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The nuclear pore complex (NPC) 
acts as a selective gate that medi-

ates the bidirectional transport of mac-
romolecules between the cytoplasm and 
the nucleus of eukaryotic cells. ‘Natively 
unfolded’ nucleoporins (Nups) with 
domains rich in phenylalanine-glycine 
(FG) repeats form the selective perme-
ability barrier and provide binding sites 
for mobile transport receptors in the 
NPC. Understanding the structure and 
function of the FG-Nups barrier under 
real-time trafficking conditions is still a 
formidable challenge due to the dynamic 
nature of a channeled membranous envi-
ronment. Recently, we have shown that 
three-dimensional (3D) density maps 
of transient interactions between the 
FG-Nups barrier and a cargo-free or a 
cargo-bound transport receptor in native 
NPCs can be obtained by an advanced 
single-molecule fluorescence microscopy 
approach. Moreover, we found that these 
interaction sites are spatially clustered 
into distinct groups in the periphery 
around a central axial channel with a 
diameter of approximately 10–20 nm in 
the NPC. The 3D distribution of inter-
action sites may indicate some native 
properties of the FG-Nups barrier. Here 
we speculate that the selective permeabil-
ity barrier in the NPC could be formed 
by clustered FG-Nups.

NPC Composition and Function

In eukaryotic cells, the exchange of 
genetic materials generated by transcrip-
tion in the nucleus and proteins synthe-
sized in the cytoplasm is mediated by 
nuclear pore complexes (NPCs). The 
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NPC is a large assembly (~60–100 MDa) 
that is embedded in the nuclear envelope 
(NE) and composed of approximately 30 
different protein components, known as 
nucleoporins (Nups), each present in an 
integer multiple of eight copies.1-5 These 
Nups form a selective gate that allows pas-
sive diffusion of small molecules (<20–40 
kDa) and transport-receptor-facilitated 
translocation of larger molecules (up to 
25–50 MDa).6-8 Electron microscopy has 
revealed the general morphology of the 
NPC at nanometer-level resolution. The 
central nuclear pore is about 40–90 nm in 
length, with a minimum internal diameter 
of about 40–75 nm and an external diam-
eter of about 120 nm. Flexible filaments 
extend about 50 nm into the cytoplasm, 
and a basket structure extends about 75 
nm into the nucleus.8-10 Thus, a transiting 
substrate can potentially interact continu-
ously with the Nups over a distance span-
ning about 200 nm.

The Structure and Function  
of FG-Nups in the NPC

In vertebrates, the approximately 30 dif-
ferent Nups can be classified as trans-
membrane Nups (~10% of all Nups), 
structural Nups (~50% of all Nups) and 
FG-Nups (~40% of all Nups).1,8,11,12 The 
first two types typically contain either an 
alpha-solenoid or a beta-propeller fold, 
or in some cases both as separate struc-
tural domains. In contrast, the unique 
FG-Nups exhibit structural character-
istics of ‘natively unfolded’ proteins, 
i.e., they are highly flexible proteins that 
lack ordered secondary structure. These 
disordered proteins include amino-acid 
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permeabilized or live-cell system dem-
onstrates that a transport receptor or a 
transport-receptor-cargo complex does not 
move through the NPC in a directional or 
linear fashion but instead proceeds through 
Brownian motion with transport times of 
~5–10 ms.29-33 Interactions between trans-
port receptors and FG domains typically 
have nanomolar to micromolar binding 
affinities.34,35 Thus, the transport process 
suggests multiple transient and low-affin-
ity NPC-receptor interactions. Indeed, 
transport-receptor mutants with increased 
affinity for binding FG repeats, such as 
Imp β1 (45–462) and NTF2 (N77Y) 
mutants, impair nucleocytoplasmic trans-
port.35-37 Overall, rapid, low-affinity inter-
actions between transport receptors and 
the FG-Nups are necessary for efficient 
facilitated translocations.

Proposed Transport Models

Because of the limited knowledge of 
the native configuration of disordered 
FG-Nups and the transient dynamic inter-
actions in the NPC, it is still difficult to 
define the precise mechanism of nucleo-
cytoplasmic transport. Numerous nuclear 
translocation models have been postu-
lated, but none of them completely cover 
all currently known properties of nuclear 
transport. In addition, these models are 
not excluded from each other completely, 
and some of them are even ambigu-
ous, which makes it a very difficult task 
to distinguish or validate the models by 
experimental design. Overall, there are at 
least three major disputes among the pro-
posed models: (1) How do the FG-Nups 
form a selective permeability barrier in the 
native NPC? (2) How do transport recep-
tors interact with the FG-Nups barrier 
to mediate translocation of larger cargo 
molecules through the NPC? (3) Where 
are the pathways for passive diffusion and 
facilitated translocations located in the 
NPC?

The ‘virtual gating/polymer brush’ 
model. The ‘virtual gating’ model views 
the NPC as a catalyst that can lower the 
activation energy for the translocation 
process. It suggests that both sides of the 
NPC channel, crowded by FG-Nups, form 
a highly selective entropic barrier for large 
molecules (Fig. 1).3 Binding of transport 

Interactions between the FG-Nups 
and Transport Receptors

Facilitated translocation requires direct 
interactions between the transiting mole-
cules and the NPC. Large nucleocytoplas-
mic transport cargos must contain specific 
targeting signals, generally referred to as 
nuclear localization signals (NLS) for 
nuclear import or nuclear export signals 
(NES) for nuclear export.16 The cargos 
can be specifically recognized by soluble 
accessory proteins that mediate transient 
interactions with FG-Nups—importins 
(for nuclear import) or exportins (for 
export). Importin β (Imp β)-type trans-
port receptors account for the majority 
of the nuclear transport pathways. These 
receptors transport between the nucleus 
and cytoplasm, capture cargo molecules 
and mediate them from one side of the NE 
to the other. Association and dissociation 
of cargo-transporter complexes are guided 
by a concentration gradient of RanGTP 
across the NE, which is triggered through 
the RanGTP binding domains present in 
the transport receptors. A high nuclear-
RanGTP concentration promotes cargos 
binding to exportins and the disloca-
tion of substrates from importins, while 
cytoplasmic conditions with low levels 
of RanGTP enhance substrates released 
from exportins but allow importin-cargo 
complexes to form.17 Ran is constantly 
exported from the nucleus by importins 
and exportins. Continued transport cycles 
therefore require a renewal of the nuclear 
RanGTP pool, which is accomplished 
by nuclear transport factor 2 (NTF2)-
mediated import of RanGDP, followed by 
RCC1 (Ran exchange factors)-mediated 
nucleotide exchange to RanGTP.18

Biochemical measurements and com-
putational simulations have clearly indi-
cated that there are multiple FG repeats 
on each FG-Nups and several FG-binding 
sites on transport receptors, for exam-
ple, approximately ten FG-binding sites 
on Imp β1 and two binding sites on 
NTF2.38-45 Numerous pieces of evidence 
support the idea that facilitated transloca-
tion is accomplished through a series of 
low-affinity binding events between the 
transiting molecules and the FG-Nups 
along the NPC.19-28 Single-molecule imag-
ing of nucleocytoplasmic transport in a 

sequences that contain many repeats of 
phenylalanine-glycine (FG) separated by 
spacer sequences. The core units of FG 
repeats can be further defined as predomi-
nately FG, GLFG (Gly-Leu-Phe-Gly) or 
FXFG (Phe-any-Phe-Gly).12

The FG-Nups are arranged in distinct 
sub-structural locations in the NPC, 
and the general morphology of the NPC 
is conserved from yeast to humans. In 
vertebrates, two Nups containing pre-
dominantly FXFG (Nup 153 and Nup 
50) are found exclusively on the nuclear-
basket side of the NPC. Four FG-repeat-
containing Nups (POM 121, Nup 54, 
Nup 58 and Nup 45), one FXFG-Nup 
(Nup 62) and one GLFG-Nup (Nup 98) 
are distributed centrally or symmetrically 
around the scaffold of the NPC. On the 
cytoplasmic-fibrils side, there are two 
FG-Nups (Nup 214 and hCG1) and a 
single FXFG-Nup (Nup 358).5 In earlier 
studies, it was speculated that the asym-
metric Nups serve as initial or terminal 
docking sites and likely as unidirectional 
indicators for transport substrates.13 
However, later investigations on deple-
tion of those asymmetric FG-Nups indi-
cated there is almost no harm to transport 
viability.14

The FG-Nups have been found to be 
critical for nucleocytoplasmic transport: 
first, the FG-Nups form a highly selective 
barrier in the NPC to gate the essential 
bidirectional exchange of macromolecules 
between the cytoplasm and nucleus.6-8,11,12 
Second, the ‘natively unfolded’ or 
‘intrinsically disordered’ confirmation 
of FG-Nups allows the barrier to adapt 
multiple transient configurations to pro-
mote rapid association or disassociation 
rates for various transport cargos.11,12,15 
Third, the FG-Nups barrier remains 
selective while simultaneously mediat-
ing multiple robust and efficient trans-
port pathways. However, the functional 
analysis of nucleocytoplasmic transport 
remains a challenge in native NPCs due 
to the size of NPCs, the uncrystallizable 
FG-Nups and the dynamic massive trans-
port. To advance our understanding of 
the transport mechanism, determining 
the native structure of the FG-Nups in 
the NPC and the transport receptor-FG 
Nups interactions is undoubtedly central 
to the process.
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Nup can form a hydrogel-like structure in 
vitro by hydrophobic interactions between 
aromatic rings.48 This hydrogel-like struc-
ture can also display selective properties 
that are reminiscent of the gating behavior 
of NPCs.

The ‘forest’ model. Based on the 
measurements of low-affinity interac-
tions between the FG Nups, it has been 
found that the FG Nups anchored around 
the central plane of the NPC may form 
a meshwork of filaments, as predicted 
by the ‘selective-phase’ model, while few 
FG Nups anchored at the nuclear basket 
behave as repulsive filaments, as would be 
suggested by the ‘virtual-gate’ model.14 In a 
recent further study, analysis of the hydro-
dynamic properties of the FG-domains 
of FG-Nups revealed that there are five 
distinct domains: (a) collapsed-coil, 
low charge-content, cohesive domain, 
(b) collapsed-coil, high charge-content, 
non-cohesive domain, (c) extended-coil, 

FG repeats would form a physical barrier 
for large molecules and leave a narrow cen-
tral axial channel for passive diffusion of 
small molecules in the NPC (Fig. 1B).46

The ‘selective phase/hydrogel’ model. 
In contrast to the above models, the ‘selec-
tive phase’ model proposes that a sieve-
like meshwork is formed within the NPC 
through weak hydrophobic interactions 
between FG repeats.47,48 Here, the size of 
the FG mesh determines the upper size 
limits of the diffusion gates for small 
molecules and mechanically restricts the 
access of large molecules. Therefore, there 
will be multiple narrow channels for pas-
sive diffusion of small molecules in the 
NPCs. However, the binding of transport 
receptors to FG repeats can dissolve the 
FG-FG meshwork, and this binding there-
fore facilitates exclusive access to the NPC 
for large receptor-cargo complexes (Fig. 
1C). Interestingly, it was recently shown 
that the FG-repeat domain of a specific 

receptors to FG repeats would overcome 
this entropic barrier and would provide 
a significant kinetic advantage for cargos 
that are bound to transport receptors (Fig. 
1A).3 The ‘polymer brush’ model further 
suggests that the non-interacting hydro-
phobic FG-Nups can be pushed aside 
by receptor-cargo complexes (Fig. 1A). 
Recently, in vitro-purified FG filaments of 
Nup153 were experimentally observed to 
be collapsed by Imp β1 to their anchor-
ing sites. The more Imp β1 was added, the 
more the FG filaments of Nup 153 were 
collapsed toward their anchoring sites.38

The ‘reduction of dimensionality’ 
model. The ‘reduction of dimensional-
ity’ model proposes that the FG repeats 
of FG-Nups coat the inner surface of 
the NPC, and that transport receptors 
or cargo complexes conduct two-dimen-
sional movement along the inner wall 
by continuous interactions with the FG 
repeats. The spacer sequences between the 

Figure 1. Nucleocytoplasmic transport models. Structural models are presented in both a side view (perpendicular to the NE) and a top view  
(cross-section through the center of the NPC). (A) The ‘virtual gating/polymer brush’ model. Non-interacting FG-Nups (green curves) extend as ‘repul-
sive bristles’ or ‘polymer brushes’ to form an entropic barrier on both sides of the NPC. The entropic barrier is unfavorable for larger cargo molecules, 
but transport receptors binding to these FG domains can overcome the barrier and gain access into and through the NPC for themselves and their 
cargo complexes. (B) The ‘reduction of dimensionality’ model. FG domains (yellow layer) continuously coat the inner surface of the NPC to provide 
continuous binding sites for transport receptors and their cargo complexes. Transport complexes move along the coated surface with a random two-
dimensional walk. The spacer sequence (red curves) between FG repeats may form a physical barrier for larger cargo molecules alone and constitute a 
narrow axial channel for passive diffusion of smaller molecules. (C) The ‘selective phase/hydrogel’ model. Hydrophobic interactions among FG repeats 
generate a sieve-like hydrogel meshwork (blue mesh). Transport receptors and the transport complexes bind to and dissolve into the meshwork to 
complete the translocation. Smaller molecules diffuse through multiple gaps in the meshwork. (D) The ‘forest’ model. FG-Nups contain FG domains 
with two conformations: the globular-collapsed conformation (dark blue dots for low charge and cohesive, red dots for high charge and non-cohesive) 
and the extended-coil conformation (dark blue lines). The globular-collapsed domains form a transport zone 1 in the middle of the NPC, and the 
extended-coil domains form a peripheral zone 2.
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gradient distribution of interaction den-
sities between Imp β1 and the FG-Nups 
may suggest a higher entropic barrier in 
the central pore and several lower barri-
ers on either side, which is complemen-
tary to the proposal by the ‘virtual gating’ 
model that a single entropic barrier exists 
in the NPC.3,52 Such a gradient entro-
pic barrier allows much easier diffusion 
of facilitated translocations through the 
NPC.52 Second, the axial channel seldom 
occupied by cargo-free and cargo-bound 
Imp β1 was further verified recently by 
SPEED microscopy as indeed being the 
major pathway for passive diffusion (Ma 
and Yang, unpublished data). This find-
ing supports the prediction of a central 
primary pathway for small molecules by 
the ‘reduction of dimensionality’ model,46 
but not the hypothesis of multiple small 
channels proposed by the ‘selective phase/
hydrogel’ model.47,48 Third, the sparse 
and wide distribution of interaction sites 
in the cytoplasm and the nucleoplasm 
may suggest that the FG-Nups preferably 
adapt extended conformation on both 
sides of the central pore as speculated 
in the ‘virtual gating/polymer brush’ 
model.38 Finally, the spatial locations we 
observed of pathways for cargo-free and 
cargo-bound Imp β1 strongly support the 
predictions by the ‘forest’ model of dis-
tinct transport zones for transport recep-
tors and receptor-cargo complexes.49

Furthermore, the single-molecule stud-
ies of the Imp β1-FG-repeat interactions 
have provided more new insights into the 
structure of ‘native unfolded’ FG-Nups in 
the native NPC. As shown in Figure 3,  
the interaction sites between Imp β1 and 
the FG repeats clearly form several dif-
ferent regions along the NPC axis and 
are further divided into distinct interac-
tion groups in each region. Apparently, 
the interaction sites are not evenly dis-
tributed in the NPC; instead, they form 
spatial clusters inside and outside the cen-
tral nuclear pore. Several unique features 
for these clustered interaction sites were 
observed: (1) these interaction clusters 
cannot be formed without the presence 
of both Imp β1 and the FG domains in 
the same regions; (2) the clustered inter-
action sites between Imp β1 and the FG 
repeats statistically remained at almost 
the same spatial locations when the same 

determined in these studies, such as trans-
port time, transport efficiency and the 
one-dimensional (1D) spatial locations 
of single transiting molecules. Recently, 
single-point edge-excitation sub-diffrac-
tion (SPEED) microscopy, a newly devel-
oped form of single-molecule fluorescence 
microscopy, was used to further advance 
the imaging and tracking of single trans-
porting molecules through the NPC 
from 1D to 3D.52 SPEED microscopy is 
capable of tracking the locations of Alexa 
Fluor 647-labeled transiting molecules in a 
single native GFP-conjugated NPC with a 
spatiotemporal resolution of 9 nm at 400 
μs. By SPEED microscopy, a 2D density 
map of transient interactions between 
transiting molecules and the FG-Nups 
can be plotted. A subsequent deconvolu-
tion algorithm applied to the 2D density 
map can further recover a 3D spatial-den-
sity distribution of those transient interac-
tions in native NPCs. Thus, 3D transport 
passageways for transiting molecules 
through the NPC can be obtained under 
real-time trafficking conditions. We have 
applied the technique to determine the 
spatial locations of 3D transport pathways 
for Imp β1 through the NPC with and 
without a model import cargo of NLS-
2xGFP (a nuclear localization sequence 
of PPKKKRKV and two copies of green 
fluorescence protein).52

The 3D spatial-density map of Imp 
β1-FG-repeat interactions obtained by 
the new single-molecule method revealed 
the spatial distribution of FG repeats 
available for Imp β1 molecules in the 
native NPCs. We have found that the 
spatial density of interaction sites gradu-
ally increases from both sides of the NPC 
and is highest in the central pore region. 
Moreover, cargo-free or cargo-bound 
Imp β1 rarely occupies an axial channel 
with a diameter of approximately 10–20 
nm at its narrowest point through the 
NPC, and the interaction regions project 
extensively into the cytoplasm and the 
nucleoplasm (Figs. 2 and 3).52 The den-
sity maps of Imp β1-FG-repeat interac-
tions detected under real-time trafficking 
conditions not only verified the estimated 
spatial distribution of the unstructured 
FG domains50,51 (Fig. 2), but also enabled 
us to further examine the previously 
proposed models. First, the symmetrical 

non-cohesive domain, (d) folded domain 
and (e) NPC anchor domain.49 The 
clusters of collapsed-coil domains form 
the so-called ‘shrubs’, and the groups of 
extended-coil domains or the mixtures of 
extended-coil and collapsed-coil domains 
form ‘trees’. Thus, a forest-like structure 
of FG-Nups is formed in the NPC. In the 
‘forest’ model, the collapsed-coil domains 
form a transport zone 1 in the middle of 
the NPC, and the extended-coil domains 
form a peripheral zone 2 (Fig. 1D). Small 
molecules, transport receptors and com-
plexes pass through zone 1 or 2 depend-
ing on their size, surface charge and 
hydrophobicity.

High-resolution Snapshots  
of Transient Interactions  

between the FG-Nups Barrier  
and Transiting Molecules  

in Native NPCs

Examinations of the proposed mod-
els give rise to challenging questions 
such as how to non-invasively detect the 
structure of FG-barrier in native NPCs. 
Furthermore, it is not clear how to cap-
ture transient passive diffusion or tran-
sient transporter-FG-repeat interactions 
under real-time trafficking conditions. 
Electron microscopy (EM) and cryo-EM 
have been employed to reveal the archi-
tecture of NPCs. Moreover, the localiza-
tions of individual structured Nups have 
been determined by immuno-EM.5-9,12 
However, the unstructured dynamic 
selective permeability FG-barrier and the 
transient dynamic diffusion or interac-
tions cannot be measured directly by the 
above methods in either stained or freeze-
isolated NPCs.

Because of its opportunities for non-
invasive and sub-diffraction-limit imag-
ing and tracking of bio-molecules in live 
cells and tissues, single-molecule fluores-
cence microscopy has been widely applied 
to elucidate many problems unresolved 
by conventional ensemble methods in 
biological and biomedical research. In 
fact, wide-field and narrow-field epi-flu-
orescence microscopy have been success-
fully used to track transport receptors 
and cargo complexes through the NPCs 
at the single-molecule level.29-33 A series of 
transport kinetics in the NPC have been 
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robust and effective trafficking through 
the native NPC, specifically when a very 
large cargo complex is passing through 
the NPC, such as during export of a ribo-
somal subunit? (2) How does the confor-
mation of the FG-Nups barrier change 
to handle massive trafficking conditions?  
(3) How can we unify the proposed models 
to cover all current knowledge of nuclear 
transport? Undoubtedly, new experimen-
tal designs and further investigations are 
needed to seek answers to the above ques-
tions. A combination of multiple meth-
odologies and a systematic analysis of the 
obtained data will continually advance 
our understanding of the nucleocytoplas-
mic transport mechanism.

FG-Nups. Finally, the observed configu-
rations of interaction sites do not support 
that the FG repeats are evenly distrib-
uted in the NPC, and clearly agree with 
the descriptions that FG-Nups may form 
‘bundles’ or ‘shrubs’ and ‘trees’ as sug-
gested by computational simulations and 
the ‘forest’ model.43-45,49

Outlook

Ultimate verification of nucleocytoplas-
mic transport mechanism requires us 
to close more fundamental gaps in our 
understanding of nucleocytoplasmic 
transport: (1) How do the simultaneous 
import and export coordinate to enhance 

transport conditions were set up in the 
permeabilized cell system; and (3) more 
distinct interaction groups with lower spa-
tial densities project into the cytoplasm 
and the nucleoplasm than in the cen-
tral pore region. The interaction regions 
with higher spatial densities indicate that 
there are more or longer effective interac-
tions between Imp β1 and the FG-Nups. 
However, in the rarely Imp β1-occupied 
axial channel serving as the major path-
way for passive diffusion of small mole-
cules, there could be no FG repeats or few 
FG repeats with very low binding affini-
ties for Imp β1. Therefore, the heteroge-
neously distributed clusters are driven by 
the interactions between Imp β1 and the 

Figure 2. Spatial-density distribution of the FG-repeat regions in the NPC. (A) Map density of Nups derived from the combined localization volumes 
of all structured domains (five different colors) and the normalized localization probability of all unstructured regions (green cloud). The estimated 
unstructured regions are based on integrated data from cryo-EM, immuno-electron microscopy, ultracentrifugation, immunoblotting, protein interac-
tion assays, affinity purification and proteomics.50,51 NE indicates the location of the nuclear envelope. (B) Projection of the localization probabilities 
of the FG-repeat regions from all the FG-Nups is shown by a density plot. Red for the FG-Nups that are cytoplasmically disposed; blue for those 
nucleoplasmically disposed; white for those found equally on both sides. (A and B) are reprinted from reference 51 with permission from the publisher. 
(C) Projection of the normalized spatial-density map of interactions between Imp β1 and the FG repeats (green cloud) at the central pore region, de-
tected by SPEED microscopy. (D) The same density map as in (C) is shown in different colored regions (red for the cytoplasm, blue for the nucleoplasm 
and green for the central pore).
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Figure 3. A 3D spatial-density map of interaction sites between Imp β1 and the FG-Nups. (A) A complete 3D spatial-density map of interaction sites 
between Imp β1 and the FG-Nups. Cut-away view of the 3D spatial density map of Imp β1 (green cloud and brighter color indicates higher density) 
superimposed on the NPC architecture (grey). Five regions with distinct spatial location clusters for Imp β1 are marked from I to V. Numbers denote 
the distance from the central plane of the NPC in nanometers. (B) The same density map as in (A) is shown in different colored regions (red for the 
cytoplasm, blue for the nucleoplasm and green for the central pore). (C) Histograms of averaged spatial densities along the radii (r) at the cross-section 
of NPC in the range I to V. Major peaks were obtained by Gaussian fittings (green and red lines). Bin size: 5 nm.
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