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Nucleoporins’ exclusive amino acid sequence 
features regulate their transient interaction with 
and selectivity of cargo complexes in the nuclear 
pore

ABSTRACT Nucleocytoplasmic traffic of nucleic acids and proteins across the nuclear envelop 
via the nuclear pore complexes (NPCs) is vital for eukaryotic cells. NPCs screen transported 
macromolecules based on their morphology and surface chemistry. This selective nature of 
the NPC-mediated traffic is essential for regulating the fundamental functions of the nucleus, 
such as gene regulation, protein synthesis, and mechanotransduction. Despite the fundamen-
tal role of the NPC in cell and nuclear biology, the detailed mechanisms underlying how the 
NPC works have remained largely unknown. The critical components of NPCs enabling their 
selective barrier function are the natively unfolded phenylalanine- and glycine-rich proteins 
called “FG-nucleoporins” (FG Nups). These intrinsically disordered proteins are tethered to 
the inner wall of the NPC, and together form a highly dynamic polymeric meshwork whose 
physicochemical conformation has been the subject of intense debate. We observed that 
specific sequence features (called largest positive like-charge regions, or lpLCRs), character-
ized by extended subsequences that only possess positively charged amino acids, signifi-
cantly affect the conformation of FG Nups inside the NPC. Here we investigate how the 
presence of lpLCRs affects the interactions between FG Nups and their interactions with the 
cargo complex. We combine coarse-grained molecular dynamics simulations with time-re-
solved force distribution analysis to disordered proteins to explore the behavior of the sys-
tem. Our results suggest that the number of charged residues in the lpLCR domain directly 
governs the average distance between Phe residues and the intensity of interaction between 
them. As a result, the number of charged residues within lpLCR determines the balance be-
tween the hydrophobic interaction and the electrostatic repulsion and governs how dense 
and disordered the hydrophobic network formed by FG Nups is. Moreover, changing the 
number of charged residues in an lpLCR domain can interfere with ultrafast and transient in-
teractions between FG Nups and the cargo complex.

INTRODUCTION
The nuclear pore complex (NPC), as the largest protein complex in 
the cell, has been the subject of research for the past few decades. 
Despite extensive research, there is still not enough information 
about how this protein complex performs its intricate function. NPC 
is responsible for bidirectional transport of cargo through the nu-
clear envelope. The primary, and interesting, open question about 
NPC’s function is how it enables transport to happen in a fast yet 
selective manner (Aramburu and Lemke, 2017; Mulder, 2018). This 
feature, known as the transport paradox, is an active area of research. 
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NPC only enables transport of cargos that have specific properties 
and facilitates transport process in the order of milliseconds (Wolf 
and Mofrad, 2009; Azimi et al., 2014; Jovanovic-Talisman and 
Zilman, 2017; Tan et al., 2018; Matsuda and Mofrad, 2021).

FG nucleoporins, i.e., primarily disordered proteins rich in phenyl-
alanine-glycine (FG) repeats, are known to be the major role players 
in nucleocytoplasmic transport (Soheilypour and Mofrad, 2016; 
Jovanovic-Talisman and Zilman, 2017). FG nucleoporins form a hy-
drophobic barrier that blocks passive transport of cargos larger than 
∼40 kDa, while allowing smaller molecules to freely diffuse (Wolf and 
Mofrad, 2008; Jamali et al., 2011; Azimi and Mofrad, 2013; Timney 
et al., 2016; Jovanovic-Talisman and Zilman, 2017). Large molecules, 
however, can actively pass through the nuclear pore by binding to 
transport receptors. Transport receptors, in turn, make weak and tran-
sient interactions with FG Nups, enabling them to transport through 
the NPC (Hough et al., 2015; Raveh et al., 2016). From a biophysical 
perspective, the transient hydrophobic interactions enable the cargo 
complex to overcome the hydrophobic barrier made by FG Nups.

Different experimental and computational methods have been 
utilized to study nucleocytoplasmic transport. Due to the complex 
nature and intricate structure of the NPC, the detailed underlying 
mechanism of transport through the NPC is usually not tractable via 
experimental methods. Computational methods, on the other hand, 
can easily explore the transport mechanism with a higher temporal 
and spatial resolution. Nevertheless, due to high computational ex-
pense, these methods are usually unable to reach high enough tim-
escales that can fully describe the transport process. The spatiotem-
poral scale that is necessary for unveiling the transport mechanism is 
currently unattainable by either experimental or computational tech-
niques (Moussavi-Baygi and Mofrad, 2016; Sakiyama et al., 2016; 
Soheilypour and Mofrad, 2016; Soheilypour and Mofrad, 2018). 
However, integration of experimental and computational techniques 
can lead to invaluable insights about the function of the NPC.

FG Nups, the major role players in the transport process, are in-
trinsically disordered, i.e., they lack a fixed secondary structure. 
Therefore, the usual structure–function relationship cannot be ap-
plied to them (Wright and Dyson, 1999; Uversky, 2013) primarily due 
to high mutation rates (Brown et al., 2002; DeGrasse et al., 2009; 
Aramburu and Lemke, 2017; Jovanovic-Talisman and Zilman, 2017). 
As a result, efforts have been made to identify correlations between 
sequences of FG Nups and their conformation and possible role in 
nucleocytoplasmic transport instead. Yamada et al. showed that the 
ratio of charged residues to hydrophobic residues determines 
whether FG Nups form a collapsed coil, a relaxed coil, or an ex-
tended coil conformation (Yamada et al., 2010). Tagliazucchi et al. 
studied the effect of amino acid sequences of FG Nups on transport 
of cargo complex through the NPC (Tagliazucchi et al., 2013). Ando 
et al. took a more generic approach and analyzed the location of 
clusters of charged residues and FG motifs in the sequences of more 
than 1100 FG Nups from more than 250 species. They found that 
clusters of FG motifs are located more toward the center of the NPC 
and clusters of charged residues are located toward the scaffold of 
the NPC (Ando et al., 2013). Ghavami et al. analyzed the change in 
FG Nups conformation inside yeast NPC on change in sequences of 
FG Nups (Ghavami et al., 2014).

Our previous work on the distribution of different types of amino 
acids in sequences of FG Nups showed that, besides previously 
found patterns such as FG Nups having charge-rich and charge-
poor regions (Huang et al., 2019; Yamada et al., 2010), more specific 
charge distribution patterns may be exhibited in the FG Nups. By 
analyzing a large dataset of FG Nups, we found an evolutionarily 
conserved sequence feature in the majority of FG Nups: long se-

quences of uninterrupted positively charged residues with a low 
charge density located at the N terminus of FG Nups toward the 
center of the NPC. We named these patterns largest positive like 
charge regions (lpLCRs) (Peyro et al., 2015b, 2021). Figure 1 shows 
a schematic of charge distribution and the conformation of the dis-
ordered domain of yeast FG Nup with its lpLCR boxed. As the next 
step of the study, we used a one-bead-per-amino-acid-coarse-
grained model to study the biophysical effect of lpLCRs on the con-
formation of FG Nups inside the NPC. Our simulations suggested 
that lpLCRs increase the movement of FG Nups inside the NPC and 
lead to a more even distribution of FG motifs in the NPC as well as 
more cross-interactions between FG Nups (Peyro et al., 2015a).

In the present study, we combine a coarse-grained molecular 
dynamics model with time-resolved force distribution analysis 
(TRFDA) to further analyze the role of lpLCRs on nucleocytoplasmic 
transport. This study is the first to apply TRFDA to disordered pro-
teins. We analyze the role of lpLCR on nucleocytoplasmic transport 
by exploring how lpLCRs affect the conformational ensemble of FG 
Nups, movement of the cargo complex, and the interaction of the 
cargo complex with FG Nups. For this purpose, first, the NPC nano-
channel is subdivided into 17 ring cross-sections that each maintain 
the eightfold symmetry of the NPC but contain only one type of FG 
Nup. A simplified representation of cargo complex is included in the 
system, considering the cargo as a sphere and the transport protein 
as seven hydrophobic elements (phenylalanine) on the sphere. Sec-
ond, the whole-NPC model including all the FG Nups and a cargo 
complex initially located at two-thirds the height of NPC is analyzed. 
The results of the simulations are as follows.

RESULTS
It is important to note that throughout this study, the term “lpLCR” 
refers to the lpLCR existing in the sequence of FG Nups (Peyro 
et al., 2021). Ring cross-sections of the NPC containing only one 
type of FG Nup were studied by dividing the axial length of the 
entire NPC into separate rings that each contain only one type of FG 
Nup, copied in an eightfold symmetric manner. The ring complexes 
were simulated with coarse-grained models of the section of the 
NPC scaffold, the anchoring nup copies, and a spherical cargo 
bound to seven phenylalanines that represent transport proteins 
(see Materials and Methods for details of why this geometry is used 
for the cargo complex). This geometry accounts for FG Nup–FG 
Nup interactions and FG Nup–cargo complex interactions in each 
cross-section of the NPC. Studying the behavior of Nups and cargo 
in these isolated rings can provide detailed information about how 
each type of FG Nup may contribute to the transport process. For 
the second stage, a whole-NPC model is built from all FG Nups and 
a cargo complex located at two-thirds the height of the NPC. To 
distinguish and quantify the behavior of FG Nups and the cargo 
complex in each section, density maps of these entities were stud-
ied. Density maps are extracted in wild type and two mutant (nega-
tive and positive control) cases. In the negative control, the charged 
residues in the lpLCR were mutated to alanine, while in the positive 
control, the same number of charged residues in the lpLCR was 
doubled by mutating alanines to positively charged residues.

The results of our single FG Nup simulations (please see Materials 
and Methods for details of the simulation setup for single Nups), 
combined with differences in charge distribution, suggest that yeast 
FG Nups can be categorized into four groups (Figure 1):

1. Nsp1, Nup100, and Nup116, which are long FG Nups and con-
tain both charge-rich domains and lpLCRs. Nsp1 has 617 resi-
dues in its disordered domain. Its lpLCR domain is 176 residues 
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and contains four positive charges. This protein forms a collapsed 
coil head (lpLCR domain) and a relaxed coil tail (non-lpLCR, 
charge-rich domain). Nup100 has 800 residues in its disordered 

FIGURE 1: Initial conformation of a ring complex. Eight copies of a Nup (in this figure, Nsp1) 
are tethered to the scaffold of the NPC. The scaffold is represented by small noninteracting 
beads. The cargo complex is made up of a spherical cargo with seven Phe residues attached to 
represent Kap (Ghavami et al., 2014). The cargo complex is initially located at the center of the 
ring. Right: charge distribution of yeast FG Nups and a snapshot of their conformation in single 
Nup simulations. In charge distribution schematics, the FG Nup sequence is schematically drawn 
as a black line with positively charged residues shown with small blue vertical lines pointing 
upward and negatively charged residues shown with small red vertical lines pointing downward. 
The lpLCR of each Nup is boxed. Only the disordered domain of the Nups is drawn and 
modeled. First category: Nsp1, Nup100, and Nup116. These are long FG Nups and contain 
both charge-rich domains and lpLCRs. These proteins form a globular head (lpLCR domain) and 
a relaxed coil tail (non-lpLCR, charge-rich domain). Second category: Nup42 and Nup145. These 
are medium-length FG Nups and contain both charge-rich domains and lpLCR. These proteins 
form a globular head (lpLCR domain) and a relaxed coil tail (non-lpLCR, charge-rich domain). 
Third category: Nup49 and Nup57. These proteins are short and do not have a charge-rich 
domain. Their length is made up of an lpLCR and their conformation only includes a globular 
head. Fourth category: Nup1, Nup60. These Nups do not feature lpLCRs .Due to the lack of an 
lpLCR domain, the entire length of these proteins forms a relaxed coil.

domain with an lpLCR domain of 511 
residues that contain 10 positive charges. 
Nup116 has 960 residues in its disor-
dered domain with an lpLCR domain of 
572 residues that contain 14 positive 
charges. The conformations of Nup100 
and Nup116 look similar to that of Nsp1. 
In the next section, it will be shown that 
FG Nups in category 1 form a high-den-
sity conformation at the center of the 
ring cross-sections of NPC.

2. Nup42 and Nup145, which are medium-
length FG Nups and contain both charge-
rich domains and lpLCR. Nup42 has 382 
residues in its disordered domain with an 
lpLCR domain of 317 residues that con-
tain seven positive charges. Nup145 has 
433 residues in its disordered domain 
with an lpLCR domain of 217 residues 
that contain seven positive charges. 
These proteins form a collapsed coil head 
(lpLCR domain) and a relaxed coil tail 
(non-lpLCR, charge-rich domain). In the 
next section of Results, it will be shown 
that FG Nups in category 2 form a donut-
shaped high-density conformation near 
the scaffold of the ring. In the donut-
shaped conformations, Nup molecules 
cross-interact with each other.

3. Nup49 and Nup57, which are short FG 
Nups, have a very low charge density 
and contain only positively charged resi-
dues; therefore, the entire sequence is 
an lpLCR. Nup49 has 251 residues in its 
disordered domain with an lpLCR do-
main of 251 residues that contain seven 
positive charges. Nup57 has 255 resi-
dues in its disordered domain with an 
lpLCR domain of 255 residues that con-
tain seven positive charges. These pro-
teins do not have a charge-rich domain 
and their conformation only includes a 
collapsed coil head.

4. Nup1 and Nup60 and Nup159, which 
do not feature lpLCRs. Nup1 has 856 
residues in its disordered domain. 
Nup60 has 539 residues in its disor-
dered domain. None of these FG Nups 
feature an lpLCR domain. Due to lack 
of an lpLCR domain, the entire length 
of these proteins forms a relaxed coil 
conformation. All yeast FG Nups (ex-
cept for Nup159 that features a struc-
tured domain in its N-terminus which 
cannot be captured by the model used 
in this study) and their conformation, 
as well as a representation of the initial 
setup of ring simulations, can be seen 

in Figure 1. The ring shown in Figure 1 is an Nsp1-containing 
ring cross-section. The lpLCR domain of each Nup is boxed in 
this figure.
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The outline of the Results section is as follows: first, the density 
maps of important elements of the system, i.e., Nup, cargo, FG mo-
tifs, and cargo hydrophobic spots are presented for representatives 
of each category of Nups mentioned earlier. Second, the force dis-
tribution analysis (FDA) of the interaction within and between the 
Nups in each ring is presented. Third, the density map and the FDA 
of FG Nups interactions with the cargo complex within each ring 
cross-section will be presented. At last, the whole-NPC model is 
analyzed by investigating the FG network and movement of the 
cargo complex in the system.

Analysis of trajectory of FG Nups and the cargo complex in 
the ring cross-section of FG Nups
Based on the categories mentioned earlier, we present the results of 
one of the FG Nups as a representative of each category. The ring-
containing cross-section of FG Nups was analyzed by running the 
coarse-grained model of the system for 1 μs. In these simulations, 
eight copies of each type of Nup were tethered to the scaffold and 
the cargo complex was initially located at the center of the ring 
(please see Figure 1). The system was equilibrated for 50 ns and the 
simulation was run for 1 μs. This was long enough to capture the 
behavior of the system. It is important to note that, due to the disor-
dered nature of the FG Nups, the system does not converge to a 
certain state; however, the conformational ensemble of the Nups 
shows an average behavior that can be considered equivalent to 
“convergence” in the case of structured protein simulations. For 
each Nup, the negative control and the positive control simulations 
were run with the same initial conditions and the results are pre-
sented next to the wild-type system. Density maps of key elements 
of these simulations are drawn for each case, i.e., the Nup, cargo, FG 
motifs, and hydrophobic spots on cargo that represent Kap. Density 
maps are the best method to analyze the way each of the elements 
is distributed in the ring. To draw the density maps, the ring is di-
vided into a granular grid, and the number of times an element is 
spotted in each cell is counted. Cells are then colored according to 
their counts (color range is presented next to density maps).

Nsp1
Density maps of the Nsp1-containing ring are presented in Figure 2 
as a representative of the first category. Density maps show that in 
wild-type and mutant simulations, Nsp1 occupies most of the space 
inside the ring and leaves a small free space for the cargo (Figure 
2A). This behavior is expected, since Nsp1 is a long FG Nup in the 
yeast NPC (Nsp1 contains 617 residues in its disordered domain) 
and eight copies of this molecule occupy most of the space inside 
the ring. As shown in Figure 1, the Nsp1 sequence is made up of 
two distinct sections: a highly charged section with a relaxed coil 
conformation that is located toward the NPC scaffold and, a second 
section that is located toward the center of NPC and has a lower 
charge density and a collapsed coil conformation (Yamada et al., 
2010). The second section is the Nsp1 lpLCR domain, which has four 
positively charged residues. The collapsed coil lpLCR domains meet 
at the center of the Nsp1 ring and form a high-density region. 
Comparing the behavior of the system in the case of wild type and 
mutants shown in Figure 2 demonstrates that mutating the charged 
residues in the lpLCR to alanine (negative control) increases the den-
sity of Nsp1 molecules at the center of the ring by 25% (Figure 2A). 
Also, this mutation slightly decreases the movement of the cargo 
complex inside the ring (Figure 2B). On the other hand, in the posi-
tive mutation where four alanines are mutated to charged residues, 
the Nups form a more even distribution inside the ring, implying 
that they have more cross-interactions rather than being trapped in 

aggregated configurations. This change in Nup behavior led to a 
25% decrease in the density of Nups at the center of the ring (Figure 
2A). Also, the cargo has slightly more freedom of movement com-
pared with the wild-type system (Figure 2B). FG motif density maps 
show the same trend as Nups density maps (Figure 2C) since FG 
motifs are abundantly present along the length of Nsp1 Nups. The 
density map of the cargo hydrophobic spots shows the same trend 
as the cargo itself, as they are attached to it (Figure 2D). The density 
maps of FG motifs and cargo hydrophobic spots are presented, as 
they bind to each other to facilitate the transport process.

Nup42
Nup42 is the representative of the second category. It is one of the 
medium-length FG Nups in yeast NPC. This Nup has a short charge-
rich domain and a long lpLCR domain. Over the course of the simu-
lation, the lpLCR domain of Nup42 forms a collapsed coil conforma-
tion, and the short charge-rich domain forms a small relaxed coil 
conformation that keeps the globular lpLCR domain shortly distant 
from the scaffold (see Figure 1, Supplemental Figure S1A, and Sup-
plemental Video S1). The presence of the relaxed coil domains pro-
vides more freedom of movement for the lpLCR domains and allows 
cross-interaction between the Nup42 molecules (Supplemental 
Figure S1A). In all three simulations (wild type and two controls), the 
Nups form cross-interacting aggregates near the scaffold (Supple-
mental Figure S1A) and the cargo complex explores the remaining 
space in the ring complex. In the negative control, the lpLCR do-
mains form highly dense conformations, and the cross-interactions 
between the Nups decrease as they get trapped into local interac-
tions with their neighboring molecules (Supplemental Video S2). 
The maximum density of Nup molecules increases by a significant 
100% value. The cargo’s movement is a little less uniform compared 
with the wild-type system (Supplemental Figure S1B). In contrast, in 
the positive control the added charged residues cause the lpLCR 
domain to form a more even distribution compared with wild type 
(Supplemental Video S3). The maximum density of the Nup mole-
cules is decreased by ∼50%, which means that the Nups are more 
evenly distributed. The mutated Nup42 molecules form dynamic 
cross-interactions in which the Nups easily bind and unbind. The FG 
motif density maps follow the same trend as the Nup density maps 
(Supplemental Figure S1C). The density map of the hydrophobic 
spots on the cargo shows that the presence of these elements are 
uniform across the ring except for a high density in one spot (Sup-
plemental Figure S1D). In the negative control, three high-density 
spots exist that are very close to the location of high density of FG 
motifs (Supplemental Figure S1C). This implies that the hydrophobic 
spots interact with FG motifs at these spots. In the positive control, 
the density map of cargo hydrophobic spots shows a high density at 
the center. Considering that Nup molecules are located toward the 
scaffold, a high density of cargo hydrophobic spots at the center 
means that the cargo and its hydrophobic spots spend most of the 
time traveling between Nup42 molecules rather than interacting 
with a few of the Nups for a long time.

Nup145 is another Nup in this category that is also of medium 
length. The Nup145 lpLCR domain is shorter than that of Nup42, 
but its non-lpLCR domain is longer. The density maps of Nup, cargo, 
FG motifs, and cargo hydrophobic spots presented in Supplemental 
Figure S2 show that the behavior of Nup145 is similar to that of 
Nup42.

Nup49
Nup49 is the shortest FG Nup in the yeast NPC. Nup49 has seven 
positively charged residues and no negatively charged residues, so 
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its entire sequence can be considered an lpLCR (see Figure 1). The 
density maps of Nup, cargo, FG motifs, and cargo hydrophobic 
spots are presented in Supplemental Figure S3. Normal Nup 49 
molecules form highly collapsed coil conformations toward the scaf-
fold of the ring (Supplemental Figure S3A). Their very collapsed 
conformation and short length inhibits their cross-interaction with 
each other. The reason behind this behavior is the low charge den-

FIGURE 2: Density maps of (A) Nups and (B) cargo (C) FG motifs (D) hydrophobic spots on the cargo complex, inside 
ring of Nsp1. The plots show wild type, negative control, and positive control Nsp1 simulation results from left to right. 
In the negative control charged residues in lpLCR are mutated to alanine and in the positive control charged residues 
are added to the system by mutating four alanines to lysine. Nsp1 has a charge-rich domain (residues 177–617) and an 
lpLCR domain (residues 1 to 176), which contains only four positively charged residues (see Figure 1). The lpLCR domain 
forms a collapsed coil conformation and the non-lpLCR domain forms a relaxed coil conformation. The collapsed lpLCR 
domains meet at the center of the ring and form a highly aggregated conformation at the center (see A). In the negative 
control, density of Nsp1 molecules at the center increases by 25% while in the positive control, this density decreases 
by 25%. Also, movement of cargo becomes slightly more limited in the negative control, while the cargo gains slightly 
more freedom of movement in the positive control (see B). Density map of FG motifs (C) shows a similar pattern to 
Nups because Nsp1 are abundant in FG motifs their entire amino acid sequence. Density map of cargo hydrophobic 
spots (D) shows a similar pattern to that of cargo.

sity of this molecule combined with high hydrophobicity of all FG 
Nups. In the negative control, Nup molecules form even more col-
lapsed conformations compared with wild-type molecules. Mutat-
ing the charged residues to alanine causes the density of the iso-
lated Nup49 aggregates to increase by ∼10%. In the positive control 
simulation, additional charged residues allow it to have a larger end-
to-end distance and a less compact conformation, decreasing the 
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maximum density of the positive control molecules by almost 20%. 
Density maps of cargo show that in all three cases (Supplemental 
Figure S3B), the cargo has a large space to explore inside the ring, 
but the area is larger and less dense in the negative control, wild 
type, and the positive control, respectively. The area negatively 
correlates with the Nup 49 end-to-end distance. In the positive 
control, Nups are less aggregated, so the cargo has less space to 
cover inside the ring, while in the wild type Nups are more compact, 
so the cargo has a relatively larger area to cover. In the negative 
control where Nups are most collapsed, the cargo has the largest 
space to explore, but spends a long time close to some of the Nups, 
which are shown as high-density points in the density maps. Density 
maps of FG motifs (Supplemental Figure S3C) show the same pat-
tern as Nups and the density map of hydrophobic spots (Supple-
mental Figure S3D) show the same trend as the cargo itself.

Nup57 simulations show that the ring of Nup57 including the 
cargo shows similar behavior to the Nup49 ring (Supplemental 
Figure S4). Nup57 is the second shortest Nup in yeast NPC with no 
negatively charged residues and a few positively charged residues 
in its sequence. In terms of length, charged residue content, density, 
and distribution, Nup49 and Nup57 are very similar and as with 
Nup49, charged residues appear to decrease the strength of bonds 
between FG Nup and cargo while also expanding the space occu-
pied by FG Nups (Supplemental Figure S4, A and B).

Nup1
Nup1 is in the fourth category with Nup60, and Nup159. These 
Nups do not contain an lpLCR and are analyzed here as a natural 
control for the other Nups that do contain lpLCRs. Notably, there is 
no lpLCR to mutate, so only the wild-type system is analyzed. All of 
these Nups are long and have long charge-rich domains. In both the 
Nup1 and the Nup 60 density maps (Supplemental Figures S5A and 
S6A), we see that the entire ring is covered, but neither forms high-
density conformations at the center. The cargo spends some time at 

the center and some time around the edges (Supplemental Figures 
S5B and S6B). The reason for this is that FG motifs form high-density 
areas near the tethering point of the Nups (Supplemental Figures 
S5C and S6C) and hydrophobic spots on the cargo complex are also 
mainly present around the edges where a high density of FG motifs 
exists (Supplemental Figures S5D and S6D).

It is noteworthy that the FG Nups in the fourth category (Nup1, 
Nup60, and Nup59) are located at the extremities of the NPC. 
These Nups are long, but do not feature an lpLCR. Hence, they do 
not form high densities and the two ends of the NPC on the top and 
bottom are not blocked by a dense network of hydrophobic resi-
dues. However, based on the ring cross-section analysis of the other 
Nups, the cargo will face a dense network formed by Nup42, Nsp1, 
Nup116, and Nup100 on the top and Nsp1 at the bottom.

Force distribution analysis of the interaction between FG 
Nups
TRFDA was performed on the Nups in the ring cross-sections of the 
NPC with the aim to gain a deeper understanding of the effect of 
the presence of lpLCRs in FG Nups and how mutating lpLCRs can 
influence the force distribution within the Nups.

Nsp1
The results of TRFDA on Nsp1 molecules within Nsp1 containing 
ring cross-sections are presented in Figure 3. Heatmaps show the 
punctual stress of each residue along the length of the simulation 
(Figure 3A). Punctual stress is representative of the sum of all the 
interaction forces acting on each residue, which allows for identify-
ing “hotspots” in the protein (see Materials and Methods for a full 
explanation of the term punctual stress). Time and residue numbers 
are represented in the x and y axes, respectively. Heatmaps of punc-
tual stress are drawn for the wild type and the negative and positive 
controls, and a schematic of charge distribution in each case is 
drawn next to it. In the charge distribution schematic, the little blue 

FIGURE 3: TRFDA of Nsp1 and Nup42 molecules. (A) Heatmaps of punctual stress in Nsp1 molecules caused by the 
interaction of Nsp1 molecules with themselves and with each other. The y-axis represents residue number (1 to 617 
from top to bottom) and The x-axis represents time. A schematic of charge distribution of each case is drawn next to 
their heatmap (small blue lines are positively charged and small red lines are negatively charged residues). The residues 
in the non-lpLCR domain (177–617) experience on average less punctual stress, while the residues in the lpLCR (1–176) 
experience on average higher punctual stress. In the wild type and the two controls, the same residues experience a 
high punctual stress, but the magnitude of punctual stress is higher to lower in the negative control, wild type, and 
positive control, respectively. (B) Time-averaged punctual stress for the residues of wild type, negative control, and 
positive control compared with each other. All three cases show similar punctual stress values in the non-lpLCR domain, 
while the values differ in the lpLCR domain. The negative control has the highest punctual stress and the positive 
control has the lowest punctual stress, and the wild type is in the middle of the two. The difference in punctual stress of 
the three cases is presumably due to the difference in their conformational ensemble. The negative control has the most 
aggregated/collapsed conformation and the residues are experiencing the highest punctual stress, while the positive 
control has the least aggregated/collapsed conformation and the residues are experiencing the least punctual stress, 
and the wild type is between the two. As can be seen both in the heatmaps and in the time-averaged graphs, the spikes 
of punctual stress happen at the same residues for the wild type and the mutants. This implies that mutating the 
number of charged residues in the lpLCR domain does not change the network of interacting residues; it only affects 
the intensity of the interaction. (C) Zoomed-in view of heatmap of punctual stress for the lpLCR domain of Nsp1 
(residues 1–176). The charge distribution of each case is shown next to them (blue lines are positively charged residues). 
The residues/group of residues experiencing high punctual stresses are shown next to the heatmaps. FG motifs, 
phenylalanines, and only a few leucines and two glutamines are experiencing a high punctual stress. Therefore, 
interacting residues are mostly Phe that form a hydrophobic network. In the negative control, there are no charged 
residues to disturb the highly dense hydrophobic network. In wild type, the presence of four charged residues in the 
lpLCR domain partially interfered with the hydrophobic interactions and decreased the intensity of interaction. This 
effect is enhanced in the positive control, and while the same residues are interacting, their punctual stress is decreased 
as there are more charges to disturb the strong hydrophobic interactions. (D, E) TRFDA of Nup42 molecules. The y-axis 
represents residue number (1 to 382 from top to bottom) and the x-axis represents time. The lpLCR domain is residue 
1–317 and the non-lpLCR domain is residue 318–382. The format of the figure and the results are similar to that of 
Nsp1.
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lines represent positively charged residues and the little red lines 
represent negatively charged residues. The time-averaged value of 
the punctual stress for each residue is drawn in Figure 3B. The wild-
type, negative control, and positive control graphs are drawn in the 
same plot. As both the heatmaps and the time-averaged plot show, 
punctual stresses are higher in the lpLCR domain (residues 1–176), 
indicating that residues in the lpLCR domain generally interact more 
intensely with each other. lpLCR domains have low charge and form 
the collapsed coil domain in Nsp1 (see Figure 1). The TRFDA results 
demonstrate that the denser formations allowed by a low charge 
density make for stronger, more frequent interactions between resi-
dues. On the other hand, the charge-rich domains form relaxed coil 
conformations in which residues have less interaction within and be-
tween the Nups.

As the time-averaged plot depicts, wild type and the mutants 
have the same average punctual stress in the non-lpLCR domain 
(residues 176–617) but the values differ in the lpLCR domain. The 
average punctual stress values are ordered from higher to lower in 
the negative control, wild type, and positive control. The heatmaps 
show a similar trend, with the negative control having the highest 
punctual stress, the positive control the least, and the wild type in 
the middle. This observation is in line with the behavior observed in 
Figure 2A. Negative control molecules have the most collapsed 
conformation and experience the highest punctual stress, while the 
positive control molecules have the least aggregated conformation 
and the Nups experience the least amount of punctual stress.

Interestingly, our results show that the same residues experience 
a high punctual stress for each of the wild-type and mutant experi-
ments, but the magnitude of punctual stress is different in the three 
systems (Figure 3C). The highly stressed residues are mostly FG mo-
tifs and phenylalanines along with a few leucines and one case of a 
pair of glutamines located next to each other. This is the case for all 
the eight copies of the Nsp1 molecules in the ring and the wild type 
and the two mutants. This is a significant observation in the mecha-
nism of interaction of Nsp1 molecules with each other and implies 
that changing the number of charged residues affects the intensity 
of interaction of residues in the lpLCR domain, but does not change 
the network of residues interacting with each other.

Nup42
The results of TRFDA on Nup42 molecules within Nup42 containing 
ring cross-sections are presented in Figure 3, D and E. The charge 
distribution of each case is schematically shown next to it. Nup42 
has a short non-lpLCR domain (residues 318–382) and a long lpLCR 
domain (residues 1–317). Similar to the trend seen in Nsp1 (Figure 
3, A–C), lpLCR domains show a larger punctual stress than non-
lpLCR domain in Nup42 and its two mutants (Figure 3, D and E). 
Also, similar to Nsp1, the negative control shows the highest punc-
tual stress and the positive control shows the lowest punctual stress. 
This is in line with the conformation of Nup42 molecules shown in 
Supplemental Figure S1A. The negative control has the most col-
lapsed conformation and allows for stronger interactions to form 
within and between molecules. The positive control has the least 
compact conformation and the least punctual stress.

The interesting point is that in the case of Nup42, the wild type 
and negative control case show similar behavior while the positive 
control is significantly different. The residues experiencing a high 
punctual stress are similar in wild type and negative control, with the 
magnitude of punctual stress higher in the negative control. How-
ever, some of those residues experience low punctual stress values. 
The reason might be due to the fact that with adding the charged 
residues to the lpLCR domain, the charge distribution in the positive 
control is very similar to the non-lpLCR domain. Therefore, the posi-
tive control depicts a significantly different behavior compared with 
wild type and negative control. However, the interacting residues 
(with high punctual stress) are still the same in all three cases and are 
mainly phenylalanines with few other hydrophobic residues. There-
fore, similar to Nsp1, the network of interacting residues has not 
changed, but the magnitude of punctual stress has.

Nup49
The results of TRFDA on Nup49 containing ring cross-sections are 
presented in Supplemental Figure S7. Nup49 does not have a 
charge-rich domain, so its entire length is an lpLCR (see Figure 1). 
The trends are similar to those seen in Nsp1 and Nup42, with the 
negative control having the highest punctual stress due to higher 
aggregation and the positive control having the lowest punctual 
stress due to lower aggregation. Similar to Nsp1 and Nup42, certain 
residues/ (FG motifs, phenylalanines, and a few other hydrophobic 
residues) experience a high punctual stress with the punctual 
stresses being the highest in the negative control and lowest in the 
positive control. Therefore, in the case of Nup49 as well, number of 
charged residues has not changed the network of interacting resi-
dues, but has affected the magnitude of punctual stress.

Considering that in all the Nups studied here, Phe residues were 
the main interacting residues, and the average distance of them was 
compared in wild type and mutant in each ring cross-section. The 
results are presented in Table 1 and show that the average distance 
of Phe residues decreases in the negative control and increases in 
the positive control. This implies that the number of charged resi-
dues in the lpLCR regulates the spacing between the Phe residues 
and influence the force distribution of Nups in this way. Additionally, 
the radius of gyration for wild type and control cases was calculated 
in the lpLCR domain of Nups. Mutating the charged residue in the 
lpLCR domain to alanine reduces the radius of gyration of the lpLCR 
domain and adding charged residues increases its radius of gyration 
(Supplemental Table S1). Further analysis was performed to investi-
gate whether the distance between Phe residues is correlated with 
the forces that the residues experience. At each timestep of our 
simulations, we calculated both the average distance between Phe 
residues and the average force experienced by Phe residues. Calcu-
lated over all timesteps, the Pearson product–moment correlation 
coefficient gives the correlation between the two values. The results 
for Nsp1 are presented in Supplemental Table S2. The negative cor-
relation values indicate that for all simulations, force tends to in-
crease as intradistances decrease. The greater magnitude of the 
correlation for negative control indicates that in its dynamics Phe 
residues are forced apart more directly when they draw close. The 

Nsp1(lpLCR domain) Nup42(lpLCR domain) Nup49(lpLCR domain)

Wild type 4.08 + –0.12 nm 3.95 + –0.24 3.23 + –0.11

Negative control 3.25 + –0.11 nm 3.10 + –0.31 2.38 + –0.08

Positive control 4.55 + –0.18 nm 5.62 + –0.29 4.43 + –0.33

TABLE 1: Average distance between Phe residues in the lpLCR domain of Nsp1, Nup42 and Nup49 molecules.
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above analyses indicate that the number of charged residues in the 
lpLCR regulates the spacing between the Phe residues and as a re-
sult, govern the force distribution and dynamics of FG Nups.

Further statistical analysis has been done on the TRFDA data 
(Figure S8 and Figure S9). Please refer to the Supplemental Material 
for an explanation of the methods and results.

How does mutating the lpLCR domain affect the interaction 
between FG Nups and the cargo complex?
The results presented so far are on the interaction of Nups with each 
other. In this section, the effect of mutation of lpLCR on the interac-
tion of FG Nups with the cargo complex is discussed.

Using TRFDA, punctual stress of Nups caused by the interaction of 
Nup molecules with the cargo complex is calculated. It is worth not-
ing that these punctual stresses are much smaller than the punctual 
stresses caused by the interaction of Nups with each other. The rea-
son is that the number of interactions happening between the resi-
dues of the Nups is much larger than the number of interactions be-
tween the Nups and the cargo complex. The boxplot of the punctual 
stress values for wild type and the two mutants of Nsp1 are shown in 
Figure 4A. The boxplot depicts similar punctual stress values in the 
three cases, meaning that lpLCR mutations have not significantly af-
fected the interaction of Nsp1 molecules with the cargo complex. 
Combined density maps of FG motifs and hydrophobic spots on the 
cargo are shown in Figure 4B with blue and white dots, respectively. 
For the sake of clarity of the image, the points with low-density maps 
were set to zero density. Colocalization of white and blue dots can 
imply long interactions between FG motifs and cargo hydrophobic 
spots. Density maps in Figure 4B are not significantly different as well.

The same analysis is done for the interaction of Nup42 molecules 
with the cargo complex (Figure 4, C and D). The results show that 
the interaction of cargo complexes with wild-type Nup42 molecules 
becomes slightly stronger in the case of the negative control, but 
these interactions become significantly weaker in the case of the 
positive control. The density maps (Figure 4D) are in line with the 
boxplots. Mutating the lpLCR domains by adding charged residues 
significantly affects the interaction of Nup42 molecules with each 

FIGURE 4: Interaction of Nsp1, Nup42 and Nup49 molecules with 
the cargo complex. (A) TRFDA was performed to find the punctual 
stress experienced by Nsp1 molecules caused by the interaction of 
Nsp1 with the cargo complex. Boxplot of time-averaged values of 
punctual stress in all 617 residues of all copies of Nsp1 is drawn for 
wild type and two controls. The boxplots of the three cases are not 

significantly different. (B) Density maps of FG motifs (shown with blue 
dots) and cargo hydrophobic spots (shown with white dots) are drawn 
together. Colocalization of white and blue dots can imply interaction 
between FG motifs and cargo hydrophobic spots. Therefore, 
interaction of Nsp1 molecules and hydrophobic spots on the cargo 
is not significantly affected by mutating the lpLCR domains. 
(C, D) Interaction of Nup42 molecules with the cargo complex. The 
format of the plots is similar to plots for Nsp1. (C) The boxplots of the 
negative control are slightly higher than wild type, but the boxplot of 
positive control is significantly lower than wild type. (D) Blue and 
white dots depict colocalization in wild type and negative control, but 
do not show any colocalization in the positive control. This implies 
that interactions between Nups and cargo are much weaker and more 
transient in the positive control compared with the other two cases. 
(E, F) Interaction of Nup49 molecules with the cargo complex. (E) The 
average punctual stresses in the negative control are 10 times higher 
than wild type, while they are three times lower in the positive control 
compared with wild type. (F) Blue and white dots depict no 
colocalization in the positive control, some colocalization in wild type, 
and a lot of colocalization in the negative control. These are in line 
with boxplot results. Therefore, interactions between Nups and cargo 
are the most weak and transient in the positive control and stronger 
in wild type. Very strong interactions in the negative control might 
interfere with the transient interactions necessary for 
nucleocytoplasmic transport.
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other and the interaction of Nup42 molecules with the cargo com-
plex. The interactions become more transient and less strong.

The Nup49 ring complex was also similarly analyzed. Results in 
Figure 4, E and F show that interaction of Nup49 molecules with the 
cargo complex is largely affected by mutations to the lpLCR do-
main. The average punctual stress in wild type is three times larger 
than the positive control and the average punctual stress in the 
negative control is 10 times larger than the positive control. The 
combined density maps show how this occurs (Figure 4F). The hy-
drophobic spots on the cargo are colocalizing with FG motifs to a 
large extent in the negative control, but showing no colocalization 
in the positive control. The results imply that mutation of lpLCR do-
mains in Nup49 affects the conformation of molecules (Supplemen-
tal Figure S3A) and has a major impact on the interaction of the 
cargo complex and Nup49 molecules.

Our results suggested a nonuniversal effect of changing the 
lpLCR charge density on the interaction of FG Nups with the cargo 
complex; whereas in some cases the effect was significant, in other 
cases changing the lpLCR charge density didn’t appreciably impact 
the interaction of cargo with the FG Nups. While a general rule can-
not be made with the few datapoints presented here, based on the 
current data, one can postulate that the effect of mutations on dif-
ferent Nups may vary based on the ratio of the length of the lpLCR 
domain versus the length of the disordered domain of each Nup. In 
the case of Nsp1, the lpLCR domain is almost 25% of the length of 
the disordered domain of the Nsp1, and mutations in the lpLCR 
domain do not have a significant influence on the interactions be-
tween Nsp1 molecules and the cargo complex. In the case of Nup 
42, on the other hand, the lpLCR domain covers some 80% of the 
disordered domain of this Nup. Mutating the charged residues to 
alanine in the lpLCR domain slightly increases the interactions be-
tween the Nups and the cargo complex and adding charged resi-
dues to the lpLCR domain decreases the interactions. We can spec-
ulate that since the lpLCR domain covers a large portion of the 
sequence, both removing and adding charged residues affect the 
interaction of Nup42 molecules with the cargo complex. The same 
is true for Nup 49. Since the entire length of Nup 49 is an lpLCR, 
both removing and adding charged residues impact the interaction 
of Nup 49 molecules with the cargo complex.

A common observation between all the cases of all the rings ana-
lyzed is that the conformational ensemble of Nups does not signifi-
cantly change with the presence of a cargo complex in the system. 
This can be concluded from comparison of our previous study 
(Peyro et al., 2015a) with the density maps of Nups in Figure 2 and 
Supplemental Figures S1 and S3. The density maps look very similar 
in the presence and absence of a cargo complex. This behavior was 
expected based on comparison of the punctual stress values caused 
by the interaction of Nups with each other and the values caused by 
the interaction of FG Nups with the cargo complex, which shows 
that the Nup–Nup interactions are significantly dominant.

It is worth noting that in all of the simulations in this study and our 
previous study (Peyro et al., 2015a), the general behavior of FG 
Nups is in line with the behavior observed in Sakiyama et al. (2016) 
via high-speed AFM. Although the timescale of the observations are 
different, the average behavior is similar. In line with their observa-
tion, our simulations depict a highly dynamic and flexible behavior 
by FG Nups, which go through transient entanglements yet do not 
form a cohesive network.

Whole-NPC results
Distribution of FG motifs in the NPC. A model of the whole NPC 
was created including all of the comprising FG Nups, the scaffold of 

the NPC, and a 10-nm spherical cargo accompanied by seven 
hydrophobic spots that represent Kap. Initially, the cargo complex 
was located at the cytoplasmic side of the NPC, but it was not able 
to pass through the pore over the course of the 100-ns simulation. 
The cargo complex would penetrate the hydrophobic FG network 
to a small extent but was repelled back and could not reach the 
nucleoplasmic side. In reality, the transport process happens in the 
scale of milliseconds; however, due to the very high computational 
expense of simulating such a large system of molecules, we are not 
able to reach those timescales. Therefore, we tried to accelerate the 
transport process by helping the cargo complex overcome the 

FIGURE 5: FG density maps of the whole-NPC model for wild type 
and two controls for density threshold of 1.5% of maximum density 
(A) and 2% of maximum density (B). The side view of the NPC is 
presented at the top row and the top view is presented at the bottom 
row. Similar to the behavior observed in ring cross-sections, the 
negative control makes the FG motifs more clustered, and the 
positive control makes them more evenly distributed within the space 
inside the NPC. Maximum density of FG motifs increases by 26% in 
the negative control and decreases by 15% in the positive control. 
Both the wild-type system and the negative control depict high-
density FG clusters in the system, but the 15% decrease in density 
affects the shape of clusters significantly and scatters them 
remarkably. Comparing the results with the system excluding the 
cargo complex (Peyro et al., 2015a) shows that the FG network of the 
wild-type system behaves almost similarly in the absence or presence 
of cargo, but this behavior is different in the case of the negative 
control. In absence of cargo complex, FG motifs in the negative 
control form a very high-density cluster at the center. In the presence 
of cargo, FG motifs cluster density increases, but the presence of 
cargo at the center of the system prevents FG networks from forming 
a very dense cluster at the center. Rather, they form high-density 
clusters with an opening at the center.
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energy barrier of the high-density network of FG Nups that exists 
toward the cytoplasmic side of the NPC. For this purpose, we initially 
positioned the cargo at two-thirds height of the NPC and ran the 
simulation after minimizing the energy of the system. With this initial 
condition, the cargo was able to pass through the pore. This 
intervention allowed us to see the transport over the course of the 
simulation. This initial condition was kept the same for all of the 
whole-NPC simulations, either wild type or mutant. We repeated 
the simulation for negative and positive controls by replacing the 
wild-type Nups with negative and positive control Nups, respectively, 
and in both of these cases, the cargo complex was able to reach the 
nucleoplasmic side. FG density maps of wild type and two control 
systems are presented in Figure 5, A and B for two density thresholds 
of 1.5 and 2% of maximum density, respectively.

Based on observations in Figure 5, the whole NPC shows a simi-
lar behavior to ring cross-sections when lpLCR domains are mu-
tated. The FG domains become more concentrated in the negative 
control and less concentrated/more evenly distributed in the posi-
tive control. The maximum density of FG motifs in the model 
increases by 26% in the negative control and decreases by 15% in 
the positive control. The interesting observation is that in both wild 
type and negative control, a high-density cluster of FG motifs is 
formed at the top-central region of the NPC, but the 15% decrease 
in density of FG motifs significantly affected the high-density FG 
network formed toward the center of the pore and scattered them 
in the rest of the space inside the NPC.

Results of Figure 5B can be compared with Figure 8 in Peyro 
et al. (2015a), where the whole NPC is modeled in the absence of 
any cargo complex. In the absence of a cargo complex, the wild-
type system showed a donut-shaped cluster of FG motifs toward 
the upper side of NPC, while the negative control showed a high-
density network at the center of the NPC that blocked the pore. The 
wild-type system including the cargo complex shows a similar be-
havior (Figure 5B, left figure). However, the negative control system 
with a cargo complex (Figure 5B, middle figure) behaves differently 
from the system in the absence of cargo. The system including the 
cargo does form high-density FG clusters, but they have an opening 
at the center caused by the cargo complex. As will be shown in 
Figure 6, in the wild-type and negative control systems, the cargo 
spends most of its time at the center of the NPC. The presence of 
several FG Nups filling up the space inside the NPC makes the 
cargo keep toward the central area, and this prevents FG motifs 
from forming a cluster that blocks the center of the NPC. This obser-
vation implies that while the FG motif network is more clustered in 
the negative control, the presence of even one cargo complex 
would prevent FG Nups from collapsing into high-density confor-
mations at the center. The difference in the positive control seems 
to be more fundamental though, as FG clusters become very scat-
tered and significantly decrease in density.

Movement of the cargo complex inside the NPC. Movement of 
the cargo complex in the whole-NPC model was analyzed and com-
pared between wild type and the two controls. The density map of 
the center of mass of the cargo in wild type and the two control cases 
was drawn in Figure 6. Green dots represent the center of mass of 
the cargo in the wild-type system, red dots represent the center of 
mass of the cargo in the negative control system, and blue dots rep-
resent the center of mass of the cargo in the positive control system. 
It is clearly visible in Figure 6 that the cargo has more freedom of 
movement in the positive control (shown with blue) and less freedom 
of movement in the negative control (shown with red). These results 
are in line with our observations in the ring cross-sections of the NPC.

Conformational ensemble of each FG Nup layer inside 
the NPC
Here the density map of each layer of FG Nups is visualized in the 
whole-NPC model. The side view and the top view of the density 
map of each layer of FG Nup is presented in Figure 7. The density 
threshold is set to 1.5% of maximum density. The Nups are ordered 
in the way they appear in the NPC from the cytoplasmic side to the 
nucleoplasmic side (Alber et al., 2007) (ordered from left to right and 
top to bottom in Figure 7). Some of the FG Nups like Nsp1 appear 
at multiple layers in the NPC, so each of the different layers are 
drawn separately. The side-view results show that Nsp1 copies and 
Nup116 travel far from their tethering point within the NPC. The 
other FG Nups stay within their tethering point region. However, the 
density maps of almost all of FG Nups overlap in terms of their loca-
tion within the NPC.

Density maps of different layers of FG Nups are drawn in Supple-
mental Figure S10 with a 3% density threshold to compare with re-
sults from isolated ring cross-sections. Slight differences exist in 
density maps of Nsp1 copies and Nup116 rings in the whole-NPC 
model and ring cross-sections. The reason might be because the 
whole NPC is a crowded system and the movement of the cargo 
complex happens slowly (compared with the simulation time). 
Therefore, the cargo spends a long time at each layer and causes 
Nsp1 and Nup116 molecules not to fully cluster at the center. It is 

FIGURE 6: Density map of the center of mass of cargo. Green dots 
represent cargo in the wild-type system, red dots represent cargo in 
the negative control system, and blue dots represent cargo in the 
positive control system. A significant difference is observed in the 
movement of cargo in the three different systems, with the cargo in 
the negative control system sweeping a smaller space in the system 
and the cargo in the positive control system sweeping a larger space. 
This observation correlates with results in Figure 5, where in the 
negative control, FG motifs are more clustered and in the positive 
control, they are more scattered.
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also interesting to note that while the other FG Nups are located 
close to their neighboring FG Nups and share the space with them, 
their conformational ensemble is not influenced by the presence of 
neighboring molecules and looks similar to their isolated ring 
behavior.

DISCUSSION
Overview
The role of FG Nup sequences in NPC function is still not fully under-
stood, but there is compelling evidence that their function in nucleo-
cytoplasmic transport depends on lpLCRs. In this study, we em-
ployed a biophysics approach to analyze the effect of this specific 
feature. To make the analysis tractable, the NPC was analyzed at the 
levels of individual FG Nups, ring cross-sections, and the whole 
NPC, with all models derived from the yeast NPC. For all FG Nups, 
in addition to modeling their baseline properties, we also evaluated 
their interaction with potential cargo. Our results suggest that 
lpLCRs are differentiated from the remainder of the FG Nup by both 
their conformation and the forces their residues experience, and that 
these differences are necessary for the selective transport of cargo.

FG Nups have been shown to be different from other disor-
dered proteins in terms of sequence composition (Peyro et al., 
2021). Comparing FG Nups with other disordered proteins (Peyro 
et al., 2021), FG Nups have almost the same percentage of hydro-
phobic amino acids, which are considered to be order-promoting 
(Campen et al., 2008), while they have considerably fewer charged 
residues, which are considered to be disorder-promoting (Campen 
et al., 2008). Here ordered and disordered proteins refer to the 
presence or lack of secondary structures in the protein’s three-di-
mensional conformation. Our recent study shows that lpLCRs are 
exclusive features of sequences of FG Nups that differentiate FG 

Nups from DisProt proteins (Peyro et al., 2021). Removing the 
lpLCR domains from their sequences, FG Nups would feature 
charge distributions that appear identical to those in other DisProt 
proteins.

Based on our previous study (Peyro et al., 2015a) and our cur-
rent simulations, the non-lpLCR domains of FG Nups form relaxed 
coil conformations while the lpLCR domains form a collapsed con-
formation. While all domains lack structure throughout, the pres-
ence of extra order-promoting and fewer disorder-promoting resi-
dues in the lpLCR domains causes them to form a collapsed 
conformation while the non-lpLCR domains form less dense re-
laxed coil conformation. Our new results further prove the link be-
tween lpLCR charge distributions and their ensemble conforma-
tion and go on to demonstrate how the length and charge of 
lpLCRs influence interactions with cargo in the NPC. Based on the 
difference in sequence composition between lpLCR versus non-
lpLCR domains and their correlation with conformation of these 
domains, here in the Discussion we call the collapsed and aggre-
gated conformation less “disordered” and the relaxed open con-
formation more “disordered.”

lpLCR ensemble conformation
Overall, our results from the wild-type and control simulations show 
the differences charge distributions in the lpLCR make toward Nup–
Nup interactions, Nup–cargo interaction, movement of cargo com-
plexes inside the NPC, and the characteristics of the FG motif 
network.

In the case of Nup–Nup interactions, despite the variety of lengths 
and sequence structures within our FG Nups we observed similar 
patterns in the difference between the wild-type and the mutated 
rings for all of the yeast FG Nups. Mutating the charged residues in 

FIGURE 7: The density map of each layer of FG Nups in the whole-NPC model. Density threshold is set to 1.5% of 
maximum density for all the cases. The density maps are ordered in the same manner they appear in NPC (Alber et al., 
2007). The density maps from left to right and from top to bottom correspond to layers of FG Nups in yeast NPC from 
the cytoplasmic side to the nucleoplasmic side. Nsp1 copies and Nup116 travel far from their tethering point and 
explore a large space inside the NPC. The other Nups stay within a short distance from their tethering point, but the 
spaces of the FG Nups sweep overlap with each other.
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the lpLCR domain to alanine in our negative control experiment con-
sistently collapsed the lpLCR, allowing Phe residues to interact more 
closely and form a stronger hydrophobic network. These stronger 
individual interactions are demonstrated by the increase in forces on 
these residues, as well as by the increase in the variance of these 
forces. Stronger interactions are also harder to break, and in all nega-
tive control experiments, the Nups get trapped into highly aggre-
gated conformations and can hardly overcome the energy barrier to 
break the bonds and interact with new molecules. Therefore, the 
system transforms into a less “disordered,” frozen state.

For our positive control, mutating some of the alanines in the 
lpLCR domain to positively charged residues also consistently pro-
duced similar results. The lpLCR domain becomes less collapsed/
aggregate, while Phe residues become separate and form weaker 
bonds with each other. Therefore, the punctual stress in Phe residues 
decreases. Weaker interactions in the positive control are easier to 
break; hence, the Nups easily bind and unbind and can more easily 
cross-interact with new neighboring molecules. Therefore, the sys-
tem transforms to a more “disordered” dynamic network of residues, 
which we can see from the random and widely spread distribution of 
the FG Nup residues for positive control. In general, the number of 
charged residues in the lpLCR regulates the “disorderedness” of the 
network of FG Nups and by extension the degree of interaction in-
side the network of FG Nup Phe residues. In wild-type and negative 
control lpLCR domains, we see that hydrophobic interactions domi-
nate, indicating that the residues form a dense hydrophobic net-
work, while in non-lpLCR domains, or positive control lpLCR, electro-
static repulsion dominates against hydrophobic interactions and the 
Nups do not collapse into aggregated conformations.

Mutating the lpLCR domains had a similar effect on the whole-
NPC model as well, confirming that the results observed in ring 
cross-sections are preserved in the higher order system. While wild-
type and negative control systems form high-density FG networks 
toward the central area of the NPC, the density of FG motifs in the 
same area is decreased for the positive control to an extent that the 
network of FG motifs is significantly influenced. Additionally, mutat-
ing the lpLCR domains has a remarkable effect on the movement of 
cargo complexes inside the NPC. As with the ring cross-section re-
sults, cargos have limited movement in the negative control and 
much more freedom in the positive control.

Cargo interactions
After confirming that lpLCR dynamics are regulated by charge distri-
bution, we went on to verify that charge distribution also regulates 
cargo transport through these dynamics. However, differences in 
these cases were more qualified and depended on the circum-
stances of the FG Nup being tested.

Our results showed that the density of charged residues may or 
may not affect the interaction of the cargo complex with FG Nups, 
likely depending on the relative length of the lpLCR versus the full 
length of the nucleoporin sequence. That is, if the lpLCR domain 
covers a larger portion of the length of the disordered nucleoporin 
sequence, it is more likely that mutating the charged residues in the 
lpLCR domain will affect the interaction of FG Nups with the cargo 
complex.

Interpretation
Previous studies have shown that selectivity of NPC relies on both 
the properties of the FG network and the interaction between FG 
Nups and the cargo complex (Frey and Görlich, 2007; Zilman et al., 
2007, 2010; Beck and Hurt, 2017; Hayama et al., 2018). Frey and 
Görlich showed that a saturated network of FG motifs is required for 

NPC to maintain its selective properties (Frey and Görlich, 2007). 
Also, the quality of the interaction between FG Nups and cargo 
complex plays a crucial role in selectivity of the NPC. Large cargo 
complexes need to bind to FG Nups to be efficiently translocated 
through the NPC. However, if the binding is too strong, the cargo 
complex may get stuck to the FG Nups and therefore block the 
NPC. As a result, only the binding interaction within a range of cer-
tain affinities can lead to effective transport through the NPC. There-
fore, the property of interaction between FG Nups and the cargo 
complex is directly correlated with selectivity of the NPC.

According to our results, the existence of lpLCR patterns in the 
FG Nup sequences seems to be a contributing factor enabling 
these transient, but frequent, interactions between transport factors 
and FG Nups. Our TRFDA results suggest that interactions between 
the cargo complex and the FG Nups are weakened as the number 
of charges in the lpLCR domains increases, which may in turn trans-
late into shorter interactions because weaker bonds are easier to 
break. Videos of simulation trajectories for Nup42 (Supplemental 
Videos S1, S2, and S3) qualitatively imply that in the negative con-
trol, the cargo complex interacts with the Nups for longer periods of 
time as compared with wild type, whereas in the positive control, 
the interaction times decrease and interactions are more transient as 
compared with wild type. These results imply that the presence of 
charged residues in the lpLCR domains prevent the cargo complex 
from “sticking” to FG Nups. At the same time, it is reported that 
transient interactions rely on the plasticity of FG Nups (Milles et al., 
2015). Our results suggest that removing charged residues in lpLCR 
causes the FG Nups to form highly aggregated conformations in 
which FG Nups are less likely to unbind and form new interactions, 
effectively reducing the plasticity (viscoelasticity) of the ultrafast in-
teractions between the cargo complex and the FG Nups. The 
charge distribution of lpLCRs may therefore be necessary for suffi-
ciently fluid behavior within the NPC.

It appears that the number of charged residues in the lpLCR is 
optimized to keep the network of Phe residues “intimate” enough 
to form a dense hydrophobic barrier inside the NPC while enabling 
fast and transient interactions to take place between FG Nups and 
the cargo complex. For the NPC to correctly filter cargo, its FG net-
work needs to bind to them consistently, but also transiently, so that 
they do not become stuck.

CONCLUSION
The results from this study emphasize and add to the findings from 
our previous study (Peyro et al., 2015a) on the importance of lpLCRs 
to NPC function. While only a few charged residues are mutated in 
each sequence, a significant change can be observed in the confor-
mational ensemble of FG Nups and interaction of the cargo com-
plex. This is more remarkable considering the fact that NPC is a very 
robust macromolecular machine (Strawn et al., 2004), which is viable 
even when some of the FG Nups are removed. Although our results 
cannot directly predict how the transport process would be affected 
by lpLCR mutations, the effect of mutating lpLCRs on the governing 
factors of transport process is predicted. The results from this study 
call for experimental investigations to study the effect of lpLCRs on 
transport. Investigating this specific sequence feature can be useful 
in understanding the underlying mechanism of transport as well as 
designing artificial nanopores.

MATERIALS AND METHODS
Coarse-grained model
A one-bead-per-amino-acid-coarse-grained molecular dynamics 
model was used to analyze the behavior of FG Nups and the cargo 
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complex in the ring cross-sections of the NPC. This coarse-grained 
model is designed to study intrinsically disordered proteins. Amino 
acids are modeled as spherical beads with a mass of 120 Da and a 
distance of 0.38 nm. The force field developed for this model, origi-
nally developed by Ghavami et al., accounts for different biophysi-
cal factors including bending and torsion potentials between neigh-
boring beads, an implicit solvent, ion screening effect, and 
hydrophobic and electrostatic interactions (Ghavami et al., 2013, 
2014). Langevin dynamics simulations were performed using GRO-
MACS molecular dynamics simulation software (Pronk et al., 2013). 
A timestep of 0.02 ps was used in simulations. In all of the simula-
tions, only disordered domains of FG Nups were used in the simula-
tion, which are taken from(Yamada et al. (2010). This model has 
been previously used in modeling FG Nups (Ghavami et al., 2014, 
2016; Peyro et al., 2015a).

Single Nup simulations were performed with an isolated single 
Nup fixed at one end. These simulations were run for 1 μs. In the 
initial configuration of the rings, the cargo complex was located at 
the center of the ring, and FG Nups had a random conformation as 
the starting point of the simulation.

Visualization
Density plots of the rings were generated by discretizing the ring 
into 0.5 × 0.5 × 0.5 nm unit cells. The number of occurrences of each 
element was counted over the total simulation time. Gridcount 
package was used to generate the ring density plots (Beckstein and 
Sansom, 2003). Density plots of whole-NPC simulations were ex-
tracted using GROmaρs (Briones et al., 2019). All visualizations were 
performed via VMD 1.9.3 (Humphrey et al., 1996).

Cargo complex
A simple representation of the cargo complex was used in the model. 
A general spherical shape was chosen for the cargo as a representa-
tive of the shape of different globular molecules passing through the 
pore. The cargo was modeled as a group of noninteracting beads 
with a diameter of 10 nm; the 10 nm diameter was chosen to ensure 
that the cargo is transported through active transport rather than free 
diffusion. Transport receptor (specifically Karyopherin β) was mod-
eled as seven hydrophobic spots (phenylalanine) on the surface of 
the cargo. The shape the binding spots form on the cargo and their 
spacing was chosen based on the experimental study done by Isgro 
and Schulten (Isgro and Schulten, 2007) and the computational anal-
ysis was done by Ghavami et al. (Ghavami et al., 2016).

TRFDA
TRFDA was performed on the ring complexes using TRFDA GRO-
MACS tool (Costescu and Gräter, 2013). Punctual stress on each 
residue based on the nonbonded interaction of Nup–Nup or Nup–
cargo complex was calculated through simulation time. Punctual 
stress was calculated based on pairwise interactions between resi-
dues. The pairwise interaction is represented by a pairwise force 
acting on the center of mass of the two residues. The pairwise forces 
are calculated based on the equation below:

F Fri rj
i ri j rj
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where i is an atom of residue ri and j is an atom of residue rj, where 
ri and rj are different residues. In the case of our one-bead-per-
amino-acid-coarse-grained simulations, each residue was consid-
ered to be one atom in the TRFDA analysis. Punctual stress is then 
calculated in TRFDA as a sum of absolute values of forces acting on 

each residue. Therefore, punctual stress allows to identify points 
where pairwise forces accumulate and find “hot spots” in the pro-
tein (Costescu and Gräter, 2013).

PCA analysis
PCA analysis was done using the in-house Python scripts and the 
sklearn machine learning library. The codes used for this analysis are 
available at https://github.com/molecular-cell-biomechanics-lab.
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