctaagcctggttcttcagt 3‟ were used. After PCR amplification, the Impβ fragment 

was inserted into the pmCherry-C1 vector digested by the same restriction enzyme SalI.  

 

3.2.2 Evaluation of endogenous and exogenous Nups in HeLa cells 

To evaluate the relative amount of endogenous and exogenous Nups, HeLa cell lysate 

samples for non-transfected (NT) cells and EGFP-Nups (both WT and CS mutant) 

expressing cells were prepared with 5% SDS and 1 h incubation at room temperature. 
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The monoclonal mAb414 antibody was used for detection and quantification of bands 

that correspond to endogenous and exogenous Nups in western blot. 

 

3.2.3 FRAP experiment 

Plasmid DNA of pEGFP-Nup and pmCherry-Impβ were co-transfected into HeLa cells 

on the next day of seeding (cellular confluency 60%~70%), using Effectene (QIAGEN). 

Three concentrations of H2O2 for oxidative conditions (0, 2, and 10 mM) were tested in 

FRAP assays. To keep consistent treatment for every condition, a workflow for dish 

preparation was carried out, as shown in Figure 3-2. 

In the case of Nup62, 24 h after transfection (30 h for Nup153), a standard 

medium without phenol red (DMEM + 10% FBS), with or without H2O2 was supplied 

to the dish and incubated for 50 min at 37°C with 5% CO2. Then the dish was mounted 

to the microscope stage with a heater at 37°C to settle down for 10 min before the start 

of the FRAP experiment. 

A preliminary experiment (data not shown) proved that cells started to exhibit an 

abnormal morphology around 120 min incubation with the highest concentration of 

H2O2 (2 mM), which was caused by the accumulated oxidative damage in cells. 

Therefore, the FRAP observation for each dish was limited to 30 min after 1 h H2O2 

treatment at 37°C (within 90 min of H2O2 incubation). A final concentration of 10 mM 

HEPES was added to the observation medium, which stabilizes the pH in the culture 

medium during the 30 min observation period. 
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Figure 3-2 Workflow for HeLa cells preparation 

Either for non-treated condition and oxidative condition (2 mM H2O2), cell culture 

medium has been changed 1 h before observation, for HeLa cells co-expressing 

EGFP-Nups WT/CS and mCherry-Impβ in the glass bottom dish. 10 min before 

observation, the dish was placed to the stage of microscopy for settling down. A total of 

30 min of FRAP observation was performed for each dish. 

 

 

 

 

 



73 

 

For the time-lapse imaging of FRAP, photobleaching, observation, and image 

acquisition were performed by confocal laser scanning microscopy (Olympus FV 1200). 

Three images were acquired before bleaching; the post-bleaching images were acquired 

with 1% laser intensity to reduce the bleaching during imaging. The entire nucleus was 

photo-bleached at maximum output for 10 s for the mCherry-Impβ (excitation 

wavelength at 559 nm). Images were captured every 5 s for 150 s. Fluorescence 

recovery of the nucleus was obtained and expressed as the fluorescence intensity 

relative to maximum recovered intensity. Curve fitting and other kinetic analyses of 

obtained data were performed by Origin software (Light Stone), with the following 

fitting functions:  

y = exp(−x×kout)×Y0 + (kin/kout)×(1−exp(−x×kout)) 

 

3.2.4 Knockdown of endogenous Nup153 by siRNA 

Endogenous Nup153 in HeLa cells was knocked down by siRNAs that targeting to the 

3‟-UTR region of human Nup153: ggguuaucugaagucagaucugccu for sense, 

aggcagaucugacuucagauaaccc for antisense sequences. For the rescue condition, siRNA 

transfection was performed with Lipofectamine 3000 (Thermo) 48 h before the assay, 

followed by the transfection of pEGFP-Nup153WT/CS and pmCherry-Impβ by 

Effectene (QIAGEN) 30 h before the assay. Cell lysates of Nup153 knock-down sample 

and Nup153 knock-down with overexpressing EGFP-Nup153 (WT or CS) samples were 

collected, as previously described, for western blot quantification.  

 

3.2.5 Co-immunoprecipitation assay for Ran-Nup153 

HeLa cells transfected with pEGFP-Nup153 WT and CS by Effectene (QIAGEN), with 

or without H2O2 treatment, were collected 30 h after transfection. The cell lysate was 
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prepared by suspending cells in Lysis buffer (20 mM HEPES (pH 7.4), 120 mM NaCl, 5 

mM MgCl2, 2 mM EGTA, 1 mM DTT, and protease inhibitor cocktail (Nacalai)). A 

mild sonication (10% duty cycle, output 1 for 20-30 s) was carried out after suspension, 

and then 1% Triton was added and incubated for 20 min on ice. After a centrifuge at 

2000 × g for 20 min at 4ºC, the cell lysate (supernatant) was collected and incubated 

with equilibrated GFP beads (Rat IgG2a, monoclonal (GF090R), CC, Agarose 

Conjugate beads, Nacalai) for overnight incubation at 4ºC. After three times of wash 

with Lysis buffer, the GFP beads were subjected to SDS-PAGE and proceeded for 

immunoblotting against GFP (MBL) and Ran (BD). 

 

3.3 Results 

3.3.1 Overexpression of Nups containing multiple CS mutations did not alter the nuclear 

envelope localization of Nups and Impβ 

As shown in Figure 3-3, the co-expression of EGFP-Nup and mCherry-Impβ in HeLa 

cells did not interrupt their native localization. The EGFP-Nups signal was enriched on 

the NE, similar to the case of GimRET-Nups expressed HeLa cells (Figure 2-8). The 

mCherry-Impβ signal was found in both the nucleus and cytoplasm, with an enriched 

signal on the NE, similar to the case of EGFP-Impβ expressed in HeLa cells (Kumeta et 

al., 2018). In addition, there was no big difference for distributions of Nups and Impβ in 

co-transfected HeLa cells, between WT and CS mutant cases.     
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Figure 3-3 Co-expression of EGFP-Nup and mCherry-Impβ in HeLa cells 

Images of HeLa cells co-expressed EGFP-Nup62WT or CS with mCherry-Impβ are 

shown on the upper panel; images for the Nup153 set are shown on the lower panel. No 

significant difference between WT and CS expressed cells for the distribution of 

fluorescent signals. 
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3.3.2 Relative amount of endogenous and exogenous Nup62 and Nup153 for HeLa cells 

coexpressing EGFP-Nups and mCherry-Impβ 

The ratio between endogenous and exogenous Nups was quantified by western blot 

analysis using mAb414 (recognize Nup62, Nup153, Nup214 and Nup358). As shown in 

Figure 3-4, by comparing with the non-transfected (NT) sample lane, the bands 

corresponding to exogenous Nups were identified.  

The band intensity was quantified with ImageJ software. The ratio of exogenous 

Nups to endogenous Nups were 1.39 and 1.48 for WT and CS Nup62, and 1.35 and 1.05 

for WT and CS Nup153, respectively. 
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Figure 3-4 Western blot quantification of exogenous and endogenous Nups 

Quantification of the exogenous Nup amounts to the endogenous molecules by the 

western blot. Nuclear lysates were prepared from HeLa cells non-transfected (NT), 

transfected with WT Nups (WT), and CS Nups (CS) as described previously 

(Yoshimura et al., 2013). Western blot was performed using monoclonal antibody 

mAb414 which recognizes 4 FG-Nups (Nup62, 153, 214, 358).  
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3.3.3 HeLa cells expressing Nup62CS or Nup153CS failed to restrain the transport 

kinetics of Impβ under oxidative condition 

The effect of overexpressing CS mutant Nups on nuclear transport of cargo molecule 

was investigated by the FRAP analysis; kinetics in cells expressing WT Nups were 

considered as reference. mCherry-Impβ was co-expressed with WT or CS mutant Nups, 

and its transport kinetics was measured by bleaching the entire nucleoplasmic region. 

Captured images of the time-lapse imagining were shown in Figure 3-5. 
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Figure 3-5 Time-lapse images for FRAP experiment 

HeLa cells expressing EGFP-fused Nup and mCherry-fused Impβ were subjected to 

FRAP analysis. Captured images for the mCherry channel at the indicated time after 

bleaching are shown. 
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For both Nup62 and Nup153, three independent FRAP experiments were 

performed. After statistical analysis and curve fitting process, import rates of Impβ (kin) 

in each condition were obtained and summarized in Figure 3-6. 

Under 2 mM H2O2-treated condition, HeLa cells overexpressed with CS mutant 

Nups showed higher kin compare to those overexpressed with WT Nups. HeLa cells 

started to sense the oxidative stress with a quite low concentration of H2O2 (0.2 mM) in 

both WT and CS mutant expressed conditions. At this point, fluctuant transport kinetics 

among cells for both types was detected. Compare to Nup62, Nup153 expressing cells 

showed a bigger fluctuation at 0.2 mM H2O2, maybe due to the remote spatial 

localization of Nup153 (nuclear basket). With an increase of H2O2 concentration (1 

mM), severe suppression of nuclear transport was observed, both in WT and CS mutant 

expressing cells. Until this point, the molecular kinetics of Impβ were similar in HeLa 

cells expressing WT or CS mutant of Nups. It was only with an effective concentration 

of H2O2 (2 mM), the CS mutant expressing cells showed higher transport kinetics 

compare to cells expressing WT.  

Therefore, in Nups-CS mutant expressing cells (both Nup62 and Nup153), not 

only the adaptive response of local crowding was deprived but also higher transport 

kinetics was observed under significant oxidative stress, compared to Nups WT 

expressing cells. This result suggested that there were concurrent events of adaptive 

crowding response of Nups and a nuclear transport related effect that depends partially 

on Nups while facing oxidative stress. 
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Figure 3-6 Statistical results for FRAP experiment 

Statistical analysis for FRAP recovery rate of nucleoplasmic mCherry-fused Impβ 

observed in HeLa cells expressing WT (green) and CS mutants (bleu) of Nup62 and 

Nup153, respectively. The averaged kin for measurements under non-treated conditions 

(0 mM) and different concentrations of H2O2 (0.2 mM, 1 mM, and 2 mM) are presented 

(**indicates p<0.01, by Welch‟s t-test ). 
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The FRAP experiment uncovered the functional importance of cysteine residues 

in Nups. Combined with previous findings, these cysteine residues participate in the 

adaptive structural response under oxidative stress. Replacement of cysteine residues to 

serine residues, either total substitutions (Nup62CS) or partial mutations (Nup153CS), 

leads to more accessible NPCs under oxidative stress, which reflects a partial loss of 

control at NPCs. This indicates the crowding state of individual Nups has a direct effect 

on nuclear transport; the ability to alternating crowding states also contribute to the 

general regulatory mechanism under oxidative stress, and cysteine residues play 

important roles in both cases. 

 

3.3.4 Transport kinetics of mCherry-Impβ in HeLa cells with endogenous Nup153 

knocked down under oxidative condition 

To highlight the effect of exogenous EGFP-Nups (WT or CS mutants) in FRAP assay, I 

performed a FRAP assay with endogenous Nup153 knocked down HeLa cells, which 

co-expressing exogenous EGFP-Nup153 (WT or CS) and mCherry-Impβ transiently. 

Using siRNA against its 3‟UTR, HeLa cells transfected with siRNAs showed a 69% 

and 84% decrease of endogenous Nup153 for 24 h and 48 h effects, respectively (Figure 

3-7A). For HeLa cells with endogenous Nup153 knocked down and simultaneously 

expressing exogenous EGFP-Nup153WT/CS with mCherry-Impβ, about 75% 

endogenous Nup153 was depleted after 48 h; the ratios of exogenous EGFP-Nup153 

were 0.82 and 0.90 for WT to CS, respectively, for HeLa cells 30 h after DNA 

transfection (Figure 3-7B). 
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Figure 3-7 Evaluation of siRNA Nup153 knock-down and exogenous expressing of 

pEGFP-Nup153 WT/CS 

(A) Quantification of the knockdown efficiency of siRNA against Nup153. HeLa cells 

were transfected with the siRNA and subjected to the western blot analysis by mAb414 

24 and 48 hours after transfection. Cells transfected with nonsense siRNA (siRNA 

targeting Luciferase gene) were used as the negative control. (B) Quantification of the 

knockdown and expression of exogenous Nup153. For a total incubation of 48 hours 

after siRNA transfection against endogenous Nup153, the transfection of exogenous 

pEGFP-Nup153 was performed 30 hours after siRNA transfection.  
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The FRAP assay with a similar procedure was applied to HeLa cells with 

endogenous Nup153 knocked down and expression of EGFP-Nup153 (WT/CS). The 

statistical result of FRAP assays was shown in Figure 3-8. 

The FRAP analysis in these cells revealed that knockdown of Nup153 drastically 

decreased the molecular kinetics of Impβ, thus the import rate was largely affected. This 

effect was partly rescued by introducing exogenous Nup153 both WT and CS mutant. 

When treated with 2 mM H2O2, CS mutant expressing cells fail to restrain the kinetics 

of Impβ; similar to the previous results (Figure 3-6, 2 mM H2O2) in cells with the 

expression of exogenous Nup153 CS only, compare to Nup153WT. These results clearly 

demonstrated the role of disulfide bonds in regulating NPCs‟ permeability. 
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Figure 3-8 FRAP assay result for HeLa cells knocking down endogenous Nup153 and 

expressing exogenous EGFP-Nup153 

Import rates of mCherry-fused Impβ measured by FRAP analyses in HeLa cells 

transfected with siRNA against Nup153 and plasmid to express siRNA-resistant 

Nup153 WT and CS mutant (**indicates p<0.01, n.s. indicates no significant 

differences, by Welch‟s t-test). 
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3.3.5 Nuclear import rates for other nuclear shuttling molecules 

To get a general aspect of permeability at the NE level, other nuclear shuttling 

molecules were further analyzed (Lolodi et al., 2016). EGFP-Snail (cargo of Impβ1), 

EGFP-importin α, NLS-EGFP, EGFP-eIF1A (NLS-dependent cargo of Imp13), and 

EGFP were expressed in HeLa cells, and the nuclear import rates were analyzed by the 

FRAP analyses under standard (-) and 2 mM H2O2-treated (+) conditions, as shown in 

Figure 3-9. 

EGFP-Snail and EGFP-Impα showed significant decreases in their import rates 

under oxidative stress. The molecular kinetics of small NLS-cargo (NLS-EGFP), 

passively diffusing molecule (EGFP), and cargo of other Kap (EGFP-eIF1A) were not 

affected by oxidative stress. These results suggested that redox-dependent crowding 

control potentially affects a broad range of nuclear shuttling molecules, especially for 

molecules that translocate through NPC with the help of Impβ and Impα.  
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Figure 3-9 FRAP assay for other cargos in karyopherin-related transport 

Nuclear import rates obtained by the FRAP analyses of EGFP-Snail, EGFP-Importin α, 

NLS-EGFP, EGFP-eIF1A, and EGFP expressed in HeLa cells in the presence (+) or 

absence (-) of 2 mM H2O2 (**indicates p<0.01, by Welch‟s t-test) 
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3.3.6 Binding potential of NupCS mutants with nuclear transport related molecules 

From the molecular architecture view, as shown in Figure 3-10, all cysteine residues 

were mutated to serine residues for Nup62 (C478 and C509); and a total of 21 cysteines 

from residue 585 to residue 874 were mutated in Nup153. Compare to their molecular 

structure shown in Figure 2-13, I found that all these cysteine residues locate inside a 

structural region for both Nups.  

For rat Nup62, the α-helical region (amino acid residues 362-425) corresponds to 

a dynamic fragment that contributes to homodimeric or homotrimeric structure with 

Nup54 or Nup54 and Nup58, respectively (Dewangan et al., 2017). Therefore, cysteine 

residues are potentially involved directly in conformational changes of Nup62, thus 

their role in altering crowding states is reasonable. 
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Figure 3-10 Molecular details about Nup62 and Nup153 

Nup62 molecule adapted from (Solmaz et al., 2013); interaction region with Nup54 is 

marked with blue bar, Unsaturated “valences” region is marked with a yellow bar. 

Nup153 molecule adapted from Atlas of Genetics and Cytogenetics in Oncology and 

Haematology (Open Access Journal at CNRS-INIST, Version Nov.2019) 

(http://atlasgeneticsoncology.org/Categories/Nuclear_membrane.html) 
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For Nup153, the cysteines that I mutated to serines were located within the zinc 

finger (ZnF) domains of Nup153, which is the region that responsible for interaction 

with Ran according to several studies (Schrader et al., 2008) (Partridge and Schwartz, 

2009)  (Lowe et al., 2015). Co-immunoprecipitation assay of Ran by WT and CS 

Nup153 was performed to assess the effect of CS mutation in Ran-binding activity. The 

results shown in Figure 3-11A revealed that the averaged relative amount of 

co-precipitated Ran was 1: 0.94 for WT and CS from three independent experiments, 

demonstrating a limited effect of CS mutation in Ran-binding activity of Nup153. 

Crystallographic structural information in ZnF domains of Nup153 and Ran in 

complex with GDP showed that cysteines are located near the major interactive residues 

and suggested to play a supportive role in their interaction (Partridge and Schwartz, 

2009), as shown in Figure 3-11B.  

Among four cysteine residues in ZnF2, at least two of them (Cys727 and Cys730) 

are proven to be irrelevant to Ran binding (Partridge and Schwartz, 2009). In addition, 

the Cys744 to serine mutation did not affect Ran binding process, since the interaction 

is based on the backbone of Cys744 (Partridge and Schwartz, 2009), which was not 

altered by the mutation. 
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Figure 3-11 CS mutants and Ran-binding ability in Nup153 

(A) Co-precipitation analysis of Nup153 with Ran. HeLa cells expressing 

EGFP-Nup153 WT/CS were lysed and subjected to the immunoprecipitation using an 

anti-GFP antibody. (B) 3D molecular image of the interaction domains between Nup153 

(purple) and Ran (green) (PDB: 3GJ3). Nup153 ZnF2 is shown in purple, with its key 

interactive amino acid residues in red (Leu731, Val732, Ala743, LVA motif) and 

cysteine residues in yellow (Cys727, 730, 741, 744). RanGDP is shown in the green 

ribbon model, with its key interactive residues colored in blue (Lys12, Lys38, Leu43, 

Val47, Pro49, Trp64, Ile81, Gln82). 
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Taken together with the results for molecular crowding assays (Figure 2-16) and 

FRAP (Figure 3-6) assays under standard condition (similar between WT and CS), 

alteration in the nuclear permeability by redox-sensitive cysteines of Nup153 are 

independent of Ran binding process. It is reasonable to conclude that the impaired 

molecular crowding adjustments for CS mutants of Nup62 and Nup153 under oxidative 

stress were indeed due to the failed formation of disulfide bonds, either intermolecularly 

and/or intramolecularly among individual Nups within NPCs. 
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Chapter 4 Discussion and Conclusion 
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Proper control of nuclear permeability/transport is essential for eukaryotic cells; it is not 

only important for cellular activities under physiological conditions but also plays 

pivotal roles in adaptive regulation under stressed conditions. In this chapter, I discuss 

the molecular mechanisms and physiological significance underlying the 

redox-sensitive control of nuclear transport revealed in this study, referring to redox 

signaling and cellular redox homeostasis. 

 

4.1 Oxidative stress and cellular responses 

4.1.1 Reactive oxygen species (ROS)  

In general, oxidative stress is issued from the reactive oxygen species (ROS). Typical 

cellular oxidative molecules, both radical and non-radical ROS (Phaniendra et al., 2014), 

are shown in Table 4-1. 
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Radicals Non-radicals 

O2•
-
 (Superoxide) H2O2 (Hydrogen peroxide) 

OH• (Hydroxyl) 
1
O2 (Singlet oxygen) 

RO• (Alkoxyl) O3 (Ozone) 

ROO• (Peroxyl) ROOH (Organic peroxide) 

 HOCl (Hypochlorous acid) 

 HOBr (Hypobromous acid) 

Table 4-1 List of radical and non-radical ROS molecules  
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4.1.2 Redox signaling pathways 

For oxidative stress-related signaling, ASK1 (apoptosis signal-regulating kinase 1) and 

ATM (Ataxia telangiectasia mutated kinase) pathways are well known (Guo et al., 2010). 

When ASK1 is activated under oxidative stress, the downstream JNK (c-Jun N-terminal 

kinase) and p38 MAPK (Mitogen-activated protein kinase) pathways are activated, 

which leads to adaptive responses for survival in cells; or apoptosis when cells are 

severely damaged. On the other hand, H2O2 also activates ATM in the absence of 

double-strand breaks, through disulfide-cross-linking dimerization of ATM, which 

process makes ATM a crucial redox-sensor for oxidative stress defense system in cells 

(Guo et al., 2010). 

Other pathways such as PI3K/AKT (Phosphatidylinositol 3-kinase (PI3K) 

/protein kinase B (AKT)) also help to accommodate redox homeostasis (Samakova et al., 

2019). The transcription factors such as Nrf2 (Zhang et al., 2015) (Sajadimajd and 

Khazaei, 2018), NF-κB (nuclear factor kappa B) (Enesa et al., 2008), p53 (tumor protein 

p53) (Beyfuss and Hood, 2018), and HIF-1 (Hypoxia-inducible factors 1) (Dewhirst, 

2009) (Miyata et al., 2011) also act as regulators under oxidative environment.  

 

4.1.3 Redox reactive cysteine residues 

Either for oxidative stress sensing or regulation pathways, cysteine residues play crucial 

roles (Ray et al., 2012), known as redox-reactive cysteine residues. For example, ASK1 

is activated by oxidation of its two cysteine residues: cys-32 and cys-35, hence an 

intramolecular disulfide bond was formed. Other important regulatory targets such as 

cGMP-dependent protein kinase (PKG), protein kinase A (PKA), and PKC are all 

affected directly by ROS; with the formation of either intermolecular (PKG1α) or 

intramolecular (PKA) disulfide bonds, these proteins regulate MAPK pathways.  
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Inspired by these regulation factors that rely on cysteine residues as redox-sensor 

and a previous study of my lab (Yoshimura et al., 2013), I propose a control model with 

cysteine residues as an essential factor for molecular crowding control for each Nup, 

which will further be employed to explain the nuclear transport pattern under redox 

conditions.  

 

4.2 Crowding control and the hydrodynamic dimension of Nups 

As previously mentioned, based on the responses of individual Nups under redox 

conditions (Figure 2-9), there are three types of Nups: the DTT-sensitive (Nup50, 54 

and 88), the H2O2-sensitive (Nup62, 98, 153, 214, and Pom121) and the insensitive 

Nup58. When I compare the potential crowding range of these Nups with the 

hydrodynamic dimension that proposed by Yamada. J group (Yamada et al., 2010), there 

is a consistency between them, shown as Figure 4-2. Nups with smaller dimensions 

such as Nup50 and Nup54 are found to be involved in DTT-sensitive decrease of 

molecular crowding, while Nups with a larger dimension such as Nup62, 98, 153, and 

214 are sensitive for H2O2. In addition, the insensitive Nup58 is one of the Nups with 

the smallest hydrodynamic dimension.  

This hydrodynamic dimension model could explain the results of the crowding 

assays for individual Nups regarding their shrinking or extending potentials for 

hydrodynamic dimension. For example, Nups with large dimension (Nup62, 98, 153, 

214) has more potential to shrink their hydrodynamic dimension compare to small 

dimension Nups such as Nup50 and 54. Oxidative stress may act as a trigger for this 

shrinking process. 
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Figure 4-2 Classification of FG-Nups based on hydrodynamic dimensions in S. 

cerevisiae (Yamada et al., 2010))  

Homolog Nups in homo sapiens are listed as below, with original S. cerevisiae Nups in 

parentheses: Nup42 (Nup42), Nup58 (Nup49), Nup54 (Nup57), Nup98 (Nup145N), 

Nup98 (Nup116 and Nup100), Nup214 (Nup159), Nup50 (Nup2), Nup62 (Nsp1), 

Nup153 (Nup1). These FG-Nups are classified as „shrub-‟ or „tree-‟ type Nups, based on 

their hydrodynamic dimensions. 
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4.3 Transport kinetics and forest model 

In agreement with the hydrodynamic dimension model, the forest model for the 

NPC barrier (Figure 1-6B) serves as a model to interpret the nuclear transport pattern 

under oxidative stress, which was extracted from the single molecular transport assay. 

As shown in Figure 3-1, both the single-frame (≤ 15 msec) fast transport event and 

multi-frame long-lasting transport events (> 150 msec) were affected under oxidative 

stress (56% and 36%, respectively), compared to the standard condition (68% and 24%, 

respectively).  

According to the forest model, the central cavity of NPC is divided into two zones. 

The fast nuclear transports within a single frame may share the path with passive 

diffusion in zone 2 (Figure 4-3, yellow zone). The slow nuclear transports that are 

mediated by TRs mainly pass through zone 1 (green zone), which may correspond to 

multi-frame transports in this study (Figure 3-1) under standard/physiological condition. 

When cells are facing oxidative stress, with an increase of crowding state (or shrinking 

of dimension) of „tree‟ type Nups, the zone 2 area is decreased compared to standard 

condition, therefore NPCs restrain the passage of fast nuclear transport (68% to 56%). 

Since the dimension of NPC‟s central cavity is limited, zone 1 shall be slightly 

expanded reciprocally while zone 2 is shrunken under oxidative stress, which leads to 

an increase of multiple-frame long-lasting transport events (24% to 36%). 

On the other hand, even though the nuclear transport feature under oxidative 

condition could be explained by the forest model, the transport pattern under reduced 

condition does not fit in this model, because both single-frame (especially single-frame 

fast transport) and multiple-frame nuclear transports are enhanced under reduced 

environment. 
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Figure 4-3 Theoretical alternation of transport zones according to the forest model under 

standard condition (left) and oxidative condition (right) 

The nuclear membrane is illustrated with blue color, a schematic NPC is simplified with 

membrane and scaffold Nups in pink color, cytoplasmic filament Nups in dark green, 

nucleoplasmic basket in violet. FG-Nups in „shrub‟ conformation are shown in cyan 

disks; FG-Nups with „tree‟ conformation are shown in dark blue disks with an extended 

coiled in the same color. Under standard condition (left panel), the central cavity of 

NPC is divided into two transport zones: active transports pass through zone1 (green 

area, with green arrows that indicate transport orientations); passive diffusion or small 

molecular transports pass through NPC via zone 2 (yellow area, with orange arrows that 

indicate transport orientations). Under oxidative condition (right panel), FG-Nups with 

„tree‟ conformation shrunken their hydrodynamic dimension, which leads to an 

expanded zone 1 and a decreased zone 2, compared to the standard condition (left 

panel). 
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4.4 Adaptive changes for the crowding states of Nups within sub-complexes 

The location of DTT-sensitive and H2O2-sensitive Nups are „well-balanced‟ within 

sub-complex structures of NPC (Figure 4-4). 

For example, within the Nup214 sub-complex, there are DTT-sensitive Nup88 

and H2O2-sensitive Nup214 (Xylourgidis et al., 2006), and for the Nup62 sub-complex, 

there are DTT-sensitive Nup54, H2O2-sensitive Nup62, and insensitive Nup58 (Chug et 

al., 2015). Another example is in the spatial interaction partnerships substructure, 

between DTT-sensitive Nup50 and H2O2-sensitive Nup153 (Kosako et al., 2009). For all 

sub-complexes mentioned above, there is a co-existence of different types of Nups. This 

co-existence is well balanced, either with an equivalent presence of two opposite types 

of Nups or all three types of Nups in each sub-complex. Furthermore, these 

redox-sensitive Nups localize to almost every sub-structures of the NPC, including the 

transmembrane region (Pom121) and peripheral regions of both cytoplasmic and 

nucleoplasmic sides (Nup98), which suggests an overall structural adaptation within 

NPCs while facing redox conditions. 
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Figure 4-4 Schematic Structure of NPC 

Distribution of redox-sensitive Nups in the NPC. Sub-complex structures are shown on 

the right panel, and detailed constituent Nups in each sub-complex are shown on the left 

panel, with known interactions identified by cross-linking mass spectrometry (Kosinski 

et al., 2016) (Kim et al., 2018). Nups that are sensitive to reduced condition (indicate in 

blue) and oxidative condition (red) co-exist within several sub-complex units. The 

insensitive Nup58 is shown in purple. 
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This feature of co-existence of different types of Nups in sub-complex structure 

(or spatial interaction partners) may imply a functional balanced structure for overall 

NPC since these sub-complexes are also be considered as functional modules (Gaik et 

al., 2015) (Mackay et al., 2017). This balanced distribution of Nups may allow NPC to 

adapt to a broad range of redox situations. 

 

4.5 Cysteine residues and redox regulation in NPC 

4.5.1 Conservation of cysteine residues in Nup62 and Nup153 

The redox-sensitive cysteines are evolutionally conserved among species, according to 

the multiple protein sequence alignments of Nup62 and Nup153 for higher vertebrates 

(Figure 4-5).  

As shown in Figure 4-5, the C-terminal cysteine residues in Nup62 are conserved 

among species. As for the cysteine-enriched ZnF regions of Nup153 (C585 to C874 of 

human Nup153), 18 cysteine residues out of total 21 residues are conserved among 

species. 
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Figure 4-5 Conservation of cysteine residues in Nup62 and Nup153 

Amino-acid sequences of cysteine-containing regions of Nup62 (C475 and C506 of 

human Nup62) and Nup153 (cysteine cluster between C585 and C874 of human 

Nup153) are shown. Multi-alignments were performed using the Clustal Omega server 

(https://www.ebi.ac.uk/Tools/msa/clustalo/). Cysteine residues are highlighted with 

yellow color. Source of the amino acid sequences from different species are listed as 

follows (A) Nup62: human (Uniprot: P37198-1), rat (Uniprot: P17955-1), mouse 

(Uniprot: Q63850-1), bovine (Uniprot: A0A3Q1M9H9-1), chicken (Uniprot: 

F1NFA8-1). (B) Nup153: human (Uniprot: P49790-1), rat (Uniprot: P49791-1), mouse 

(Uniprot: E9Q3G8-1), bovine (Uniprot: A0A3Q1MAS6-1), chicken (Uniprot: 

A0A1D5PXQ1-1).  

https://www.ebi.ac.uk/Tools/msa/clustalo/
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Besides Nup153, similar conservative cysteines within ZnF motifs have been 

revealed in several other redox sensors/regulator proteins, for example, a bacterial 

redox-sensitive molecular chaperone Hsp33 (Jakob et al., 2000). Hsp33 releases zinc 

ion and is activated under oxidative stress (Graumann et al., 2001). After releasing zinc, 

two disulfide bonds are formed between specific pairs of cysteines and stabilize the 

structure (Ilbert et al., 2007). Another very recent study of a DNA repair protein XPA 

(Xeroderma pigmentosum complementation group A) revealed that its ZnF domain 

could sense quite a low concentration of H2O2 and thus may function as a highly 

sensitive redox sensor in cells (Witkiewicz-Kucharczyk et al., 2020). More examples 

can also be found in a prokaryotic RNA polymerase regulator DksA (Henard et al., 

2014), bacterial recombination protein RecR (Tang et al., 2014), and T4 phase intron 

endonuclease I-TevI (Robbins et al., 2011), etc. All these examples suggested a 

conservative ZnF based redox-sensitive mechanism; sometimes these ZnF are even 

irrelevant to molecular stability but specific to the redox sensing process. 

Therefore, from the case of Nup62 and Nup153, we found that the formation of 

disulfide bonds is important for molecular crowding adjustment in NPCs. By forming 

disulfide bonds, functional domains that contain cysteine residues may also play a role 

as a redox-sensitive module within NPCs. 

 

4.5.2 Position of cysteine residues in Nups 

The position of cysteine residues within all the human Nups is summarized in Figure 

4-6. 
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Figure 4-6 Localization of cysteine residues in nucleoporins 

Sources of the amino acid sequences are listed with Uniprot accession numbers. The 

number of cysteines and total amino acid number are also listed. Intrinsically disordered 

regions (IDR) and unstructured regions (U) are shown in yellow and green boxes, 

respectively. Cysteine residues are indicated with vertical black lines. 
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It seems that cysteines are located preferably in structural regions of Nups. If 

these cysteine residues are similar to those in Nup62 and Nup153, they may play 

essential roles in dynamic control of crowding states of each Nups, and the permeability 

of NPCs under redox conditions may also be affected by these cysteine residues. Further 

studies of cysteine residues within structural domains may also find uncovered 

redox-sensitive modules, such as the ZnF motif in Nup153.  

 

4.6 A model of redox-sensitive alteration of NPC barrier  

Based on the results of the crowding assays and FRAP experiments, a model of 

redox-sensitive alteration of nuclear transport was proposed, as shown in Figure 4-7. 

Nups contain cysteines in their structured regions, which spontaneously form 

disulfide bonds and serve as „sensors‟ for redox environments. Under the reduced 

conditions, DTT-sensitive Nups (Nup50, 54, and 88) sense the environment and disrupt 

disulfide bonds. This disruption of disulfide bonds leads to a decrease of the molecular 

crowding states and makes the NPC more accessible to transport molecules. In 

oxidative conditions, inter- or intramolecular disulfide bonds are formed between 

H2O2-sensitive Nups (Nup62, 98, 153, 214, and Pom121). Under this situation, NPC 

becomes more crowded and keeps transport molecules longer in the pore. Therefore, 

transport activity is enhanced in reduced condition and suppressed in oxidative 

condition. 
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Figure 4-7 Regulation model for nuclear transport under redox conditions 

Under physiological conditions, certain numbers of disulfide bonds are pre-established, 

probably by the DTT-sensitive Nups. These disulfide bonds could be disrupted when 

cells are facing reduced conditions, resulting in a less crowded NPC which facilitates 

nuclear transport. The formation of disulfide bonds could also be enhanced when cells 

are facing oxidative conditions; strengthened NPC by these disulfide bonds may inhibit 

the nuclear transport in the meantime. 

 

 

 

 

 

 



109 

 

Based on these ideas, I propose a conceptual model of dynamic regulation of 

molecular crowding states in vivo, named the proximal control model (Figure 4-8). The 

key feature of this model is the separate role of environmental sensing and phase 

separation regions within a molecule. 

As shown in Figure 4-8, the phase separation is maintained by weak and 

multivalent interactions of IDRs among Nups. Bonding between IDRs (internal control) 

directly restricts the free movements of the peptides, and probably affects the 

physiological features of IDRs too, which may have an influence on the phase 

separation phenomenon. Therefore, the internal control is unsuitable for the adaptive 

regulation of phase separation. The proximal control model suggested the bonding of 

structured regions next to the IDRs provides seamless control of the crowding status of 

IDRs.  
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Figure 4-8 General models for in vivo phase separation mechanism 

Phase separation inside NPC could be controlled by forming or disrupting disulfide 

bonds at structural proximal regions of IDRs (proximal control). Disulfide bonds within 

IDRs (internal control) may influence the phase separation phenomenon which may be 

not suitable for adaptive regulation. 
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A recently published simulation study of the NPC barrier supports my model (Gu 

et al., 2019). The simulation proceeded with a coarse-grained model; it suggested that 

the increase in cohesiveness among IDRs of Nups leads to a decrease in their 

permeability. They predicted a decrease of NPC‟s permeability with a high grafting 

density of Nup-IDRs, which is consistent with our observation of nuclear transport 

under oxidative stress (Figure 3-1). Under the low grafting density situation, which 

corresponds to the reduced environment in my study, the permeability was predicted to 

be enhanced due to a moderate increase of cohesiveness of FG-Nups. 

Our findings and proximal control model provide molecular insights of how 

molecular crowding state is actually controlled in vivo: dynamic control at „sensor‟ 

regions leads to the spatial limitation for „effector‟ regions to alter their graft density and 

eventually control the NPC permeability. In addition, since the proximal control of the 

crowding barrier is mediated by conservative redox-sensitive cysteines, this control 

model could be an evolutionarily conserved mechanism. Further studies may provide 

more information on this subject. 

 

4.7 Conclusion and future perspectives 

Taken together, data from this study revealed that under redox conditions, nuclear 

transport through the NPC is either facilitated (reduced condition) or suppressed 

(oxidative condition). The disulfide bond formation among Nups contributes to this 

adaptive process. In addition, the mechanism of the nuclear transport regulation by the 

crowding regulation serves as a model case for phase separation dynamics in vivo, 

which provides insights into the cellular strategy to orchestrate molecular activities at a 

low energy cost. 

Furthermore, I believe that the proximal control of NPCs could be integrated into 
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the bigger picture of redox cellular homeostasis, as shown in Figure 4-9.  

From the “mild” level of ROS, cells initiate the redox regulation by previously 

mentioned pathways such as ATM (Yan et al., 2014) (Tolbert et al., 2019), p38 MAPK 

(Zhang et al., 2018), PI3K/AKT (Samakova et al., 2019). Multiple redox-sensitive 

transcriptional factors were triggered; translocations of Nrf2, NF-κB from the cytoplasm 

to nucleoplasm are particularly interested (Bellezza et al., 2018). When the 

concentration of ROS exceeded a certain range, cells can no longer handle the oxidative 

stress which ultimately leads the apoptosis. From “mild” oxidative stress to “severe” 

oxidative stress that triggers apoptosis, various cellular processes would occur, such as 

the disruption of RanGTP gradient (Datta et al., 2014) (Chatterjee and Paschal, 2015), 

the interruption of nuclear transport, the degradation of Nup153 (Kodiha et al., 2004), 

the mislocalization of nuclear transport factors (Impα and Crm1) (Miyamoto et al., 2004) 

(Crampton et al., 2009) and nucleoporins (FG-Nups, Nup88 and Nup153) (Kodiha et al., 

2008), and even the lipid peroxidation (Ramana et al., 2017) regarding phospholipids of 

the nuclear membrane.  

Therefore, NPCs play important roles in cellular homeostasis through different 

mechanisms. The cell could adapt to a certain range of oxidative stress by adjusting 

nuclear transport in general, and/or by triggering the translocations of crucial 

transcriptional factors for rescue. At last, the apoptosis would occur with cleavage of 

Nups (Lindenboim et al., 2020), in response to unbearable oxidative stress.  

 

 

 

 

 



113 

 

 

 

 

 

 

Figure 4-9 NPCs centered redox regulation 

The “Mild” oxidative stress would trigger multiple regulation pathways, including the 

translocation of transcription factors of Nrf2, NF-κB from the p38 MAPK pathway. 

Retroactive regulation from downstream pathways inhibits the damage of ROS. The 

“Severe” oxidative stress would induce serious damage in cells, including the disruption 

of nuclear transport, the lipid peroxidation of the nuclear membrane, the mislocalization 

of Nups, etc., which may lead to cell apoptosis. 

 

 

 

 

 



114 

 

This study provides a new point of view to evaluate the functional role of NPC. 

The idea of NPC being a regulation hub in cellular redox regulation raises some 

questions: Are there some Nups that play dominant roles under redox conditions? Are 

there any other conformational adaptations of Nups in NPCs that specific to stress 

environments? The answers to these questions will provide more information on nuclear 

transport and cellular homeostasis. 
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