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FG nucleoporins feature unique patterns that
distinguish them from other IDPs

Mohaddeseh Peyro,' Mohammad Soheilypour,’ Vikrum S. Nibber,” Andrew M. Dickson,’
and Mohammad R. K. Mofrad"*"

"Molecular Cell Biomechanics Laboratory, Departments of Bioengineering and Mechanical Engineering, University of California Berkeley and
2Molecular Biophysics and Integrative Bioimaging Division, Lawrence Berkeley National Laboratory, Berkeley, California

ABSTRACT FG nucleoporins (FG Nups) are intrinsically disordered proteins and are the putative regulators of nucleocytoplas-
mic transport. They allow fast, yet selective, transport of molecules through the nuclear pore complex, but the underlying mech-
anism of nucleocytoplasmic transport is not yet fully discovered. As a result, FG Nups have been the subject of extensive
research in the past two decades. Although most studies have been focused on analyzing the conformation and function of
FG Nups from a biophysical standpoint, some recent studies have investigated the sequence-function relationship of FG
Nups, with a few investigating amino acid sequences of a large number of FG Nups to understand common characteristics
that might enable their function. Previously, we identified an evolutionarily conserved feature in FG Nup sequences, which
are extended subsequences with low charge density, containing only positive charges, and located toward the N-terminus of
FG Nups. We named these patterns longest positive like charge regions (IpPLCRs). These patterns are specific to positively
charged residues, and negatively charged residues do not demonstrate such a pattern. In this study, we compare FG Nups
with other disordered proteins obtained from the DisProt and UniProt database in terms of presence of IpLCRs. Our results
show that the IpLCRs are virtually exclusive to FG Nups and are not observed in other disordered proteins. Also, IpLCRs are
what differentiate FG Nups from DisProt proteins in terms of charge distribution, meaning that excluding IpLCRs from the se-
quences of FG Nups make them similar to DisProt proteins in terms of charge distribution. We also previously showed the bio-
physical effect of IDLCRs in conformation of FG Nups. The results of this study are in line with our previous findings and imply that
IpLCRs are virtually exclusive and functionally significant characteristics of FG Nups and nucleocytoplasmic transport.

SIGNIFICANCE The nuclear pore complex (NPC) and nucleocytoplasmic transport (NCT) have attracted significant
attention because they are correlated with many pathological conditions such as cancer, autoimmune diseases, or genetic
disorders. Despite numerous studies, the complex molecular machinery behind NCT function is not fully understood.
Understanding the underlying mechanism of NPC function is the first step toward uncovering these pathological conditions.
The function of NPCs mainly relies on FG nucleoporins (FG Nups) and the regulatory role they play in NCT. This study
suggests that FG Nups contain specific evolutionarily conserved amino acid sequence features that are not observed in
other disordered proteins and hence might be functionally significant for the role of FG Nups in NCT.

INTRODUCTION intrinsically disordered proteins named FG nucleoporins
(FG Nups). These proteins are named FG Nups because
they are rich in phenylalanine-glycine repeats. FG Nups
enable fast, yet selective, transport through the NPC. The
transport process through the NPC has been the focus of a
large body of research for the past few decades. These
studies have investigated this protein complex from

The nuclear pore complex (NPC) is the largest macromole-
cule in the cell and is responsible for bidirectional transport
of cargo through the nuclear envelope. Nucleocytoplasmic
transport is vital for the cell and is mainly regulated by
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attention to the amino acid sequences of FG Nups (6-13).
Similarly, the sequence-conformation-function relation-
ships in unstructured proteins in general have been the sub-
ject of substantial research in the past decade (14-22).

Studying disordered proteins and their conformations has
become increasingly popular with the growing number of
intrinsically disordered proteins (IDPs) and IDP regions
(IDPRs) discovered (23). IDPs and IDPRs are known to
lack a fixed secondary structure because of their specific
amino acid sequence characteristics (24-27). In the past
decade, many studies have focused on studying the se-
quences of disordered proteins in detail and investigated
how amino acid sequences correlate with conformational
properties of IDPs. It has been shown that IDPs with signif-
icantly different amino acid sequences can feature specific
“evolutionary signatures” in their amino acid sequence
that rescue their function (28-30). It is also well established
that the presence of several uncompensated charge groups
causes IDPs or IDPRs to have a net charge. This feature
and low hydrophobicity content are the two major factors
that prevent IDPs and IDPRs from forming a fixed second-
ary structure (26,31,32). In addition, IDPs and IDPRs are
known to have a high content of disorder-promoting amino
acids (24). IDPs and IDPRs are shown to form two general
conformations, namely intrinsic coil and intrinsic premolten
globule. The intrinsic coil conformation has a more relaxed-
coil shape, whereas the premolten globule shows a more
compact conformation. Although the premolten globules
are closer to structured proteins in terms of conformation,
they still fall under the umbrella of IDPs (27).

Among the sequence properties that influence the confor-
mation of IDPs, the effect of charged residues is more
widely investigated (14-22). Fraction of positive and nega-
tive charges f, and f_, respectively; net charge per residue
(f. — f-); and fraction of charged residues (f, + f_) in
the sequence were early metrics employed to explore this ef-
fect (15,18,27). The combination of these metrics can clas-
sify IDPs into different conformational classes (17,18).
However, because these are averaged metrics, they can
only explain general characteristics of IDPs and are not
detailed enough to model the effect of charge decoration
on the conformation of specific FG Nups subsequence.
Another metric, k, was introduced by Das and Pappu and
can effectively capture the effect of distribution of opposite
charges on global conformation of IDPs (17). In addition,
more studies explored the correlation between charged
patterning and conformation of IDPs. Sequences with the
same charge content but different charge patterning were
shown to have different conformations (17,33,34). For
instance, Huihui et al. showed that mutation of even one
charged residue can induce significant changes in conforma-
tion of IDPs (20). Therefore, recent studies focus more on
correlating the charge decoration with conformation of
IDPs. For example, Firman and Ghosh showed that charge
decoration in IDP sequences determines whether they

Charge decoration of FG Nups vs. IDPs

have a coil or globule conformation (35). Focusing on a spe-
cific type of proteins named polycomb group (PcG) pro-
teins, Beh et al. observed absence of negative charges in
long stretches of amino acid sequences of these proteins
and showed that this specific charge decoration is correlated
with function of PcG proteins (36).

Although the sequence composition, conformation,
and function of FG Nups have been studied before
(6,7,9-11,13,37), very few studies have investigated the ef-
fect of charge decoration on FG Nups, their conformation,
and their function (6,12,13). In our previous study, we found
that FG Nups contain specific sequence features named
longest positive like charge regions (IpLCRs) that are evolu-
tionarily conserved across more than 250 species (12).
These patterns are extended subsequences that have a long
length and a low charge density and that only feature posi-
tively charged amino acids (see Fig. 1). Of note, negatively
charged amino acids did not show such a distinct pattern. As
a follow-up to our previous study, here we explore whether
these features are specific to FG Nups or could be found in
other disordered proteins as well. Accordingly, we analyzed
two large data sets of disordered proteins, i.e., DisProt and
disorder prediction of UniProt, for the presence of IpLCRs.
Our results suggest that IpLCRs are amino acid sequence
patterns (evolutionary signatures) virtually exclusive to FG
Nups and do not appear in other disordered proteins, here
represented by DisProt and disorder prediction of UniProt,
which further suggests that IpLCRs may be important exclu-
sive FG Nup features that dictate their specific function in
nucleocytoplasmic transport.

MATERIALS AND METHODS

Most analyses presented herein were conducted via in-house Python scripts,
except disorder prediction, which was conducted using ESpritz (version
1.3). Data sets, and Python scripts are all available at https://github.com/
molecular-cell-biomechanics-lab.

Protein data sets

Three groups of proteins were analyzed in this study; the first group, named
FG Nups, was taken from our previous study (12). This data set includes

longest positive Like Charge Region (IpLCR)
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FIGURE 1 Schematic of the disordered domain of an FG Nup and its

IpLCR. Blue residues are positively charged, and gold residues are nega-
tively charged. To see this figure in color, go online.
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1138 FG Nups from 252 species. This data set was originally extracted from
UniProt by extracting entries associated with the keyword “nucleoporin”
and choosing proteins with a high percentage of disorder (>30%) and
high percentage of FG motifs (>0.15 FG/AA) (8). The disordered domains
of these proteins were extracted and used in all the analysis, using the ES-
pritz-x prediction method (38). The second group, termed DisProt, included
more than 1500 disordered regions of 694 proteins adapted from the DisProt
database (39,40). DisProt is a database of proteins that contain at least one
experimentally determined disordered domain along their sequence. The
third group, named UniProt (disorder prediction), was downloaded from
https://d2p2.pro, where ESpritz-x (38) prediction of all proteins was avail-
able (41).

Sequence analysis

Abundance of residues is defined as the number of target residues divided
by the total length of the disordered region of the protein. An LCR is
defined as a region that starts at the first position of a certain charge and con-
tinues until reaching an opposite charge in the amino acid sequence. The
residues that were considered negatively charged were aspartic acid (D)
and glutamic acid (E), and the positively charged residues included lysine
(K) and arginine (R). For example, Fig. S1 shows a hypothetical positive
LCR with a length of 8 and charge count of 4, followed by a negative
LCR with a length of 7 and charge count of 3. LCR charge content is
defined as the number of charged residues divided by the total length of
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the LCR. LCR-covered percentage is defined as the sum of length of
LCRs in a protein sequence divided by the total length of its disordered
region.

RESULTS

Charged residue abundance and charged residue
distribution are different in FG Nups versus
DisProt proteins

In this study, we analyzed the presence of negative and pos-
itive LCRs in disordered domains of FG Nup and DisProt
proteins. LCRs are defined as any stretch of an amino acid
sequence that contains only one type of charged amino
acids: either positively charged (lysine, arginine) or nega-
tively charged (aspartic acid, glutamic acid) (Fig. 1). In
each data set, only the disordered domains were analyzed,
and the method of extraction of each of these data sets is ex-
plained in the Materials and methods.

IDPs and IDPRs are known to be rich in charged residues
and have a low density of hydrophobic residues compared to
structured proteins. Therefore, we compared the abundance
of these amino acids between the two data sets (Fig. 2 A).

FIGURE 2 (A) Comparison of abundance of the

most order-promoting and the most disorder-pro-

moting amino acids in FG Nups versus DisProt.

FG Nups have a lower abundance of all of the or-

o der-promoting amino acids except for F. The
sums of the abundance of order-promoting amino

- acids are nearly equal. On the other hand, the abun-
dance of all of the charged residues is lower in FG
Nups compared with DisProt. The abundance of
the analyzed amino acids is very similar in DisProt
and disorder prediction of UniProt. Therefore, they
compare similarly with FG Nups (please see
Fig. S2). (B) A snapshot of a small part of the sche-
matic comparing charged residue distribution in
FG Nups versus DisProt (the entire schematic

was too large to be presented). The figure shows

that FG Nups have a lower charged residue density

compared to DisProt and that DisProt has a lower

average length compared to FG Nups. The most

FG Nups

interesting difference is that in the FG Nup se-

quences, several regions can be observed that are

extensively large segments of the protein that

have a low charge density and only have positively

charged residues. Some of these regions are boxed

with red. We have named these regions longest

positive like charge regions (IpLCRs). The proteins

in the FG Nups data set depict this pattern very

frequently. Many of the FG Nups have two seg-

Disprot

ments in their sequence; one is charge rich (similar

to sequences in DisProt), and the other has a low
density of charged residues that are almost always

positively charged (IpLCR, the boxed pattern).

Some of the FG Nups also do not contain the

charge-rich part and are only composed of an

IpLCR. To see this figure in color, go online.
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The amino acids are shown in the order of order-promoting
to disorder-promoting property (42,43). FG Nup proteins
have a lower abundance of all of the hydrophobic amino
acids except for phenylalanine (Phe). A higher abundance
of Phe is expected because of the naturally high abundance
of Phe and Gly in FG Nups. The lower abundance of W, Y, I,
L, and V in FG Nups is approximately compensated by the
higher abundance of F, considering that F is the second most
order-promoting residue. Therefore, the two data sets have
an almost equal abundance of order-promoting amino acids.
On the other hand, the abundance of all of the charged res-
idues is higher in DisProt proteins compared with FG Nups.
Charged residues are the most disorder-promoting types of
amino acids. This means that although FG Nups have the
same abundance of order-promoting amino acids as those
in DisProt amino acids, they feature a lower density of dis-
order-promoting amino acids.

The same analysis was performed on the data set contain-
ing the disorder prediction of UniProt (please see Fig. S2).
The abundance of amino acids is very similar in DisProt
and the disorder prediction of UniProt. As a result, they
compare similarly with FG Nups, showing a nearly equal
abundance of order-promoting amino acids and a higher
abundance of charged residues.

Subsequently, we compared charge distribution between
the FG Nup and DisProt data sets. A schematic of charge
distribution of all of the proteins in the two data sets was
drawn. The complete data sets were too large to be pre-
sented here; therefore, a snapshot of part of the schematic
for each of the data sets is presented (Fig. 2 B). Although
this is a small fraction of the entire data set, it represents a
meaningful comparison between the charge distribution in
FG Nups and in DisProt. The black lines represent the
amino acid sequences, the small vertical red lines depict
negatively charged residues, and the small blue lines depict
the positively charged residues. Only charged residues are
represented in this schematic for the sake of clarity.

The first noticeable difference is that DisProt sequences are
more “colorful,” implying that DisProt proteins have a higher
charged residue density, which is supported by Fig. 2 A, in
which the abundance of charged residues is compared in the
two data sets. The second difference is that on average, the
length of protein sequences in the DisProt database is shorter
than that in FG Nups. The third and main difference is that in
the FG Nup sequences, several extensively large subse-
quences exist that have a low charge density and only contain
positively charged residues (i.e., IpLCRs). Some of these re-
gions are boxed with red. The proteins in the FG Nups data
set depict this pattern very frequently. Additionally, many of
the FG Nups have two segments in their sequence; one is
charge rich (similar to sequences in the DisProt database),
and the other has a low density of charged residues that are
positively charged (IpLCR, the boxed pattern). Notably,
some of the FG Nups do not contain the charge-rich segment
and are only composed of an IpLCR.

Charge decoration of FG Nups vs. IDPs

Long subsequences that contain only a few
positively charged residues named IpLCRs are
virtually exclusive to FG Nups and do not exist in
DisProt or disorder prediction of UniProt proteins

To gain a better insight into the characteristics of positively
charged and negatively charged residues in these three data
sets, the amino acid sequence length and charge contents in
the longest LCR region (either positively or negatively
charged) of each protein in each data set were extracted
and compared between FG Nups, DisProt, and UniProt (dis-
order prediction) (Fig. 3; please see Materials and methods
for definition of these data sets). Please note that disorder
prediction of UniProt contains almost 500,000 proteins. For
the comparison to be accurate, in the data used for this figure,
the FG Nups are removed from the UniProt data set. LCR
length is the number of amino acids between the charged res-
idue that the LCR starts with and the charged residue that the
LCR ends with (Fig. S1). LCR charge content (number den-
sity) is the number of charged residues present in the LCR
divided by the number of amino acids in the LCR. A clear
distinction can be observed between the three graphs in terms
of the distribution of longest positive LCR data points. In the
DisProt and UniProt (disorder prediction) data sets, the
longest positive and negative LCR regions are almost entirely
found on the left side of the graph. These longest LCRs can
have widely varying charges, but fewer than 1 in 5000
(0.02%) exceed a length of around 200 residues. In the FG
Nups data set, a similar pattern can be observed on the left
side of the graph, on which the longest positive and negative
LCRs with short length are present. However, the distinctive
feature of the FG Nups data set is the presence of [pLCRs that
are long but have a low charge density (boxed in red). Being
a very large data set, UniProt (disorder prediction) has very
few 1IpLCR data points of long length as well. Our analysis
shows that there are almost 100 outlier proteins. 40% of these
are FG Nup open reading frames (ORFs) with a high FG con-
tent. Out of the remaining, 20% are in the p21-activated ki-
nase family or of miscellaneous category, whereas 40% are
hypothetical or predicted proteins with no known function.
This means that ~0.01% of the proteins in disorder predic-
tion of UniProt are proteins that are not known FG Nups
but feature IpLCRs larger than 200 amino acids, in contrast
with the high fraction of IpLCRs in FG Nups. It is worth
noting that the negative LCRs in the FG Nups data set do
not show such an anomalous distribution and that this pattern
is specific to positive LCRs. The average length of IpLCRs in
FG Nups is 127 amino acids, whereas the average length of
the longest negative LCRs is 19 amino acids. These values
are 19 and 21 for the DisProt data set and 18 and 21 for Uni-
Prot (disorder prediction), respectively. Our results clearly
demonstrate that the presence of long or low-charge-density
IpLCRs is an almost exclusive characteristic of FG Nups.

As the next step, the positive and negative LCRs (of any
length above two amino acids) of the FG Nups and DisProt

Biophysical Journal 120, 3382-3391, August 17, 2021 3385
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FIGURE 3 Scatterplots showing charge content plotted against LCR
length for each data set. Three data sets (FG Nups, DisProt, and UniProt
(disorder prediction)) are compared with each other in terms of their length
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data sets were compared (Fig. 4 A). It is important to note
that these data are different from the data in Fig. 3 and
include all of the LCRs present in the data set, not just the
longest LCR in each protein. These results show that the
majority of LCRs for all the four categories, i.e., positive
LCRs in FG Nups, negative LCRs in FG Nups, positive
LCRs in DisProt, and negative LCRs in DisProt, are short,
charge-rich domains. However, the outliers of these data
are different in these four groups. Positive LCRs in FG
Nups have several outliers with extensively large length.
These outliers cause the average length of positive LCRs
in FG Nups to be significantly higher than the others (25
vs. 8 or 10). The very large standard deviation is also repre-
sentative of the very large range that the data cover and re-
flects the presence of a significant number of outliers with
large lengths.

Based on the results from Fig. 4 A, it was shown that a sig-
nificant difference exists between the distribution of lengths
of positive LCRs in FG Nups and the other three groups.
Also, based on the observation from Fig. 3, FG Nups and
DisProt are different in terms of the length and charge den-
sity of IpLCRs. We were interested to see whether the differ-
ence observed in the distribution of lengths of LCRs in
Fig. 4 A, is caused only by presence of IpLCRs boxed in
Fig. 3. Accordingly, we conducted the same comparison
in Fig. 4 A while removing the IpLCR of FG Nups from
the data (shown in Fig. 4 B). By removing the IpLCRs in
FG Nups, the results look very similar across the four groups
of data in terms of average, standard deviation, and outliers.
As a result, it is reasonable to conclude that the major
feature that differentiates FG Nup positive LCRs from other
groups of data is the IpLCR in each sequence. Otherwise,
the four groups of data look very similar. Collectively, our
results demonstrate that IpLCRs in FG Nups, defined as
long stretches of amino acids that have a low charged den-
sity and contain only positively charged residues, are virtu-
ally exclusive to FG Nups and the only region that

and charge content of their LCRs. FG Nups are removed from disorder pre-
diction of UniProt for a more accurate comparison. Please see the Materials
and methods for definition of each data set. Only the longest positive and
negative LCRs from each sequence were plotted, and only if the length
was greater than two amino acids. The data show a clear distinction be-
tween FG Nups and the other two data sets. Only FG Nups feature IpLCRs
that are long but have a low charge density (boxed with red). It is important
to note that this pattern does not exist in longest negative LCRs in FG Nups,
DisProt, or UniProt (disorder prediction). Therefore, these data suggest that
the specific pattern observed in IpLCRs is specific to FG Nups and an
extremely small fraction of other proteins. The outliers comprise around
100 proteins, 40% of which are FG Nup ORFs. Another 20% are in p21-
activated kinase family or of miscellaneous category, and the other 40%
are hypothetical or predicted proteins with no known function. These
data suggest that almost 0.01% of proteins in disorder prediction of UniProt
are proteins that are not known FG Nups but feature IpLCRs that are larger
than 200 amino acids. However, this percentage is significantly low, and our
results suggest that IpLCRs are virtually exclusive to FG Nups. To see this
figure in color, go online.
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rest of the data look similar to the other three segments of data. This means that the major difference that can be observed in plot (A) between positive LCRs in
FG Nups and the other three segments of data is due to presence of the IpLCRs in FG Nups, which mainly form the outlier section of positive LCRs. Other
than that, the rest of the positive LCRs in FG Nups have similar characteristics to the other three segments of data. This implies that what differentiates FG
Nups from DisProt in terms of charge distribution is the presence of IpLCRs. These patterns are virtually exclusive to FG Nups and are not observed in
DisProt. AVG, average; STD, standard deviation. To see this figure in color, go online.

differentiates FG Nups from DisProt in terms of charge
distribution.

Knowing that the IpLCRs in FG Nups are the major dif-
ference between the two data sets, we explored how defined
and different the IpLCRs are compared with the other posi-
tive LCRs. The distribution of length of the longest positive
LCRs, second-longest positive LCRs, and third-longest pos-
itive LCRs in each protein in each data set are presented in
Fig. 5 A. The longest positive LCRs in FG Nups (labeled as
FG-1st in Fig. 5 A) feature a distinct distribution compared
with the second- and third-longest positive LCRs, as well as
all the longest, second-longest, and third-longest positive
LCRs in DisProt. The longest positive LCRs in FG Nups
are longer than in the other five categories. As an additional
analysis, we measured the gap between the length of the
longest and second-longest positive LCR as well as the
gap between the length of the second-longest positive
LCR and third-longest positive LCR in each protein in FG
Nups and DisProt. Our goal was to see whether the length
gap distribution of the longest and second-longest positive
LCRs in FG Nups is different from the other three cate-
gories. Results in Fig. 5 B show that the gap between the
longest and second-longest positive LCR in FG Nups fea-
tures a distinct distribution compared with the other three
categories. The same analysis was done only for the ratio
of the longest LCR/second-longest LCR and second-longest
LCR/third-longest LCR. Similar to the previous analysis,
the ratio between the longest positive LCR and the sec-
ond-longest positive LCR in FG Nups is larger than the three
other categories (Fig. 5 C). The results in Fig. 5 show how
distinct the IpLCRs in FG Nups are from the rest of the
LCRs in both FG Nups and DisProt. Our data suggest that
IpLCRs in FG Nups are generated by a distinct process

that makes them much longer than randomly generated
LCRs in FG Nups and the other data sets.

For a more marked representation of IpLCRs in FG Nups,
we excluded LCRs shorter than 20 and 40 amino acids,
respectively (Fig. S3, b and c). Because shorter LCRs are
excluded, expectedly, average length is increased for all
four data groups. However, the average for positive LCRs
in FG Nups reaches significantly higher values compared
with the other three categories (Fig. S3, b and c). Consid-
ering that short LCRs are formed randomly because of the
high density of charged residues in some regions, removing
them from the data provides a better insight about the length
of nonrandom LCRs. Based on these results, the average
length of positive LCRs in FG Nups is two- to threefold
higher than that of negative LCRs in FG Nups, as well as
positive and negative LCRs in DisProt.

To further explore the differences in charge distribution of
the two data sets, we examined the fraction of each amino
acid sequence that is covered by LCRs. Lengths of all of
the LCRs present in each sequence were added and then
normalized by the length of the sequence. We call this factor
“LCR-covered percentage” (Fig. 6). This metric was evalu-
ated for proteins in both data sets for several different min-
imal LCR lengths. As the LCR threshold increases from 2 to
20 and then 40, all of the histograms shift strongly toward
the left, meaning that it is rare for a sequence to be covered
by long LCR regions. In general, when short LCRs are
excluded, LCRs make up a very small percentage of DisProt
sequences, and negative LCRs make up a small percentage
of FG Nups. However, positive LCRs in FG Nups do not
demonstrate the same behavior. When considering the
LCRs of larger than 40 amino acids, DisProt sequences
will have a low positive and negative LCR-covered
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of first and second positive LCRs in FG Nups is higher than the other three categories. All three panels show that the distribution of length of longest positive
LCRs in FG Nups is different from the other categories, and IpLCRs in FG Nups are significantly longer than other LCRs. To see this figure in color, go

online.

percentage and FG Nups will have a low negative LCR-
covered percentage, but FG Nups will still have a high pos-
itive LCR-covered percentage. This implies that the high
LCR-covered percentage for FG Nup positive LCRs is due
to presence of IpLCRs, but for the other categories, it is
due to presence of several short LCRs.

DISCUSSION

We previously identified IpLCRs as an evolutionarily
conserved feature in FG Nup sequences (12). In this study,
we further demonstrate that these features are virtually
exclusive to FG Nups and are not found in other disordered
proteins. Although FG Nups have the same density of hy-
drophobic amino acids as the average DisProt protein
(Fig. 2), they are differentiated by their low charged residue
content and their distinctive charged residue distributions.
Based on the analysis presented in Fig. 3 and Fig. 4, these
differences are explained by the presence of exceedingly
long IpLCRs in FG Nups. Our data suggest that these
IpLCRs are virtually exclusive to FG Nups, even in a data
set of half a million proteins.

Charged amino acids are disorder promoting and com-
mon in disordered proteins such as those in DisProt (42).
Because FG Nups fall under the same category of disordered
proteins, they typically have similar properties. Therefore,
they contain subsequences that are charge rich and look
similar to DisProt sequences. However, our work identifies
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specific regions (IpLCRs) in FG Nups that behave entirely
differently and are responsible for many of the differences
between FG Nups and disordered proteins overall. As pre-
sented in Fig. 4, removing IpLCRs from the FG Nups data
set to leave only the normal regions makes it similar to Dis-
Prot in terms of charge distribution. General DisProt pro-
teins and the charge-rich regions of FG Nups both have a
high charge density, and their charged residues form many
small LCRs that cover a large portion of the sequence
(Fig. 6). However, the IpLCRs in FG Nups have very low
charge densities (please see Fig. 3) and generally obey
different statistics. The low charge density of IpLCRs is
the factor lowering the charge density of FG Nups below
that of other disordered proteins.

Data from this study and our previous work (12) show
that the IpLCRs in FG Nups have substantially different
properties from regular proteins, indicating that the origin
and function of these small and large LCRs are different.
Small LCRs found in all disordered proteins can be consid-
ered to be mainly randomly formed, whereas the IpLCRs are
embedded in the sequence to facilitate a function. This is
demonstrated by the actual behavior of the proteins, in
which charge-rich segments form a rather straight confor-
mation (6,17), whereas the charge-poor regions (IpLCRs)
(12) form more compact conformations (13). The consistent
occurrence of IpLCRs in FG Nups, despite their almost
complete absence in other proteins, indicates that they are
evolutionarily conserved and likely correlated with the
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specific function of FG Nups in nucleocytoplasmic transport
(13).

The results of this study suggest that two domains can be
observed in the sequences of FG Nups considering charge
distribution. One domain is rich in charged amino acids
and therefore forms a relaxed-coil conformation. This
domain includes several negative and positive short-length
LCRs that are randomly formed because of the high density
of charged residues. This domain is usually the only domain
that exists in DisProt proteins (in terms of charge distribu-
tion). The other domains existing in FG Nups sequences
are extended subsequences that contain only positively
charged residues and a low charge density. This is a unique
sequence feature that shows up only once along the amino
acid sequences of FG Nups. These patterns (named IpLCRs)
are evolutionarily conserved, virtually exclusive to FG
Nups, and what differentiate FG Nups from DisProt in terms
of charge distribution. We had also previously shown that
these patterns are mostly located toward the N-terminus of
FG Nups, which is toward the center of the NPC (12), and
make the permeability barrier at the center of the NPC.
All of the abovementioned facts about IpLCRs strongly
imply that they are important for the conformation and func-
tion of FG Nups.

0.6 0.8 1.0

Fraction of amino acid sequences covered by LCRs

Our previous coarse-grained molecular dynamics study
on the effect of IpLCRs suggests that mutation of charged
residues to Alanine in the IpLCR makes the conformation
of FG Nups collapse to form a highly aggregated conforma-
tion at the center of the NPC (13). Furthermore, our recent
simulations (44) suggested a regulatory role for IpLCRs in
FG Nup conformation and interactions with cargo com-
plexes. Our simulations implied that IpLCRs exist because
the function of FG Nups relies on a charge density low
enough for them to form an aggregated conformation
(permeability barrier) but high enough to prevent “sticky”
interactions with cargo complexes. As a result, the few
charges in the IpLCR prevent the FG Nups from forming
highly aggregated conformations while allowing for a dense
permeability barrier to form at the center of the NPC (45).
Additionally, the presence of positive charges at the
NPC’s permeability barrier is desirable and a key feature
for transport of negatively charged transport receptors (43).

It is important to note that IpLCRs are features that are not
observed in every FG Nup, but most of them. Some FG
Nups do not feature this pattern because their function relies
on forming relaxed-coil conformations. As an example, in
the yeast NPC, Nup159, Nup60, and Nupl do not feature
IpLCRs. Interestingly, these Nups are located at the
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extremities of the yeast NPC. Our unpublished results show
that because these FG Nups are charge rich and their amino
acid sequences lack the presence of IpLCRs, these FG Nups
do not form aggregated conformations and leave the extrem-
ities of the NPC open. On the other hand, the rest of the FG
Nups in yeast form aggregated conformations inside the
NPC. Short Nups such as Nup49 and Nup57 aggregate to-
ward the scaffold of the NPC, whereas the other FG Nups
form an aggregated conformation at the center of the
NPC, reminiscent of the permeability barrier phenomenon
[13][45]). Therefore, the absence of large positive LCRs
in some FG Nups may be correlated with their location
and function.

CONCLUSIONS

This study shows that FG Nups are different from other disor-
dered proteins not only in terms of fraction of charged resi-
dues but also in terms of charge distribution and charge
decoration. The difference is primarily driven by the pres-
ence of large subsequences in FG Nups that contain only
positively charged residues, have a low charge density, and
are located toward the N-terminus of these proteins. These
patterns, named IpLCRs, are evolutionarily conserved, occur
once in the sequences of FG Nups, and are virtually exclusive
to FG Nups. On removal of these subsequences from the data
set, FG Nups become similar to DisProt proteins in terms of
charge distribution. These findings imply that IpLCRs are
essential for the function of FG Nups. Our previously pub-
lished data, as well as our ongoing research, reveal that the
presence of IpLCRs significantly affects the conformation
of FG Nups and their interaction with cargo complexes.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2021.06.031.
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