NUCLEUS
2016, VOL. 7, NO. 5, 430-446
http://dx.doi.org/10.1080/19491034.2016.1238997

Taylor & Francis
Taylor & Francis Group

EXTRA VIEW

The selective permeability barrier in the nuclear pore complex
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ABSTRACT

The nuclear pore complex (NPC) mediates the shuttle transport of macromolecules between the
nucleus and cytoplasm in eukaryotic cells. The permeability barrier formed by intrinsically
disordered phenylalanine-glycine-rich nucleoporins (FG-Nups) in the NPC functions as the critical
selective control for nucleocytoplasmic transport. Signal-independent small molecules (< 40 kDa)
passively diffuse through the pore, but passage of large cargo molecules is inhibited unless they are
chaperoned by nuclear transport receptors (NTRs). NTRs are capable of interacting with FG-Nups
and guide the cargos to cross the barrier by facilitated diffusion. The native conformation of the FG-
Nups permeability barrier and the competition among multiple NTRs interacting with this barrier in
the native NPCs are the 2 core questions still being highly debated in the field. Recently, we applied
high-speed super-resolution fluorescence microscopy to map out the natural structure of the FG-
Nups barrier and determined the competition among multiple NTRs as they interact with the barrier
in the native NPCs. In this extra-view article, we will review the current understanding in the
configuration and function of FG-Nups barrier and highlight the new evidence obtained recently to
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answer the core questions in nucleocytoplasmic transport.

Introduction

Living eukaryotic cells require bidirectional transport
of essential materials between nucleus and cytoplasm.
Molecules essential for protein synthesis (such as
tRNAs, mRNAs, and pre-ribosomal subunits pro-
duced in the nucleus) are exported to the cytoplasm,
while nuclear proteins synthesized in the cytoplasm
(such as histones and transcription factors) are
imported into the nucleus.* This bidirectional trans-
port is mediated almost exclusively via the nuclear
pore complex (NPC),>* a unique machinery that con-
sists of approximately 30 different types of nucleopor-
ins (Nups). In eukaryotic cells, approximately one
third of these Nups are intrinsically disordered pro-
teins, with multiple phenylalanine-glycine (FG)
repeats that have characteristic unstructured nature.®”
Over the past years, numerous biochemical, system-
atic, computational, and microscopy imaging studies
have proven that the FG-Nups permeability barrier in
the NPC plays an important role in handling the

massive nucleocytoplasmic transport. These studies
have also shed light on the 2 critical functions of FG-
Nups: their role as constituents of the permeability
barrier and their role to interact with NTRs to bridge
the translocation of macromolecules across the NPC.
In this extra-view paper, first we will briefly
describe the major features of FG-Nups in the NPC,
including their classification based on our current bio-
chemical and physiological understanding of their
properties (Section 1). Specific features of both yeast
and human FG-Nups will then be highlighted and dis-
cussed (Section 2). Next, our review will focus more
on the interactions among FG-Nups and between FG-
Nups and NTRs (Section 3). We will devote the next
section to discuss the native biophysical configuration
of FG-Nups in the native NPCs and their functions as
passage routes for the facilitated translocation revealed
recently by super-resolution technologies (Section 4).
Subsequently, the effective interaction ranges of vari-
ous NTRs in native NPCs will be demonstrated and
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discussed (section 5). Finally, we will discuss how the
competitions among NTRs occur as they simulta-
neously interact with the NPCs and when NTRs affect
the conformation of FG-Nups barrier in the last sec-
tion (Section 6).

An overview of the NPCs and FG-Nups
The NPCs

The NPCs are one of the largest protein complexes
that perform multiple functions in eukaryotic cells.
First, the NPCs remain the essential and very efficient
selective gate in transporting thousands of various
molecules per NPC per second,”* while large ribonu-
cleoprotein complexes can also exit the nucleus via
nuclear membrane budding.lo Second, recent evidence
suggests that the NPCs are not only essential for
nuclear transport, but also play roles in tissue-specific
and developmental functions. Several Nups, such as
Nup210, Nup45, Nup50, Nupl33, and Nupl55,
express at a different level in different cells and tissues,
which suggests that they may be involved in cell- or
tissue-specific functions. Mutations in Nupl55 and
Nup62 induced tissue-specific malfunctions or dis-
ease, further supporting the hypothesis that special-
ized functions in NPCs are composed of pools of
unique Nups.'”

The size of the NPC is estimated to be ~60 MD in
yeast and ~120 MD in vertebrates.>* This super-struc-
ture complex is comprised of 3 functional groups of
Nups: transmembrane Nups (Poms) that anchor to the
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NPC in the nuclear envelope, structural Nups that make
up the NPC scaffold, and the intrinsically disordered
Nups that constitute the permeability barrier with their
disordered regions (Table 1). Each of these Nups is pres-
ent in 1, 2, or 4 copies on each of the 8 spokes [8-fold
rotational symmetry, although 9-fold rotational symme-
try is occasionally observed'']. One exception to this
grouping is Pom 121 in metazoans, which is a transmem-
brane protein and a FG-Nup as well.'>. In accordance
with their name, transmembrane Nups and structural
Nups are proteins with secondary structures of S-propel-
ler and a-solenoid motifs, whereas disordered FG-Nups
lack typical secondary structure and tertiary structure,
displaying a very flexible nature with high net charge and
low hydrophobicity as well as low compactness/non-
globularity®*>"?

The NPC central channel is filled with the disor-
dered FG-polypeptides of FG Nups, forming an effec-
tive selective permeability barrier. The barrier not
only permits the passage of ions and other small mole-
cules (< 40 kDa) via passive diffusion, but also simul-
taneously blocks the passage of signal-independent,
large, inert molecules. Most importantly, the selective
barrier allows for the efficient translocation of macro-
molecules such as proteins and RNAs across the NPC
through facilitated diffusion, provided that the mole-
cules carry peptide sequences recognizable by
NTRs."” The most abundant NTRs are the karyopher-
ins (Kaps), which are involved in the transport of most
proteins and RNAs as both importins and expor-
tins.>*'* The direction of cargo transport is controlled

Table 1. Interactions between transport receptors and FG-Nups. / refers obvious interaction; w represents weak interaction; x means
no interaction; n/a means not available. The information in the table is collected from previous publication’® with permission.

Transport Receptors

NPC Binding sites Import Export
Yeast Repeat Vertebrate Repeat Importin Importin Tap-
In NPC Substructure Nups Motif Nups Motif B1 B2 NTF2 hCRM1 CAS p15
Cytoplasmic FG Nups and Nup42 FG hcG1/NIp1 FG v v X v n/a v
Filaments Nup358 FxFG v w n/a v n/a v
Nup159 FG Nup214 FG v X w v n/a v
Symmetric FG Nups with Nup100 GLFG Nup98 GLFG v v X v v v
cytoplasmic bias Nup116 GLFG Nup98 GLFG v v X v v v
Transmembrane/lumenal ring Pom121 FG n/a n/a n/a n/a n/a n/a
Symmetric FG Nups Nup49 GLFG Nup58/45 FG v w v v n/a v
Nup57 GLFG Nup54 FG v v v v n/a v
Nsp1 FG,FXFG Nup62 FxFG v X v v v v
Symmetric FG Nups with Nup145N GLFG Nup98 GLFG v v v n/a v
Nuclear bias
Nucleoplasmic FG Nups and Nup1 FXFG Nup153 FXFG v X v v n/a v
Filaments Nup2 FXFG Nup50 FXFG v X v n/a v v/
Nup60 FXF v X X n/a n/a n/a
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by cargo signals/the recognition of signals by NTRs
and in many cases, by RanGTP/RanGDP concentra-
tion gradient across the nuclear envelope (higher in
the nucleus and lower in the cytoplasm for RanGTP,
and vice versa for RanGDP). In detail, first, a cargo
destined to the nucleus would carry nuclear-localiza-
tion-sequence (NLS), and a cargo that goes to the
cytoplasm would carry nuclear-export-signal (NES).
Thus, the signals of the cargos induce the correspond-
ing NTRs for binding and traveling through the NPCs
to reach their target sites. Second, the RanGTP/
RanGDP controls the final step of transport. RanGTP
in the nucleus dissembles NTR-cargo import com-
plexes, releasing the cargo and allowing NTRs to
translocate back to the cytoplasm, whereas RanGTP
bound exportin-cargo complexes in the cytoplasm are
dissembled and simultaneously RanGTP is hydrolyzed
to RanGDP by RanGAP and Ran binding pro-
teins.'*'> Therefore, eukaryotic cells evolved this
directional controlling mechanism through the initial
recognition of cargoes by NTRs and the final disas-
sembly of the NTR-cargo complexes and release of the
cargo by RanGTP/RanGDP system for most proteins
and RNAs, despite transport directionality could also
be controlled by unidentified mechanisms of a few
non-Kap NTRs."?

FG-Nups in the NPCs

Among approximately 30 Nups in the NPCs, about one
third of them contain multiple FG-repeat domains
(Table 1). Assuming an average of 2 copies of each
FG-Nup is present in each spoke of the 8 total spokes in
the NPC, there are over 200 FG-Nups in a single NPC. If
we also assume an average of 20 FG-repeat domains
(typically ranging from 5-50) per FG-Nup, there are
around 4,000 FG-domains that are available to form an
interior structure inside the central channel. These FG-
domains also extend to the cytoplasmic and nuclear sides
of the NPC as the cytoplasmic filaments and the nuclear
basket, respectively. These natively disordered, or
unfolded, FG-polypeptides are flexible, extended, and
possess no obvious secondary structure.>®>'%'8
Although some non FG-Nups are present in the NPC
channel, and interacting with FG-Nups, it is generally
accepted that the selective barrier is formed mainly by
the FG domains of the FG-Nups and only allows the
flow-through of small molecules but blocks the passage

of all macromolecules unless they are chaperoned by
NTRs.

The functions of FG-Nups as barrier-forming
material and as binding recipients of NTRs are clearly
associated with NPC transport, but are largely still not
very well understood. For example, deletion of a single
FG-domain could undermine the permeability barrier
in yeast.'” On the other hand, contradictory to their
function, or due to their functional redundancy, half
of the disordered regions of the FG-Nups could be
mutated, and asymmetrically located FG-Nups' FG
domains could also be deleted or mutated, without
apparent effect on NPC transport.”>*' Evidence from
both in vitro and in vivo suggested that FG-domains
of several centrally located FG-Nups could form a
cohesive meshwork as a permeability barrier as well as
central diffusion route, whereas the FG-domains of
some peripherally located FG-Nups might build a
non-cohesive (repulsive) peripheral gate as an addi-
tional route for diffusion.'” It is also demonstrated
that some molecules, such as §-catenin, are imported
into the nucleus in the absence of interactions with
FG-Nups.? It is, however, by no means are other pro-
teins excluded from this regulatory function. For
example, structural Nups Nupl70, Nupl88, and
Nup192 in yeast may play a role in the integrity of the
barrier and thus, the nucleocytoplasmic transport.'*?*

Unlike most folded proteins, whose structure and
function are closely related to each other, FG-Nups do
not have conserved configuration. Therefore, classifi-
cation or grouping of FG-Nups is mainly based on the
biochemical and biophysical nature of FG-Nups and
other functionally conserved features.** Based on the
primary core sequence of different FG repeats, FG-
Nups can be divided into subfamilies or subtypes. The
major types include FxFG (phenylalanine-x-phenylal-
anine-glycine), GLFG (glycine-leucine-phenylalanine-
glycine), and xxFG (x-x-phenylalanine-glycine); and
the minor types include PSFG (proline-serine-phenyl-
alanine-glycine), SAFG (serine-alanine-phenylala-
nine-glycine), and VFG (valine-phenylalanine-
glycine). These FG repeat domains are not randomly
distributed but occur in certain patches, separated by
linker sequences, or so-called spacer sequences.’’
Moreover, GLFG-Nups are found predominantly in
yeast, whereas FXFG are found in both yeast and high
eukaryotes. The FxFG regions are highly charged and
more extended, whereas GLFG are largely uncharged
and more folded.”?° In addition, FG-Nups could also



be divided into 2 subgroups based on interaction tests
between one another: the interacting (cohesive via
hydrophobicity) FG-Nups and non-interacting (repul-
sive) FG-Nups (see Section 3).

Spatially, FG-Nups are assembled in 3 distinct loca-
tions in the NPCs (Table 1). For example, in yeast
cells, 5 FG-Nups, Nup49, Nup57, Nup100, Nup145,
and Nup116, are located in the central transport con-
duit. While, FG-Nups bearing PSFG/xxFG peptides
(Nup159 and Nup42) are located only on the cyto-
plasmic filaments, and FG-Nups possessing FxFG
motifs (Nup60, Nup2, and Nupl) are localized solely
on the nuclear basket side. Thus, the centrally located
FG-Nups are arranged in a largely symmetric manner,
corresponding to the NPC containing 16 copies of
each FG-Nup, 8 on each side>'' And FG-Nups
located on either side likely contribute to the slightly
asymmetric structure of the NPC).”*’

Regardless of how FG-Nups are structurally assem-
bled in distinct sub-complexes in the NPCs in different
species, several common but unusual features unique to
disordered proteins are conserved. First, the long stretch
of FG-repeat domains that are distant from their anchor
points is separated by variable spacer sequences, hydro-
philic and charged, making them a dynamic and flexible
structure in occupying the interior of the NPC channel."
Second, FG-domains contain enriched certain amino
acid (AA) residues that are typically associated with
structural disorder and flexibility. Third, FG-domains
possess high net charge and low hydrophobicity. In addi-
tion, unfolded FG domains are in the best position to
interact with multiple NTRs and are also in favor of fast
association/dissociation rates, which are characteristic of
the NPC heavy (busy) transporting nature. The long
stretches and flexibility of FG-repeats could make them
likely to consistently and simultaneously interact with
multiple NTRs.

FG-Nups in eukaryotic cells
FG-Nups in yeast cells

FG-Nups in yeast cells have been most thoroughly and
systematically studied, mainly due to the relatively easy
manipulation of the organism.>”'*'® A total of 11-13
FG-Nups are described in yeast cells, and the number
closely represents the total number of FG-Nups in this
microorganism (Table 1,%). All FG-Nups in yeast contain
enriched charged and polar AAs [such as A, R, Q, E, G,
K, P, S (alanine, arginine, glutamine, glutamate, glycine,
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lysine, proline, serine)] and reduced hydrophobic AAs
[suchas W, C, LY, V, L, N (tryptophan, cysteine, isoleu-
cine, tyrosine, valine, leucine, asparagine)].”*" Disor-
dered content varies among the subfamilies: FxFG Nups
have more polar AAs than Nups with GLFG, PSFG, and
xxFG repeats.® Interestingly, the FG-domains of the
Nups located in peripheral structure (either on cyto-
plasmic filaments or on nuclear basket) evolved more
divergently in their primary sequence structure than that
of the Nups located in the central plane.

Strikingly, the most prevalent ‘F’ residue in FG-Nups
is actually an order-promoting residue. Conservation of
this residue is necessary since it is the critical determinant
for Kap binding.*® As a matter of fact, FG domains in all
FG-Nups contain either Kap binding sites (approved or
predicted) or other potential functional sites (such as
molecular interaction sites, flexible linker sites, or
spacers), suggesting that they are involved in receptor-
facilitated translocation. One of the major features in FG-
Nups of yeast is that all centrally located FG-Nups and
one FG-Nup that resides in the cytoplasm, contain
GLEFEG as their distinctive FG-domains, and form cohe-
sive permeability meshwork through hydrophobic inter-
actions, at least in vitro.” although non-GLFG Nups in
higher organisms perform similar functions. Lower
eukaryotic cells, such as yeast cells, did not evolve sophis-
ticated post-transcriptional modifications, such as glyco-
sylation of FG-Nups (see 2.2 below), but systematic
analysis of NPC proteins in yeast cells has revealed that
more than half of the NPC proteins were ubiquitylated.
Specifically, FG-Nupl59 was mono-ubiquitylated and
although this modification affects cell division, it does
not affect detectable NPC transport.™

FG-Nups in higher eukaryotic cells

FG-Nups in higher eukaryotic cells are relatively less
many yeast FG-Nup
homologues have been identified in higher eukaryotic
cells (Table 1). The overall features of these FG-Nup
homologues seem to have been well conserved, AA
composition, fold type, and domain structure in
particular.*'>*' The FG-Nups in higher organisms, as
those in yeast, also similarly display enriched charged
and polar, or “disordered” AAs, and are depleted in

investigated. Nevertheless,

hydrophobic, or “order-promoting” AAs."> Therefore,
the structural disordered nature of FG-Nups is persis-
tently conserved during evolution. Although the AA
composition of FG-Nups is conserved, the AA
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sequence between different species differs signifi-
cantly."” Interestingly, the Kap-binding domains in
FG-Nups have been conserved, despite the overall
sequence divergence (Table 1,"). A few of FG-Nup
homologues in higher eukaryotic cells (such as
Nup62, Nupl53, Nup214, and Nup358) have been
demonstrated to be able to bind NTRs (such as impor-
tin-B), suggesting their critical role in the nucleocyto-
plasmic transport (Table 1,>***%*). In addition, unlike
FG-Nups centrally located in the NPCs in yeast cells,
which contain FG-domains with dominant GLFG fea-
tures, the FG-Nup homologues in higher organisms
(such as hNup54, hNup62, hNup45, and hNup58)
contain almost no GLFG motifs. The cohesive interac-
tions between these FG-Nups are not merely due to
hydrophobic attractions, but also through a low con-
tent of charged residues in between FG-domains and
a high content of polar residues."”.

For both higher eukaryotes and yeast cells, several
functions can be generally attributed to the entirety of
FG-Nups.** First, the permeability barrier of the
NPCs is formed through the collective role of all FG-
Nups, even though some FG-Nups seem to play a
more important role than others. Second, many FG-
Nups may have distinctive roles since they do bind
defined and specific NTRs and locate at different sub-
regions of NPC. Third, there may be some redun-
dancy in the roles of FG-Nups, but this redundancy
may be necessary, for example, to guarantee that some
FG-Nups can bind critical NTRs that carry crucial
macromolecules cross the NPC in any situation.>>’

Another evolutionary feature present in FG-Nups
in higher eukaryotic cells is the post-transcription
modification. For example, in metazoans, FG-Nups
are often glycosylated via O-linked-N-acetyL-glucos-
amine transferase, but functions of this modification
in cells remain unknown. It is speculated that this O-
linked glycosylation may facilitate a binding site for
lectins, and may be required for either NPC transport
or regulating the FG-Nup phosphorylation that may
indirectly affect its function.'*

Interactions among FG-Nups and between
FG-Nups and NTRs
Interactions among FG-Nups

FG-Nups are the main components in forming the
selective nucleocytoplasmic transport gates. The two
most important questions in relation to their function

are: 1) how do FG-domains interact with one another
to form the permeability barrier that blocks the inert
macromolecules, and 2) how do FG-domains interact
with NTRs to allow the NTR-cargo complexes to pass
through. Section 3.2 will discuss the second question
in more detail, and the following section will review
the first question based on our current understanding.
It is particularly difficult to answer the question about
the interactions between FG-domains, which is one of
the foundations for a particular transport model to
build on. Nevertheless, recent studies provide some
important insights in terms of interactions in vitro as
well as in vivo.

Interacting FG-Nups

Biochemically, interacting between FG-Nups can be
examined and identified in vitro. Using the immobi-
lized FG-Nups as bait, several groups have developed
simple assays to identify other FG-Nups that interact
with the bait.”'>***® The sensitive assays, such as

929 can detect low-affinity binding

bead-halos assay,
and was employed systematically to test all FG-Nups.
Interestingly, the SAFGxPSFG domain of Nup42 and
the GLFG domain of 5 centrally located Nups
(Nup49, Nup57, Nupl100, Nupl16, and Nupl45N)
interacted with each other in pairwise combinations.
The peripheral FXFG domains of 3 FG-Nups (Nupl,
Nup2, and Nup60) and the peripheral SAFGxPSFG
domain of FG-Nupl59 did not interact with other
GLFG Nups or SAFGxPSFG Nups, or with each other.
Others found that several human FG-domains showed
no interactions but VFG-domains of Nup214 showed
detectable cohesive interactions in a fluorescence
based live cell assay.’® Very recently, GLFG of
yNupl116 and hNup98, FXFG of hNup62, and FG of
yNup42 were all found to interact in vivo with many
FG-Nups of native human NPCs.”

The data from mutated FG-domains further sug-
gest that LF motifs in GLFG and the overall hydro-
phobicity are required for the
Molecular simulation studies suggest that the back-
bone-backbone hydrogen bonding also contributes to
the interactions of FG-Nups, and hydrophilic linkers
may further strengthen the interactions in forming the
stabilized permeability barrier.”® In fact, hydrophobic,
hydrophilic, and electrostatic interactions were all

interactions."’

taken into account for FG-Nup and NPC simula-
tions.** The interactions of FG-Nups seems to be
interesting in at least a few aspects: firstly, the in vitro



interactions between GLFG domains and FG-Nups
are validated in vivo by the yeast 2-hybrid system; sec-
ondly, deletion mutant experiments suggest that the
FG-domains and their interactions are required for
the NPCs to function as a selective gate; and thirdly,
the interactions of FG-Nups may also contribute to
the overall geometric orientation of central FG-
domains, as observed ordered structure (here not
referring to secondary structure) by polarized fluores-
cence microscopy.” GLFG repeats (such as from
human Nup98) show cohesive interaction in vivo,
which is proportional to the number of GLFG
repeats.’® The cohesive interactions observed both in
vitro and in vivo provide strong evidence for a few
transport models that predict that the interactions are
necessary for binding NTRs for facilitated diffusion.

It is believed that the hydrophobic (cohesive) inter-
actions between the FG-Domains of the Nups produce
the selective permeability barrier, at least in some pro-
posed transport models (discussed further in Sec-
tion 5). In this respect, it is interesting to note that
GLFG containing Nup100 can form amyloid fibers,**
and the FG domains of human Nup 153 and Nup98
and a few yeast FG-Nups are able to form hydrogels
in vitro that are visible under microscope.'®****** The
high resolution EM revealed that the hydrogels
formed by human FG-Nup153 and yeast FG-Nup49
are in fact cross-linked fibers.*> These hydrogels
formed by FG-Nups, assumed via hydrophobic inter-
action, have been demonstrated to function like per-
meability barriers.*>*
FG-Nups in vivo could form the hydrogels/fibers as
the selective permeability barrier since the in vitro
conditions (such as artificially created crowding) may
not be the same as the physical conditions in vivo.**

> However, it is unclear if the

Non-interacting FG-Nups

The FG-Nups located peripherally extend outside of
the NPC, on both the cytoplasmic and nuclear side.
Possibly due to their unique AA compositions or low
ratio of mass to volume, they interact with each other
much less or not at all compared to the FG-Nups
located centrally,19 and thus, they are non-cohesive.
As discussed above, interaction between FG-Nups
occurred only with certain combinations, but not in
many others, at least in vitro."” For example, the
Nup84 complex binds FG-Nups Nup116, Nup42, and
Nup57. However, this interaction is independent on
Gspl-GTP, whose binding actually affects the cargo-
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transporting interaction between the functional FG-
Nups and transport receptors (either importins or
exportins). It was speculated that this in vitro bio-
chemically detectable interaction of FG-Nups with the
Nup84 complex may be necessary in maintaining the
intact permeability barrier of the NPC in vivo.'® Nota-
bly, many other FG-Nups (Nupl, Nup2, Nup6, Nspl,
and Nup159) do not bind to the Nup84 complex, and
they are located externally on either the cytoplasmic
or nuclear side of the NPC. The current in vitro evi-
dence and some in vivo evidence suggests that many
FG-Nups, particularly those centrally located, do
interact with each other, and other FG-Nups (such as
peripheral FG-Nups) may not. Evidently, the spatial
distribution of the interactions between FG-Nups in
the native NPCs, as recently determined by single-
point edge-extraction sub-diffraction (SPEED)
microscopy, suggests that not all the individual FG-
Nups interact with each other in vivo, and certain FG-
Nups are indeed non-interacting FG-Nups.”

Finally, whether FG-Nups are interacting or non-
interacting is an important question in considering
how and where the permeability barrier is formed.
Caution must be exercised in interpreting the data
from the above assays. For example, interactions
between FG-Nups may not be captured due to very
weak signals, or can be detected but due to other fac-
tors, such as the NTRs bound to the bait interacting
with FG-Nups.”'°

Interactions between FG-Nups and NTRs

Interaction between FG-Nups and NTRs appears to be
a requisite in order for large cargos to cross the NPC
since they are excluded from passive diffusion due to
their size. Such interactions have been documented
for many FG-Nups and different types of NTRs
(Table 1). The binding sites between FG-Nups and
NTRs have been observed by studies in vitro and in

vivo*®°3

and directly confirmed by crystallography
combined with mutation studies.**® They can also be
predicted using molecular dynamic simulations or
through AA composition and AA substitution of FG-
Nups.*’” In yeast, approximately 11 importins and 6
exportins have been described.'® In vitro experimental
evidence suggests that in yeast cells, each FG-Nup can
bind one or multiple NTRs, and every NTR can bind
to one or multiple FG-domains.'”> Moreover, more
than 50 percent of the FG-domains on the surface of

brush-like FG-Nup structures along the NPC central
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channel could be available for interaction with NTRs
based on molecular dynamic simulation studies.*
Apparently, hydrophobic interactions seem to be criti-
cal in the binding of FG-Nups to the NTRs and trans-
location of NTR-cargo complexes.>***” In addition, it
was further reported that the negatively charged NTRs
easily gain access to the positively charged FG-clusters
during the initial interaction.”*®' The initial interac-
tion between FG-Nups and NTRs may behave as a
simple place to concentrate NTRs at the entrance of
the NPC or as a docking and undocking platform for
the cargo-NTR-complexes.*®

Specifically, the interactions between some FG-
Nups and certain NTRs may play a central role in the
selective and efficient transport of large macromole-
cules with their in-transit signals.49 For example,
charged FXxFG motifs in FG-Nups on the nuclear bas-
ket side (Nupl, Nup2, and Nup60) and mostly
uncharged GLFG and PSFG in cytoplasmic Nup42
and in symmetric Nups (Nup49, Nup57, Nup100, and
Nup116) may play dominant roles in their differential
binding capacity toward distinct groups of NTRs.” In
addition, charged AAs and their electrostatic potential
in the spacer interspersed between FG-repeats may
contribute to the interactions between FG-Nups and
NTRs as well.***® Collectively, hydrophobic forces
and electrostatic effects may operate in a cooperative
and nonequivalent way, depending on the individual
transport events, as suggested by molecular theory
studies.”"

Multiple binding sites of NTRs for FG-Nups

In general, large cargo molecules (> 40-60 kDa) car-
rying directional signals are translocated in or out of
the nucleus via facilitated diffusion through the NPC
by NTRs." It is clear from the crystallographic obser-
vations that the F residue in FG-repeat interacts with
hydrophobic pockets of the outer face of the NTRs,
including Kaps, NTF2, Mex63-Mtr2, and NXFI-
NXT2).*'* 2%*% Studies with crystallization and x-ray
diffraction showed that 5 FXFG repeats of Nsplp spe-
cifically bind the residues 1-442 of Importin-g in the
convex face of Ib442 to the primary helices of HEAT
repeats 5 and 6 (i.e. hydrophobic pocket).>*® Interest-
ingly, not only FxFG-Nups, but also GLFG-Nups bind
to the Importin- S at similar hydrophobic pockets, and
the binding of GLFG to Importin-f and Kap95 is
competitively inhibited by soluble FXFG repeats, indi-
cating that the functional difference between these

FG-repeats might depend on their spatial localization
or organization of FG-Nups.*® Similarly, Msn5 prefer-
entially binds to GLFG-repeats of Nup100 and NxF1
preferentially binds to GLFG-repeats of Nup98 (verte-
brate Homolog of yNup116).'>*

Meanwhile, increasing evidence suggests that mul-
tiple binding sites likely exist in a single transport
receptor. For instance, Kap Msn5 and Kap142 could
interact with at least 8 of the 13 yeast FG-Nups,
including Nupl, Nup2, Nup42, Nup49, Nup57,
Nup100, Nup116, and Nup 145.”°> Mex67-Mtr2 and
NxF1-NxT1 also contain a nuclear transport factor 2
(NTEF2)-like FG-binding site and a ubiquitin-associ-
ated FG-binding motif.'* In addition, importin-8 can
bind to FxFG repeats of FG-Nups via a-helices of
HEAT repeats 5 and 6 in the N-terminal and outer
surface, and can bind to cargo-adaptor-importin-o
and RanGTP through helices of HEAT repeats 7-19
or HEATs 1-3, 6, 7, 13, and 14 in the inner surface.”®
The mutation studies demonstrated that each of the 4
FG-binding pockets could bind FG-Nups with differ-
ent affinities and have different sensitivities to
RanGTP, and moreover, interactions of FG-Nups,
such as Nup153-C (Carboxyl terminal 895-1475 AAs)
with full-length Importin- 8 was severely affected from
the binding of RanGTP to the Importin-f N-terminal
domain, due to the conformational change of the
importin-g induced by RanGTP binding, suggesting a
mechanism where RanGTP regulates the interactions
between FG-Nups and NTRs for the final release of
cargos from the cargo-NTR complexes.”

Multiple binding sites on FG-Nups for NTRs

Likewise, there are likely multiple binding sites in each
given FG-Nup for NTRs, suggesting that they are
potentially capable of binding to different NTRs or to
multiple NTR’s simultaneously. For example, sequen-
ces of FXFG repeat Nups (Nup62 and Nspl) binds
both NTF2 and importin-B,”” and distinct domains of
FG-Nup 116 can interact with Mex67 and Kap95 sep-
arately. Moreover, crystals of complexes between 5
FxFG repeats of Nspl and yeast NTF2 and between
the same 5 FXFG repeats and truncated 1-442 residues
of human importin-8 were obtained.’ It is also possi-
ble that, at least in some cases, a cargo-bound NTR
that binds to multiple FG-Nups would enhance their
avidity of the interactions, which is likely necessary
for their ultimate transporting success.’>*® On the
other hand, multiple FG-repeats of each FG-Nup



could cope to ease the heavy transporting tasks and
also provide cells with some necessary and some
redundant functions. Sequence alignment of FG-Nups
from 4 species of yeast identified small stretches of
conserved AAs (6-11 AAs) (called ‘islands’) among
divergent FG-domains. Some of these ‘islands’ are
coincidently the same or similar sites identified experi-
mentally as Kap binding sites."> Multiple NTRs are
necessary for a cargo modified to carry multiple sig-
nals for efficient transport across the NPC.>

Additionally, exceptions exist by using other transport
mechanisms, which bypass the typical interactions of
FG-domains with NTRs or those controlled by the
RanGTP system. For example, some nucleus-directed
macromolecules can directly bind to FG-Nups and cross
the NPC."> Transmembrane proteins could be translo-
cated through non-NPC pathway.'® In addition, 60S pre-
subunit is exported by yeast Gle2 that bind to the non-
FG domains of Nup116.>* Bulk mRNA is also exported
through a new non-Kap NTR that is independent of the
regulation of the RanGTP/RanGDP system."

The native conformation of the FG-Nups barrier
in the NPCs

Mapping the native FG-Nups barrier by SPEED
microscopy

FG-Nups are the key component of the selective perme-
ability barrier for exchanging molecules across the NPC.
However, the native conformation of this barrier struc-
ture is poorly understood, mainly due to their highly
flexible unstructured nature and the transient dynamic
interactions with one another and with NTRs in the
native NPCs of living cells, which is still a formidable
task to map using traditional techniques, such as con-
ventional EM and immune-gold labeling. Recently we
accomplished the task by first mapping the spatial loca-
tions of FG-FG and FG-NTRs interaction sites in native
NPCs with high-speed super-resolution SPEED micros-
copy.”>”> Then we reconstructed these interactions to
form the complete map of the FG-Nup barrier.

In our experiments, first we aimed at detecting
thousands of FG-domains present in vivo in the native
NPCs in order to observe a complete native configura-
tion of a FG-Nup barrier. To reach the goal, we have
used various fluorescently labeled probes to interact
with the FG-Nups in native NPCs. These probes,
including 6 different FG-segments and 6 different
NTRs, together are expected to recognize the FG
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domains from all the FG-Nups in the native NPCs.
Specifically, the FG-segment probes include hNup62
(1-300) and hNup98 (1-466) isolated from human
cells and yNupllé (345-458), yNup42 (1-372),
yNup159 (441-881) and yNspl (1-603) from yeast
cells. The NTR probes consist of 3 major importins
(Imp-B1, Imp-B2, and NTF2) and 3 major exportins
(Crml, CAS, and Tap-pl5). Notably, each of these
probes has been reported to bind almost all FG-Nups
or only a few of them on its own unique pathways
(Table 1). Our high-resolution detection of these
probes in the native NPCs largely agreed with the pre-
vious reported results, with an exception that Crml
may only effectively interact with a few FG-Nups that
located in the NPC’s central scaffold and nuclear bas-
ket (more details in Section 5).

By SPEED microscopy, we have obtained 3 topog-
raphies of the FG-Nup barrier separately based on
FG-FG, FG-importin and FG-exportin interactions.”
We found that these maps have fundamental similari-
ties, suggesting that these different probes may largely
bind to same groups of FG-domains or recognize
almost all the available FG-domains in the native
NPCs. Finally, a complete super-resolution 3D-map
of the native configuration of FG-domains in the
native NPCs was obtained by merging the above 3
integrated 3D-tomographies from all 3 sets’” (Fig. 1).
Four distinct zones are shown across NPCs (Fig. 1 A-
B), with the highest density of FG-domains in the cen-
tral scaffold peripheral regions, barely any FG-
domains in the central axial pore, and the medium
density of FG-repeats decorating both ends of NPCs.
Furthermore, 3 additional layers were observed in the
central scaffold regions: a central axial channel pore
almost devoid of FG-domains, a belt layer next to the
wall with a medium level of FG-domains, and a high
density region of FG-domains in between the previous
2 regions (Fig. 1 C-D). This map covers the majority
of FG-domains of all native FG-Nups since this spatial
distribution of the FG-domains agrees well with the
full spectrum of the distribution of all FG-Nups in
vivo obtained by SPEED microscopy’ "> (Fig. 1).

Computational simulation, cryo-EM and SPEED
microscopy in FG-Nups barrier studies

Two other advanced technologies have also recently
been employed to study the FG-Nups barrier in the
NPC: computer simulation and cryo-EM (Fig. 2). The
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Figure 1. 3D Probability Density Map of the FG-Nups barrier in the native NPC. 3D probability density (green clouds) and heat maps of
the FG-Nups barrier in the NPC superimposed on the NPC architecture (gray) are shown in both cut-away side view (A-B) and top view
(C-D). The passive diffusion route (red clouds) is added in the side view to highlight the relative spatial locations of passive and facili-
tated diffusion pathways through the native NPC. Both the Cartesian (x, y, z) and cylindrical (x, r, 6) coordinates are shown for these 3D
and slice views. Sub-regions in the FG-Nups barrier are labeled in (B) and (D). Red represents the highest density (H) and black the low-
est (L) in the color column bar. N, the nucleoplasmic side of the NPC. C, the cytoplasmic side of the NPC. The figures are adapted from

previous publication’® with permission.

coarse-grained molecular dynamics simulation uses a
one-bead-per-AA model that accounts for interaction
forces, such as hydrophobic, hydrophilic, and electro-
static. The model to fine-measure the
sequence-dependent radius of each FG-Nup and to

allows

coarsely determine the collective 3D structure of the
FG Nups. The FG-domains from all yeast FG-Nups
are distributed inside the NPCs in a doughnut-shaped
form, showing a low density zone in the central chan-
nel region and a highly charged zone in the scaffold
regions, which is in a similar pattern to the 3D map
created by SPEED microscopy (’°, Fig. 2 A-B). In
addition to that, 6 FG-Nups (Nup49, Nup57, Nup46,
Nup100, Nup42, and Nup145-2) are present only in
the interior of the NPCs, and thus are the main com-
ponents of the central zone, which is highly charged,
while the remaining FG-Nups (Nspl, Nupl59,

Nup145-1, Nup60, and Nupl) are extended on either
side of the NPC,”® in agreement with biochemical
studies (see Section 1).

With recent developments, particularly sub-tomo-
gram alignment and averaging, cryo-EM now can pre-
serve the fine structure of macromolecules such as the
NPC, via corrected transfer-function in situ.”” The
native structure of the nucleocytoplasmic barrier has
been visualized: the central channel is occupied by an
ordered structure of high-density, which appears to be
a ring-like assembly physically attached to the spoke-
ring with a porous interface approximately 23 nm
from the central channel pore axial. Furthermore, the
central channel ring also links extends to the cyto-
plasmic ring and the entangled filamentous nucleo-
plasmic ring. In this study, 2 transport routes are
suggested for nuclear transport: the central route and
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Figure 2. FG-Nups barrier obtained from molecular simulation, cryo-EM and SPEED microscopy. FG-domains (green) of the FG-Nups bar-
rier revealed by coarse-grained MD simulation (A) and SPEED microscopy (B) are shown in cross-section view at the NPC scaffold (gray).
Shown in nucleocytoplasmic transport axial view, 2 distinct transport routes (route 1 and 2 in C) recently detected by cryo-EM agree
with the passive (red) and facilitated (green) transport routes through the native NPCs previously identified by SPEED microscopy (D).

Numbers denote nanometers in D. The figures are adapted from previous publications

the meshwork route, which are almost identical to our
proposed passive diffusion route and facilitated diffu-
sion route (see Section 5). This native structure of FG-
Nups observed from cryo-EM bears high similarity to
the super-resolution-3D-tomograph obtained from
SPEED microscopy (”/, Fig. 2 C-D) (discussed further
below).

Effective interaction ranges/transport routes of
NTRs in native NPCs

Effective interaction ranges of NTRs

To dissect the transport pathways of NTRs that carry
cargoes across the FG-Nups barrier, the interactions
of major importins (Impp1, Impp2, or NTF2) and
exportins (Crml, CAS, or Tap-pl5) with FG-Nups
were mapped via SPEED microscopy and the super-
resolution 3D-probability density distributions of
these NTRs were reconstructed in native NPCs.”
Remarkably, we found that each NTR has its own
unique effective strong and weak interaction zones
with the FG-Nups barrier in native NPCs (Fig. 3A).
For instance, Imp-f1 interacted with FG-Nups located
throughout the entire NPC with a single strong inter-
action zone from —100 nm to 90 nm (0 in the middle
plan of the NPC and - at the nucleoplasmic side). In
contrast, Imp-B2 and NTF2 contained both strong
and weak interaction zones with FG-Nups. As shown
in Fig. 3A, the interaction between Imp-f2 and
FG-Nups contains a strong-interaction zone from
—50 nm to 50 nm around central region and 2
weak-interaction zones on either sides of the NPC,
whereas NTF2 interacts with FG-Nups in an even

7577 with permission.

more complex manner, showing 2 strong-interaction
zones (from —20 nm to 20 nm in the central scaffold
and —70 nm to —40 nm on the nucleoplasmic side)
and 3 weak-interaction zones (from —100 nm to
—70 nm, —40 nm to —20 nm, and 20 nm to 90 nm).

In a distribution similar to the distribution of
Imp-B1-FG interaction, Tap-p15 also interacted with
FG-Nups almost completely throughout the whole
NPC with a single strong-interaction zone, and very
little (less than 1% probability between 0 and —40 nm
in Fig. 3A) present in the central axial channel.
Interestingly data from CAS and Crml displayed
complex pictures of NTR-FG-Nup interactions, with
patterns of multiple strong- and weak- interactions
zones, somewhat similar to TNF2 pattern. Two
strong-interaction zones (from —80 nm to —50 nm
and —10 nm to 50 nm) and 3 weak-interaction zones
(from —100 nm to —80 nm, —50 nm to —10 nm, and
50 nm to 90 nm) were seen for CAS, and 2 strong-
interaction regions (from —100 nm to —40 nm and
—10 nm to 20 nm) and 2 weak-interaction regions
(from —40 nm to —10 nm and 20 nm to 90 nm) for
Crml1 (7, Fig. 3A).

Mapping the distribution of the interaction between
each of the 6 individual NTRs with FG-Nups is signifi-
cant for at least 4 reasons: 1) each individual NTR
binds to a unique set of FG-Nups on its way to trans-
port through the native NPCs, largely agreeing with
previous studies (Table 1); 2) combined maps of the
interactions between these individual NTRs with FG-
Nups, along with the interactions of FG-FG Nups,
provide more a complete picture of the entire
FG-Nups barrier; 3) many FG-Nups, especially those
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Figure 3. Effective interaction zones for each NTR and competition among multiple NTRs in the FG-Nups barrier of the native NPC. (A)

The schematic represents the effective strong (darker color) and we

ak (lighter color) interaction zones between FG-domains (green

clouds containing curved lines) and different NTRs including importins (ImpB81, Imp2, and NTF2) and exportins (Crm1, CAS, and Tap-
p15). Numbers denote nanometers. C, the cytoplasmic side of NPC; N, the nucleoplasmic side of NPC. (B) This figure is the representation

of light (left) and heavy (right) competition among NTRs. Specifically,

NTRs could find more available binding sites in the FG-Nups bar-

rier (green clouds containing curved lines) under light competition conditions than heavy competition circumstances.

in the central scaffold regions, might be used in the
interactions with multiple importins and exportins
simultaneously during in vivo transport; and 4) the
distinctive patterns of the interactions of each NTR
with FG-Nups and a merged fuller picture of FG-
Nups barrier are solid evidence in supporting a com-
plex mechanism of NPC translocation of cargos with
distinctive transport routes (discussed below).

Distinct transport routes and proposed transport
models

Transporting thousands of molecules almost simulta-
neously in and out of nucleus through each NPC is a
complex process and could involve multiple mecha-
nisms governing different transport routes for success-
tul translocation of a variety of cargos. The vision on
nucleocytoplasmic transport, however, came largely
from limited piece of experimental data. In essence,
the currently proposed transport models differ in how
to view the biochemical or biophysical nature of the
FG-domains of FG-Nups in the NPCs. As a matter of
fact, the non-FG AAs other than FG-domains may
also contribute to the formation of the selective per-
meability barrier, as suggested by computer simulation
studies.”® A critical question concerns whether the
FG-Nups (through and inter-

interact intra-

polypeptides) with each other in order to form the
functional selective permeability barrier, and whether
this nature can affect its interactions with cargo-NTR
complexes during transport. For example, interacting
or non-interacting FG-Nups may form the selective
permeability gate with distinct physical conditions of
the surface, which may suggest a different mechanism
for how FG-Nups interact with cargo-NTR complexes.
In addition, some models deal more specifically with
how cargo-NTR complexes are translocated across the
NPC channel. And finally, a few recently proposed
models®*** ®*”* focus more on how the FG-Nups are
distributed or organized within NPCs, evenly distrib-
uted across the entire NPC or clustered in certain spa-
tial locations.

The Brownian/virtual gate/polymer brushes model
assumes that the non-interacting FG-Nups provide an
energy/entropy barrier and steric hindrance to the
inert molecules that are randomly moving. The pro-
posal is based on the observation that the net positive
charge, or ‘entropic exclusion’ of the FG-Nups, which
like ‘polymer brushes’ pushes things away in their sur-
roundings.>® Interestingly, the repulsive ‘exclusion
zone’ containing GLFG-domains was observed by EM
in the cytoplasmic opening of the NPC, and the zone
area was devoid of ribosomes and other compo-
nents.?® On the other hand, macromolecule-bound



NTRs interact with FG-Nups at specific sites lower the
energy level of the barrier, much like how enzymes
lower the energy level in chemical reactions.®*** The
model predicts that FG-Nup filaments would collapse
as a consequence of binding to a cargo-NTR complex.
Experimentally, it demonstrated that FG-Nupl53
behaves entropically repulsive or thermally exclusive,
and also collapses upon binding to Importin-B, in
agreement with the model.®>** Others observed that
FG-Nup153 mediates the translocation of cargo-NTR
complex passing through the NPC channel in a man-
ner described as ‘directed molecular motion’, which is
analogous to collapse transition.®

In contrast, the selective phase/hydrogel model
argues that the multiple FG-domains of Nups interact
with one another hydrophobically and predominantly
via F residues to form a cohesive meshwork or hydro-
gel. The cohesive meshwork across the entire NPC
channel provides the barrier that blocks all unwanted
large molecules from passing, but contains numerous
holes in between the connections to allow the passage
of small molecules. The binding of the cargo-NTRs to
the FG-domains, on the other hand, dissolve through
the hydrogel, permitting the cargo-NTRs to pass
through the NPCs.**®® The interactions of FG-
domains was indeed observed for a set of FG-Nups,
including 5 of the 6 FG-Nups anchored centrally and
one FG-Nup anchored on the cytoplasmic side on the
NPC." The in vivo interactions between added FG-
Nup segments of different FG-domains (GLFG, FxFG,
or xxFG) and FG-Nups present in the native NPCs
were recently further documented.”> More interest-
ingly, FG-Domains (such as FG/FxFG and GLFG)
were capable of forming the cohesive meshwork/
hydrogel in vitro and could bind to the NTRs.***
Similarly, FG-domains were used to coat supported
lipid bilayers and to produce a densely attached ultra-
thin FG-domain film, to which the NTR could also
bind.” The evidence from these studies supports the
selective phase/hydrogel proposal. The cohesive FG-
Nups include Nup42, Nup49, Nup57, Nupl00,
Nup116, and Nup145N.

Alternatively, the reduction of dimensionality (ROD)
model suggests that the FG-Nup filaments may interact
in such a way that results in FG domains collapsing and
collapsed FG-domain coat the central walls in parallel to
provide layers for the cargo-NTRs to travel through,
much like in 2-dimensional (2-D) working rather than in
3D Brownian movement.*® The 2-D motion, or sliding
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motion of the NTF2 along the FG-repeat layer, was
indeed seen from the molecular dynamic simulations.*®
In a slightly different way, it is speculated that the multi-
ple FG-domains located on the cytoplasmic side, the cen-
tral channel, and the nuclear side may provide step-wise
binding sites for NTRs with increasing affinity to pull
through the NTRs to translocate across the NPC.** The
ROD, as well as the oily-spaghetti model,” hypothesize
that FG-Nups do interact with each other and FG Nups
are arranged in an interconnected way that there is a nar-
row central channel open for passive diffusion of small
molecules.

The in vitro assay'® detected that some FG-Nups in
yeast cells do not exhibit cohesive properties, much
like Nup153.°>°* These FG-Nups include FxFG Nups
(Nupl, Nup2, Nup60 and Nspl), and SAFGxPSFG
Nups (Nup159). Most of these non-cohesive FG-Nups
are located peripherally on the outside of the NPC
opening. Therefore, forest/the 2-gate model was pro-
posed: the non-cohesive FG-domains in the peripheral
sides of the channel may function as one gate (the
repulsive gate) and the cohesive FG-domains in the
interior of the central channel may function as
another gate (the selective gate).19 The cohesive FG-
domains are clustered as ‘shrubs’ from those col-
lapsed-coil domains, and these ‘shrubs’ could be one
physical zone (similar to the selective gate above).
Whereas the non-cohesive FG-domains are clustered
as a ‘tree’ from those extended-coil domains or the
combination of extended-coil and collapsed-coil
domains, and this represents another physical zone
(similar to the repulsive gate above). Therefore, the
entire transport channel was decorated with these
‘shrubs and trees’ as transport routes, much like a ‘for-
est’.”’ A molecular dynamic modeling study suggested
that Nspl FG-domains were able to form brush-like
structure with less cross-linked bundles in the NPC
channel toward the peripheral opening and a sieve-
like structure with more frequently cross-linked bun-
dles in the central region, also suggesting the FG-
domains are organized in patterns that vary in differ-
ent locations of the NPC channel.*’

Apparently, each model proposed above can
explain some aspects of the NTR-facilitated transloca-
tion of large molecules. While, for passive diffusion of
small molecules, the models debate whether a single
central channel or multiple pores exists in NPCs. To
distinguish these models and to provide direct
evidence for the location of the transport routes for
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both passive diffusion of small molecules and for the
facilitated diffusion of large molecules, efforts have
been taken to map the passive diffusion sites and the
interaction sites of FG-Nups with NTRs in real-time
in vivo traffic conditions.”””" 7® The data from our 3D
mapping identified that the native FG-Nups are not
evenly distributed, but instead clustered in certain
spatial locations; and that the interactions of FG-Nups
with NTRs as well as the distribution of small mole-
cules along the NPC channel clearly demonstrated
that the central channel axial pore is the passive
diffusion route and the peripheral regions around the
central channel are the sites for facilitated diffusion.
These two transport routes are largely distinct, with
certain overlap, dependent on the size of transiting
molecules.””" 7>

Competitions between NTRs

The complex mechanisms evolved in eukaryotic cells
govern the interaction of cargo-bound NTRs with FG-
Nups, as well as the direction of the movement of
cargo-bound NTRs across the NPC (briefly discussed in
section 1). One factor in NTR-FG-Nups interactions is
the competition of binding by multiple NTRs to the
same or similar FG-segments. Whether a major NTR
that transports essential or a large amount of macromo-
lecules would have a priority of binding (with enhanced
affinity) to its FG-Nups over other NTRs performing
minor transporting roles remains unknown.

It is well known that NTRs, have substantial differen-
ces in their binding affinity toward FG-Nups. Moreover,
in living cells, every NTR is able to load its corresponding
cargo, find and interact with its FG-Nups, and translocate
the cargo through the NPC to reach its target site. The
entire translocation process proceeds in a seamless man-
ner without perturbing the integrity of the FG-Nups per-
meability barrier. In our SPEED microscopy imaging
experiments, first to ensure each NTR to have sufficient
interactions with the FG-Nups barrier, a tested NTR
(importins tested include Imp-B1, Imp-pB2, and NTF2;
exportins examined include Crm1, CAS, and Tap-p15)
was loaded in small amount (1nM, here referred as light
competition) into the NPCs of permeabilized cells. On
the other hand, as comparisons and to demonstrate com-
petition between NTRs in native NPCs, an excess amount
(15uM) of each NTR (unlabeled) was added to NPCs of
permeabilized cells, and then its inhibition of labeled
NTR with light loading (InM) on binding to its FG-

Nups (heavy competition) was tested. As expected, domi-
nant Imp-p1 almost completely dislocated the interac-
tion of Imp-B2 or TNF2 with their FG-Nups, forming
their respective strong interaction zones in the central
axial channel. Likewise, the major exportin Crml also
effectively inhibited CAS and Tap-pl5 from binding to
their FG-Nups, shifting their unique interaction zones
into the central axial channel. In contrast, neither Impf32
nor NTF2 was able to significantly affect the binding of
Imppf1 to its FG-Nup targets under heavy competition
conditions. Ineffective competition/inhibition was also
seen with the presence of excess amount of CAS or Tap-
pl5 as Crml largely retained effective binding and
formed similar unique strong- and weak- reaction zones.
However, minor effects were observed, ranging from los-
ing about 5 to 9% of their interactions with
FG-Nups for both Imp 1 and Crml in their original
regions. These minor effects might also be induced, or at
least partially, by other factors, such as conformational
changes of the FG-Nups caused by the high concentra-
tion of NTRs and self-competition (Fig. 3B).”

Interestingly, competition of NTRs in living cells, on
the other hand, could be moderate, compared to above
heavy loading of NTRS in permeabilized cells. For exam-
ple, the spatial binding patterns of Imp A1 and Crml to
FG-Nups in living cells are largely similar to the patterns
in permeabilized cells, but also with some difference.
Approximately 7% of Imp 1 retained on the cyto-
plasmic side of NPC in permeabilized cells was now pres-
ent in the central axial channel, and about 10% of Crm1
located in the nuclear basket moved into the central axial
channel as well. It was likely that these alterations might
be due to competition from other NTRs present in living
cells (with their biological levels, hence medium competi-
tion), which are absent in permeabilized cells. Finally,
cargo-bound NTRs and the gradient of RanGTP/
RanGDP across NE might additionally affect the interac-
tion of tagged Imp B1 or Crm1 with FG-Nups in live cells
as well.””

Summary

Understanding the nature and functions of intrinsi-
cally disordered FG-Nups in native NPCs is always
the key step in unraveling the mechanism of nucleocy-
toplasmic transport. Over the past years, numerous
methodologies, including biochemical, biophysical,
computational and microscopy imaging approaches,
have shed light on the 2 critical roles that FG-Nups



play in mediating nucleocytoplasmic transport: 1)
constituents of the NPC'’s selective permeability bar-
rier to inhibit large macromolecules that should not
enter nucleus; and 2) providers of binding sites for
NTRs to bridge the translocation of macromolecules
across the NPC. In this review paper, we have firstly
reviewed the major well-studied features of FG-Nups
in the NPC, including their types and spatial locations,
the interactions among FG-Nups and the bindings
between FG-Nups and NTRs. In the latter sections of
this review paper, we have then highlighted the major
new findings for the FG-Nups barrier obtained with
our high-speed super-resolution SPEED microscopy
as follows: 1) the 3D native conformation of FG-Nups
in native NPCs is achieved for the first time; 2) each
NTR possesses a unique interaction zone within the
FG-Nups barrier, in which 2 major NTRs, importin
B1 and Crml1, outcompete other NTRs in binding FG-
Nups; and 3) NTRs may alter the tomography of the
FG-Nups barrier and affect one another’s pathways
under circumstances of heavy competition.

Abbreviations

AA amino acid

EM electron microscopy

Kap karyopherin

NES nuclear export signals

NLS nuclear localization sequences
NPC nuclear pore complex
NTE2 nuclear transport factor 2
NTR nuclear transport receptor
Nup nucleoporin

SPEED microscopy single-point edge-extraction

sub-diffraction microscopy
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