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Flexible Gates: Dynamic Topologies and Functions for FG
Nucleoporins in Nucleocytoplasmic Transport�†
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The nuclear envelope is a physical barrier between the nucleus and cytoplasm and, as such, separates
the mechanisms of transcription from translation. This compartmentalization of eukaryotic cells allows
spatial regulation of gene expression; however, it also necessitates a mechanism for transport between the
nucleus and cytoplasm. Macromolecular trafficking of protein and RNA occurs exclusively through
nuclear pore complexes (NPCs), specialized channels spanning the nuclear envelope. A novel family of
NPC proteins, the FG-nucleoporins (FG-Nups), coordinates and potentially regulates NPC translocation.
The extensive repeats of phenylalanine-glycine (FG) in each FG-Nup directly bind to shuttling transport
receptors moving through the NPC. In addition, FG-Nups are essential components of the nuclear
permeability barrier. In this review, we discuss the structural features, cellular functions, and evolution-
ary conservation of the FG-Nups.

Subcellular compartmentalization of eukaryotic cells into
organelles imparts functional and spatial separation of essen-
tial cellular processes. Interorganellar communication, how-
ever, is required to coordinate activities within the cell. The
movement of molecules between the cytoplasm and a given
organelle is accomplished by the use of a regulatory transport
pore(s) embedded in the organelle membrane. One of the
most complex molecular translocons is the nuclear pore com-
plex (NPC), which mediates all traffic of macromolecules in
and out of the nucleus.

NPCs are large, selective channels that regulate the nucleo-
cytoplasmic transport of macromolecules but are permeable to
the movement of ions, small metabolites, and small proteins by
free diffusion. The ability of the NPC to rapidly transport
specific macromolecules and coincidently selectively preclude
other molecules from entering the nucleus is one of the mys-
teries of this biological machine. To overcome the permeability
barrier, each cargo greater than �40 kDa must display a nu-
clear localization sequence (NLS) or nuclear export sequence
(NES). The respective NLS or NES is recognized and bound
by a specific transport receptor, of which many exist in eukary-
otic cells.

Transport receptors interact with a subset of NPC proteins
to mediate translocation and, as such, serve as a molecular
bridge between NPC proteins and cargoes to allow efficient
nuclear import and export. A unique family of NPC proteins is
directly involved, and are designated the FG-nucleoporins
(FG-Nups). The FG-Nups are characterized by domains with
extensive repeats of phenylalanine-glycine (FG), and these

proteins have specific and essential roles in transport through
the NPC (discussed below). Recent work has offered many
insights into the biophysical nature of the FG-Nups. Structural
aspects of interactions between FG-Nups and transport recep-
tors have been resolved, and regulatory roles of FG-Nups in
transport, disease, and development have been discovered.
Importantly, understanding the structural, functional, and reg-
ulatory properties of FG-Nups has provided new insights into
a novel paradigm for selective barrier structures in channels
and for the mechanism of regulated and efficient nucleocyto-
plasmic transport. We review here current knowledge regard-
ing the properties and conservation of FG-Nups. We also dis-
cuss how these properties are related to biological functions of
this protein family and fit into models for the NPC transloca-
tion mechanism.

NPC COMPOSITION AND ROBUSTNESS
OF TRANSLOCATION

NPCs are assembled from multiple copies of �30 different
protein components, collectively termed nucleoporins (Nups)
(31, 137–139, 159). The NPC proteome includes transmem-
brane Nups (Poms), which anchor the NPC in the NE, struc-
tural Nups, and FG-Nups (159). Recent high-throughput mod-
eling studies predict that the NPC is built from repeating
structural modules (3). This repetitive structure is based on the
sequential assembly of several copies of each Nup in multiples
of eight reflecting the apparent eightfold rotational symmetry
of the NPC in the plane perpendicular to the NE (Fig. 1A) (2,
3, 14, 79, 96). Overall, NPCs have an asymmetric shape about
the plane of the NE with unordered filaments extending from
the cytoplasmic face of the pore. The filaments on the nuclear
side of the NPC converge into a basket structure (14, 15, 40,
168). Remarkably, this general structure and many of the com-
ponents are conserved throughout eukarya (2, 3, 14, 23, 31, 79,
96, 110, 139).
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The assembled NPC structure must remain selective while
flexing to accommodate cargo-receptor complexes that vary
over several orders of magnitude in diameter (159, 178).
The vertebrate NPC has been shown to transport signal-
bearing gold particles up to 39 nm in diameter (55, 120), as
well as to transport similarly large-sized physiological car-
goes, including ribosomal subunits (88, 97) and Balbiani ring
mRNPs (35). Equally striking is the NPC transport capacity.
It is estimated that each of the �2,800 NPCs in a HeLa cell
transports upwards of 60,000 molecules/min (66). Similarly,
Saccharomyces cerevisiae, which has ca. 75 to 150 NPCs per
cell (176), is estimated to actively transport 50 to 250 mes-
senger RNAs (mRNAs) transcripts per NPC per min, along
with 10 to 20 ribosomal subunits and up to 1,000 transfer
RNAs (tRNAs) per pore per min (82). In addition to trans-
porting of all of these distinct types of RNA, NPCs also
simultaneously transport large numbers of protein cargoes
(65). Thus, trafficking through the NPC is quite robust and
efficient, as well as apparently bidirectional (56).

FG-Nups: REPEAT MOTIFS AND TYPES

Over the past two decades, multiple studies have indicated
that FG-Nups contribute to both the NPC permeability barrier
and to the active import and export translocation mechanisms.
At the primary amino acid sequence level, FG-Nups have do-
mains with clusters of repeats of Phe-Gly, followed by charac-
teristic spacer sequences (141). The core repeat unit of each
FG-repeat is defined as predominantly Phe-Gly (FG), Gly-
Leu-Phe-Gly (GLFG), or Phe-any-Phe-Gly (FXFG) (Fig. 2A
and B) (141). In addition, the spacer sequences between FG,
GLFG, and FXFG repeat types differ slightly in S. cerevisiae
(Table 1) and in other organisms (141). Spacer sequences
between FXFG repeats are enriched for Ser and Thr and tend
to be highly charged; spacers between GLFG repeats are de-
void of acidic residues and are enriched for Asn and Gln.
Spacers for repeats with an FG core appear to be more de-
generate and may have either spacer type. Others have sub-
categorized FG core repeats further (e.g., PSFG [40a, 121]),
but these repeats do not have unique spacer sequences and
have also been grouped with the FG class of repeats. Whether
the spacer sequences play functional roles in the NPC perme-
ability barrier or active translocation mechanism has not been
resolved.

In metazoans, FG domains are glycosylated. Glycosylation is
specifically mediated by O-linked N-acetylglucosamine trans-
ferase, which attaches an N-acetylglucosamine (GlcNAc) moi-
ety to Ser or Thr (113). This O-linked glycosylation of Nups is
not essential for proper Nup localization at the NPC (87);
however, O-linked GlcNAc residues might play a role in trans-
location through the NPC (36, 57, 70, 113) or regulate the
phosphorylation state of specific O-glycosylated Nups (113).
These sugar moieties have also been proposed to serve as
binding sites for transport of lectins (169). The biological im-
portance of glycosylation of FG-Nups in metazoan cells and
the impact of these posttranslational modifications on nucleo-
cytoplasmic transport has not been fully resolved.

FG-Nup ASSEMBLY INTO THE NPC

In the intact NPC, FG-Nups occupy peripheral, surface
accessible positions in the NPC; they are predicted to line
the innermost layer of the NPC central channel (3, 139). In
S. cerevisiae, three FXFG repeat-containing Nups are found
exclusively on the nuclear basket face of the NPC; these are
Nup1, Nup2, and the FXF-containing Nup60 (Fig. 1B and
Table 2) (139). The FG-Nups Nup42 and Nup159 are com-
ponents of the cytoplasmic fibrils. The FXFG repeat-con-
taining Nsp1 and the GLFG-containing Nup49 and Nup57
are distributed centrally or symmetrically in the NPC. The
GLFG-containing Nup100 and Nup116 are biased toward
the cytoplasmic face of the pore, whereas Nup145N, also a
GLFG repeat Nup, localization is biased toward the nuclear
face of the pore (139). Given the homology of both se-
quence and function for Nup100, Nup116, and Nup145N
and their apparent evolutionary relationships (110, 174)
(see below), the net distribution of these can be considered
effectively symmetrical (157). The FG-Nups of higher eu-
karyotes also arrange in distinct substructural locations
within the pore (159).

FIG. 1. FG-Nups are distributed throughout the NPC. (A) Sche-
matic representation of the eightfold radial symmetry of the NPC,
showing key aspects of the NPC architecture. (B) Nup subcom-
plexes and relative NPC substructural localization. Each box rep-
resents a biochemically or functional documented subcomplex
(from studies summarized by Alber et al. [3]). S. cerevisiae FG-
Nups are depicted on the left side; vertebrates are depicted on the
right. The FG-Nups (colored text) are found in discrete subcom-
plexes and substructural locations. This includes Nups containing
predominantly FG (green text), GLFG (blue text), and FXFG (red
text) repeats. Select structural, non-FG-Nups are shown in black
text.
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FG-Nups are anchored into these specific NPC locations
and Nup subcomplexes by their non-FG domains, and deletion
of these non-FG domains results in mistargeting, (8, 39, 45, 52,
80, 86, 171, 181). Coiled-coil motifs in the non-FG domains of
FG-Nups are predicted to provide this NPC anchoring func-
tion (44). FG-Nups appear to be among the last proteins re-
cruited to a nascently forming NPC (48). Consistent with their
occupying peripheral positions in the NPC, FG-Nups also gen-
erally have shorter residence times than Nups predicted to
have more structural roles, and some are considered to be
transient or shuttling components of the NPC (45, 48, 71, 105,
131). The most prominent exception to this order is that meta-
zoan (m)Pom121 is both an integral membrane protein, inti-
mately connected to anchoring the NPC in the NE lipid bi-
layer, and also an FG-Nup (154).

STRUCTURAL FEATURES OF FG-Nup DOMAINS

Although FG-Nups are anchored in discrete subcomplex struc-
tures throughout the NPC (139, 159), biochemical, biophysical,

FIG. 2. Key structural and sequence features of FG-domains in S. cerevisiae. (A) The full primary amino acid sequence of S. cerevisiae
Nup49 is aligned with each FG repeat in a line break to align on the left. The FG repeats (green), FXFG (red), and GLFG (blue) are further
highlighted. (B) Schematic diagrams for the 11 FG-Nups in S. cerevisiae showing the distribution and type of FG repeats. Single repeats are
represented by an oval. FG repeat, green; FXFG repeat, red; GLFG repeat, blue. The diagrams are adapted from Strawn et al. (157) with
permission from the publisher. (C) Structural analysis of an FXFG-importin � complex gives a surface view of the FXFG peptide (red)
interaction pocket. Hydrophobic residues of importin � are highlighted in yellow. (Reprinted from reference 12 with permission from the
publisher.)

TABLE 1. Amino acid composition of S. cerevisiae FG domains

Nup
protein

Repeat
motif(s)

Composition (%) of yeast FG domaina

Acidic Basic Q�N S�T

Nup42 FG 0.55 3.33 17.45 29.92
Nup159 FG 11.14 7.74 6.29 29.54
Nup49 GLFG 0 2.98 21.28 24.25
Nup57 GLFG 0 2.7 19.37 27.48
Nup116 FG, GLFG 0 1.98 27.6 21.49
Nup145 GLFG 0 2.5 21.5 30.5
Nup100 GLFG 0.18 2.28 27.76 26.89
Nsp1 FG, FXFG 10.19 11.57 12.44 24.35
Nup1 FXFG 9.9 11.88 9.11 29.11
Nup2 FXFG 13.56 13.85 10.61 26.84
Nup60 FXF 15.3 14.12 14.12 20

a FG domain boundaries defined (amino acid residue numbers): Nup42-FG (4
to 364), Nup159-FG (464 to 876), Nup49-GLFG (2 to 236), Nup57-GLFG (2 to
223), Nup145-GLFG (10 to 209), Nup100-GLFG (2 to 570), Nup116-FG,GLFG
(2 to 95 and 205 to 715), Nsp1-FG,FXFG (13 to 591), Nup1-FXFG (384 to 888),
Nup2-FXFG (189 to 527), and Nup60-FXF (397 to 512).
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and cell biological studies reveal shared, unusual properties of
these proteins. Single-molecule atomic force spectroscopy studies
demonstrate that isolated FG domains are natively unfolded
(103), in agreement with biochemical studies (40, 41), and their
flexible filaments can occupy a dynamic range of topological po-
sitions (53, 103). The FG domains are characterized by a large
hydrodynamic (Stokes) radius, are enriched in amino acid resi-
dues associated with structural disorder and flexibility, and exhibit
high in vitro proteolytic sensitivity (40, 41, 46). Although unfolded
regions are predicted in a substantial portion (�30%) of the S.
cerevisiae proteome (49), the FG domains are particularly large
spans of unfolded regions. The cellular mechanisms that protect
the unfolded FG domains from proteolysis or aggregation in vivo
are not fully understood. NPC assembly of S. cerevisiae Nup53 is
mediated in part by Kap121 (107), thus suggesting that Kaps
might serve as chaperones for FG-Nup assembly. However,
Kap95/Kap60 failed to protect FG domains from proteolysis in
vitro (40). Thus, it remains unclear whether FG domains are
protected by a chaperoning factor prior to being assembled into
the NPC.

Unfolded protein domains favor binding to multiple part-
ners and can facilitate rapid association and dissociation rates
(164). The flexibility of these domains likely favors repeated
collisions with binding partners and means that an FG domain
is accessible from various directions. In support of the flexibil-
ity of FG domains, immunoelectron microscopy with an anti-
body specific to the FG domain of Xenopus Nup153 finds that
this domain occupies multiple topological positions (53). In
contrast, the non-FG domains of Nup153 are anchored at
specific points in the NPC. Although some have suggested that
FG domains alter their topology (123) or collapse (104) upon
transport receptor binding (see below), how this contributes to
the transport mechanism remains unknown.

EVOLUTIONARY CONSERVATION OF FG-Nups

The conservation of FG-repeat motifs between Nups and
across multiple species directly facilitated the early cloning and

characterization of this protein family. For example, FG repeat
motifs in FG-Nups from both yeast and metazoans are recog-
nized specifically by the same monoclonal antibodies (7), re-
flecting that the motifs have shared epitopes. Evolutionary
modeling studies have identified repetitive folds and motifs
among non-FG-Nup domains and suggest that Nups arose
from gene duplication and diversification events over evolu-
tionary time (43). Protein structure prediction analysis of Nups
finds very few total structural folds are represented, and the
NPC is predominantly built of alpha-helices and beta-sheets
(44). These studies also hypothesize that non-FG-Nups are
related to coated vesicle components and potentially have the
capacity to stabilize highly curved membrane surfaces (23, 43).
A high level of redundancy and structural duplication also
suggests that the evolution of the NPC and diversification of
Nups have been quite rapid. However, there is no clear pro-
karyotic structural ancestor for FG domains, which makes un-
derstanding their evolutionary appearance challenging (110).

Within the Saccharomyces genus, sequence analysis indicates
that there is overall rapid evolution and substitution of amino
acids (40a). Remarkably, discrete clusters of polar or charged
residues adjacent to FG motifs appear to be conserved. From
yeast to metazoans, some Nups are fairly highly conserved in
both sequence and structure, whereas others have divergent
sequences and yet retain similar tertiary structures and func-
tions (110). Taken together, structural elements and subcom-
plex shapes are maintained in such a way that the ultrastruc-
ture of NPCs is highly similar between divergent species (2, 3,
14, 79, 96, 110). An interesting example of gene duplication
and divergence is illustrated by the S. cerevisiae FG-Nups
Nup100, Nup116, and Nup145 versus their vertebrate counter-
parts Nup96 and Nup98. Phylogenetic analysis suggests that S.
cerevisiae Nup100, Nup116, and Nup145 are lineage-specific
derivatives of an ancestral Nup98 (38, 110). Evidence for evo-
lutionary gene duplication events among these three Nups
within S. cerevisiae comes from genomic sequences; the same
tRNA and transposon sequence elements are adjacent to both

TABLE 2. Properties and homologues of FG-Nupsa

S. cerevisiae
Nup

Essential in
S. cerevisiae

Localization in
S. cerevisiae

Repeat
motif(s)

Abundance/
pore in

S. cerevisiaeb

No. of FG
repeats in

S. cerevisiaec

Homologue in
vertebrates

Abundance/
pore

Homologue in:

C. elegans D. melanogaster

Nup42 No Cytoplasmic FG 8 28 hCG1/NLP1 16
Nup159 Yes Cytoplasmic FG 8 25 Nup214 8 npp-14 Nup214
Nup49 Yes Symmetric GLFG 16 17 Nup58, Nup45 48 Nup58
Nup57 Yes Symmetric GLFG 16 15 Nup54 32–48 npp-1 Nup54
Nsp1 Yes Symmetric FG, FXFG 32 12, 22 Nup62 16 npp-11 Nup62
Nup100 No Cytoplasmic bias GLFG 8 44 Nup98 8 npp-10 Nup98
Nup116 No Cytoplasmic bias GLFG 8 9, 40 8 npp-10 Nup98
Nup145N No Nuclear bias GLFG 16* 13 8 npp-10 Nup98
Nup1 Nod Nuclear FXFG 8 22 Nup153 8 npp-7 Nup153
Nup2 No Nuclear FXFG 8* 14 Nup50 32
Nup60 No Nuclear FXF 8 4

Symmetric, integral
membranee

FG 23† Pom121 8

Cytoplasmice FXFG 21† Nup358/RanBP2 8 npp-9 Nup358

a Estimates of localization and abundance were as published previously (32, 139). Homologues are based on summaries published elsewhere (78, 159).
b *, estimate.
c †, values that represent the number of repeats in the Homo sapiens protein.
d Nup1 is essential in certain S. cerevisiae genetic backgrounds (37).
e Localization of Homo sapiens protein.
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NUP100 and NUP116 loci (174), and the N-terminal GLFG
repeats of Nup145 are similar to the sequence of repeats in
Nup100 and Nup116 GLFG domains (173). A second line of
evidence for evolutionary gene duplication and divergence
among these three Nups comes from examining the protein
domain organization (142). The S. cerevisiae Nup145 polypep-
tide is a precursor to two proteins found in the NPC; the
peptide is autocatalytically cleaved posttranslationally to
Nup145N (�65 kDa) and Nup145C (�80 kDa) (132, 136, 161,
173), which each assemble into different substructural posi-
tions in the NPC (81). Remarkably, this unusual event is con-
served; the cleavage motif and event also occurs with the ver-
tebrate homologs Nup96/Nup98, which are transcribed and
translated as an �195-kDa fusion polypeptide (58, 132). The
uncleaved Nup96/Nup98 fusion protein is impaired for assem-
bly into the NPC (81), thus raising interesting questions about
whether this proteolytic processing event is involved in a reg-
ulatory step of NPC biogenesis or in preventing premature
activity linked to either of these polypeptides.

NPC FUNCTIONS MEDIATED BY FG-Nups

FG-Nups have been implicated in a number of NPC func-
tions, including receptor-mediated transport, permeability bar-
rier integrity, gene gating, and directionality of transport. FG
domains have been studied extensively for their role in inter-
acting with transport receptors during nucleocytoplasmic
transport (1, 4, 5, 20, 34, 91, 111, 140, 142, 145, 156–158, 162)
and are required in specific combinations for efficient transport
(157, 162) (discussed further below). At least some aspects of
transport directionality might be facilitated by FG-Nups (166),
although the prevailing model is that the primary determinant
for directionality is, instead, the Ran GTP/GDP gradient
(115). For both the Kap95/Kap60 import and the mRNA ex-
port pathways, motifs adjacent to FG repeats coordinate ter-
mination of transport and release of transporting complexes
from the NPC (155, 165).

In addition to their role in mediating transport for soluble
macromolecules through the central NPC channel, FG-Nups
are necessary for the targeting of inner nuclear membrane
proteins from the outer nuclear membrane/endoplasmic retic-
ulum (95). In addition, FG-Nups are critical components of the
permeability barrier, and NPCs lacking specific FG domains
are “leaky,” permitting diffusion of inappropriate molecules
(121) (see additional discussion below). FG-Nups are also
linked to gene gating, the process of chromatin association
with NPCs (24); however, it is not clear whether this associa-
tion is through their FG-repeat domain or through functions of
non-FG domains of these Nups. As a whole, this diversity of
functional roles underscores the importance of FG-Nups to the
NPC but also increases the complexity of studying the FG-
Nups.

TRANSPORT RECEPTORS INVOLVED IN
NUCLEOCYTOPLASMIC TRAFFICKING

Nuclear import and export of signal-containing cargoes
larger than the permeability barrier limit are generally facili-
tated by a transport receptor (65). Interestingly, some nucleus-
localized macromolecules have an intrinsic capacity to bind

FG-Nups and can therefore pass through the permeability
barrier without a transport receptor (51, 169). The key molec-
ular determinant of a transport receptor is the ability to inter-
act with both FG-Nups and with cargo(es). The major family of
transport receptors is the karyopherins (Kaps), also termed
importins, exportins, and transportins. There are 14 known
members of the Kap family in S. cerevisiae and more than 21
identified in humans (65, 75, 108, 114). High resolution struc-
tural analysis of Kaps reveals an arch built of typically 20
HEAT repeats (30, 124). Structurally, a HEAT repeat forms
paired antiparallel alpha helices connected by a short loop.
HEAT repeats are found in other cellular proteins, including
those from which they derive their name: huntingtin, elonga-
tion factor 3, “A” subunit of protein phosphatase A (PR65/A),
and TOR1 lipid kinase (6). The arch structure formed by the
array of tandem HEAT repeats in Kaps is highly flexible, and
this flexibility potentially allows Kaps to adapt to carry a variety
of NLS- or NES-containing cargoes and/or to interact with
differently spaced FG repeats (see below) (25–27, 29, 99–101,
124). Kaps also interact with the small GTPase Ran (155).

Ran is a member of the Ras superfamily of proteins and, as
such, functions as a binary molecular switch between GDP-
and GTP-bound forms (172). Ran is essential for assembly and
disassembly of transport complexes and provides directionality
to Kap-mediated nucleocytoplasmic transport (165). The nu-
cleotide-bound state of Ran is spatially regulated by the Ran
GTPase activating protein (RanGAP) and the Ran guanine
nucleotide exchange factor (RanGEF) proteins (159). Ran-
GAP is localized to the cytoplasm, and thus the cytoplasm is a
RanGDP-rich environment. The RanGEF is nucleus localized,
and thus the predominant nuclear form of Ran is in the GTP-
bound state. Nuclear RanGTP binds import Kap-cargo com-
plexes to trigger their disassembly in the nucleus. The now-
empty import Kap is recycled to the cytoplasm bound to
RanGTP. Export Kaps assemble a trimeric complex with a
NES-containing cargo and RanGTP prior to nuclear export.
Since both the export/recycling step of an import Kap and the
export of an export Kap-cargo complex carry RanGTP out of
the nucleus—at a rate of efflux estimated at more than 105

molecules per s per nucleus (67, 152)—there must be a coun-
termeasure to import and supply Ran to the nucleus. Indeed,
RanGDP is imported to the nucleus by a non-Kap transport
receptor, Ntf2. Ntf2 is structurally unrelated to Kaps and func-
tions as a homodimer (124). Importantly, Ntf2 has at least two
FG-binding sites (10).

Whereas Kaps are the transport receptors for most proteins
and RNAs (including rRNA, tRNA, miRNA, and snRNA) (97,
135), bulk mRNA export employs a nonkaryopherin transport
receptor. The mRNA export receptor is the heterodimer
Mex67-Mtr2 (S. cerevisiae; in metazoans, TAP/NXF1-p15/
NXT1) (92, 143, 146). Mex67-Mtr2 in yeast and NXF1-NXT1
in metazoans are each essential for bulk mRNA export (76, 92,
143, 146, 160, 175). Mex67-Mtr2 and NXF1-NXT1 are struc-
turally distinct from the Kap family of transport receptors and
function independently of the RanGTP system (28, 68, 69, 77,
147). However, as with Kap-dependent transport, Mex67-Mtr2
(NXF1-NXT1) interacts FG-Nups, and Mex67-Mtr2 has been
demonstrated to bind to at least nine different FG-Nups (4,
156, 158, 162).
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STRUCTURAL FEATURES OF TRANSPORT RECEPTOR
INTERACTION WITH FG-Nups

Multiple crystallographic studies of the interaction between
an FG repeat and transport receptor show that the Phe residue
of the FG repeat is buried in a hydrophobic pocket on the
outer face of the transport receptor (Fig. 2C) (9–13, 61, 68, 69,
147). This paradigm applies to Kaps, Ntf2, Mex67-Mtr2, and
NXF1-NXT1. Extensive domain mapping and structural stud-
ies have characterized the outer backbone of each Kap as the
platform for interaction with FG-Nups during transport. Spe-
cifically, crystallographic and modeling studies show that the
Phe side chain of an FG repeat fits into hydrophobic pockets
formed by the HEAT repeats of each Kap (11, 12). Multiple
FG-binding sites have been identified on the outer face of
Kaps (11, 12, 16, 83, 85). Thus, these studies provide direct
evidence for the role of the individual FG-repeat unit in inter-
acting with a transport receptor.

In vitro assays demonstrate that hydrophobic residues can be
substituted in FG repeats (e.g., Phe to Trp or Phe to Tyr) with
only modest effects on Kap95 binding; however, replacing the
Phe with Ala in repeats abolishes binding (122). Additional
factors may also contribute to binding site specificity, however,
including adjacent non-FG binding sites, the substructural lo-
cation of the FG domain within the NPC, contributions from
spacer regions, and the occupancy of neighboring FG-binding
sites. Analyzing the potential contributions of each of these has
been difficult. Due to the flexibility from the inherently un-
folded FG peptides used in crystallization studies to date, in-
teractions between the spacer regions and transport receptors
have not been visualized at the atomic or structural level. Thus,
it is unclear what role spacer sequences might play.

AFFINITY AND AVIDITY OF FG-TRANSPORT
RECEPTOR INTERACTIONS

Transport receptor interaction with FG-Nups is a critical
determinant to nucleocytoplasmic translocation, and current
evidence supports a model of multiple low-affinity binding
events between a transport receptor and FG-Nups during
translocation. In accordance with the eightfold radial symme-
try of the NPC, FG-Nups are present in multiples of 8 (139).
This property simultaneously presents multiple copies of the
same FG-binding sites to transport receptors, potentially in-
creasing the number of similar receptors that can occupy the
NPC at any given time. Imaging of single-molecule transport in
a permeabilized cell system (180) demonstrates that a recep-
tor-cargo complex does not move through the NPC in a di-
rected or linear fashion but instead it proceeds in a Brownian
manner, potentially engaging in multiple NPC-receptor inter-
actions during its �10-ms transport time. Given this time scale
and the motion of the complexes visualized in the NPC, these
studies are consistent with multiple, low-affinity interactions
occurring between FG repeats and the transport complex. In-
deed, interactions between transport receptors and FG do-
mains have typically nanomolar to micromolar binding affini-
ties and are likely transient (129, 163). In fact, transport
receptor mutants with increased affinity for binding FG re-
peats, such as the ntf2-N77Y mutant, impair nucleocytoplasmic
transport (98, 130). Overall, rapid, low-affinity interactions be-

tween transport receptors and FG repeats are necessary for
proper and efficient transport.

Despite the apparent low affinity of FG-receptor interac-
tions, there remains preference for binding specific FG do-
mains. Biochemical approaches have demonstrated that every
FG-Nup in S. cerevisiae is capable of binding at least one
transport receptor, and each transport receptor can bind at
least one FG domain. Overall, each transport receptor appears
to have a preference for binding specific FG-Nups or repeat-
types (Table 3 and see Table S1 in the supplemental material)
(1, 4, 5, 34, 111, 140, 142, 145, 157, 158, 162). However, the
mechanistic determinants of these preferences remain elusive.
For example, in S. cerevisiae, Mex67 and Kap95 interact pref-
erentially with different domains of Nup116 (158), indicating
that there are subtle differences between domains in vivo and
also suggesting that a single FG domain could provide binding
sites for multiple transport factors. It is not known whether
these binding events could be simultaneous. In striking paral-
lel, NXF1 appears to preferentially bind a subset of the GLFG
repeats of Nup98, the vertebrate homolog of Nup116 (19).

Because there are likely multiple FG-binding sites on a sin-
gle Kap, it is possible that transport through the NPC is ac-
complished by pivoting through FG-Nups by binding with dif-
ferent hydrophobic pockets on the Kap. In addition, although
FG-Kap binding is measured to be low affinity (e.g., �100 nM
to 1 �M) (17, 129), there are multiple FG repeats on each
FG-Nup and multiple FG-binding sites on each Kap; there-
fore, the avidity of binding sites may also contribute to trans-
port. These paradigms are predicted to be true for both import
and export Kaps (124).

There are at least two FG binding sites on Mex67-Mtr2 and
also on NXF1-NXT1 (68, 69, 147). One of these FG binding
sites has structural similarity to Ntf2, whereas the other is
similar to a ubiquitin-associated motif (21, 22, 61, 62, 68, 69).
Within NXF1, the two FG binding sites are structurally differ-
ent motifs. Interestingly, NXF1 mutants with two Ntf2-like
motifs or two UBA-like motifs are competent for mRNA ex-
port; NXF1 truncations with just one FG binding motif are
nonfunctional (22, 32). Likewise, a mutant form of Mex67 that
uncouples the Mex67-Mtr2 heterodimer causes mRNA export
defects (143, 146). This supports a model wherein successful
NXF1-NXT1 or Mex67-Mtr2 translocation through the NPC
requires multiple FG binding sites on the transport receptor
and reinforces the notion that avidity is a driving mechanism
for FG-transport receptor interactions in the nucleocytoplas-
mic transport mechanism.

Avidity of FG repeats does impact Kap95 binding to purified
FG domains in vitro (122). Furthermore, recent mathematical
and computational modeling predicts that transport receptors
have more FG binding sites than previously detected (83–85).

These observations were made via molecular dynamics sim-
ulations and must be verified biochemically. In addition, the
functional importance of avidity of FG repeats within a given
domain has not been examined in vivo. Since all known trans-
port receptors have more than one binding site for FG repeats
on their surface, it is likely that the avidity of FG repeats within
the NPC and in interacting with these receptors is an important
factor influencing the transport mechanism.
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NPC PERMEABILITY BARRIER

Although the NPC faithfully impedes the transport of mol-
ecules larger than the �40-kDa permeability limit, it is an
effective selective barrier (63). Molecules smaller than this
permeability limit diffuse through at a rate that is inversely
proportional to their size (119). Receptor-bound molecules
greater than the barrier limit size move through the pore at a
rate that approaches the rate of diffusion (64). Thus, the NPC
does not significantly slow the passage of appropriate, trans-
port-competent large molecules. Paraxodically, binding Nups
actually accelerates transport efficiency. The rate of transport
through the NPC for similarly sized molecules is significantly
different if one of them binds Nups. Specifically, the transport
receptor Ntf2 enters the nucleus �30-fold faster than green
fluorescent protein, even though these two molecules are of
similar size (150). Therefore, interactions between transport
complexes and the NPC must be transient and in a manner that
does not slow the movement of the transport complex through
the NPC. Although molecules under the diffusive permeability
barrier size limit can move across the NPC independent of a
receptor, it is interesting that there are no known essential
factors that rely solely on diffusion for nuclear entry during
interphase. This underscores the functional efficiency and im-
portance of receptor-facilitated nucleocytoplasmic transport.

The integrity of the NPC is necessary to maintain the per-
meability barrier. For example, in S. cerevisiae, deletion of the
structural proteins Nup170 or Nup188 results in NPCs that are
“leaky” to diffusion of molecules larger than wild-type pores
permit (149). Both Nup170 and Nup188 are linked to struc-
tural roles in NPC assembly, and at least in the case of the
nup170� mutant, NPC assembly is impaired, preventing incor-
poration of a subset of structural Nups and FG-Nups (94, 116).

Thus, Nup deletions from the NPC can alter permeability
barrier integrity. Further, the barrier that remains in nup170�
cells has increased sensitivity to aliphatic alcohols (148). This
suggests that the barrier is likely maintained by hydrophobic
interactions between FG-Nups (121).

The precise role of FG domains in forming the perme-
ability barrier in vivo is unclear and remains a subject of
much debate. Patel et al. detect an impaired permeability
barrier upon removal of a single FG domain from budding
yeast (121). However, Strawn et al. reported that the barrier
was intact in a mutant with more than half of its FG domains
deleted (157). The discrepancy between these results might
be due to differences in the assay system used or precise FG
domain boundaries deleted. It is, however, clear that FG
domains are sufficient to form a rudimentary permeability
barrier in an in vitro nanopore system (89). This artificial
system consists of a polycarbonate filter separating two fluid
chambers, with the filter perforated by cylindrical holes of a
diameter comparable to that of the NPC. When these filters
are coated with the FXFG domain of Nsp1, transport re-
ceptor-bound macromolecules move through the nanopore,
whereas macromolecules that do not interact with the
FXFG domains are not rapidly transported. This demon-
strates that FG domains are minimally sufficient to form a
selective permeability barrier.

At a physiological level, alterations to the nuclear perme-
ability barrier can regulate transport. The filamentous fungus
Aspergillus nidulans partially disassembles its NPC, removing
both structural and FG-Nups, in a cell-cycle-dependent man-
ner (42, 118). The direct consequence is that these nuclei have
a relaxed permeability barrier that correlates with nuclear in-
flux of cell cycle machinery. The nuclear entry of these cell

TABLE 3. Documented interactions between transport receptors and FG-Nups in S. cerevisiae

Category Receptor
Method(s) used to identify interactionsa

Nup42 Nup159 Nup49 Nup57 Nsp1 Nup100 Nup116 Nup145 Nup1 Nup2 Nup60

Import karyopherins Kap95-Kap60 A, D, E, G D D, E D, E D D, E, G A, C, D,
E, H

D A, D, E,
G, H

A, D, E, G E, G

Pse1 (Kap121) D E A, E D E B, D, E B, D A, B B
Kap122 C, E D D
Kap119 (Nmd5) D D D
Kap104 A, E A A, D E D, E A, D A
Kap123 A, E E E A, E D E C, E A, D E
Kap114 G
Kap108 (Sxm1) D, E E D E E D
Mtr10 A D A A E A A, D

Import and export Msn5 E E E E B, E B B B

Export Xpo1 (Crm1) A, C, E A, C, D,
E, F

A, E A, E E E E A A
Los1 D, F A, D
Cse1 F

Unknown Kap120 E E C, E

Other transport
receptors

Ntf2 D A, D D A, D A
Arx1 E, G G G A G A, E, G A, G G G G
Mex67-Mtr2 D, E E, G D, E E, G C, D, E,

F, G
G E, G E, G

a A, yeast two-hybrid assay; B, fluorescence resonance energy transfer; C, copurification/biochemical pulldown; D, affinity copurification-immunoblot detection; E,
affinity copurification-mass spectrometry detection; F, genetic interaction; G, reconstituted complex analysis; H, cocrystal structure analysis.
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cycle regulators is thus potentially controlled at the level of the
NPC permeability barrier.

FUNCTIONAL REDUNDANCY AND
DIVERGENCE OF FG DOMAINS

Although there are some striking examples of FG-Nups con-
served across species, there are also many examples of func-
tional redundancy within the context of a single NPC. The
complexity and redundancy of FG-Nups within the NPC has
made it difficult to study their roles in vivo in metazoans. The
genetically tractable budding yeast has allowed the most com-
prehensive analyses of redundancy between FG domains and
FG-Nups. This system demonstrated that transport defects are
only detectible when multiple specific FG domains are deleted
(157, 162). Redundancy is also exemplified by the fact that
many FG-Nup genes are not essential in S. cerevisiae when
deleted singly, only displaying lethality when combined as dou-
ble or higher-order nulls (47). Even within a single FG domain
there is evidence for redundancy among FG repeats. For ex-
ample, the Tf1 retrotransposon of fission yeast requires FXFG
repeats within Nup124 for nuclear import but shows no dis-
cernible preference for any single repeat within the FXFG
domain (151).

Despite their potential roles in terminal events of nuclear
export or in initial events in nuclear import, the cytoplasmic
filament Nups and their FG domains are dispensable (157,
170). In addition, direct swapping of the FG domains between
S. cerevisiae Nup1 (FXFG domain; nuclear basket localized)
and Nup159 (FG domain; cytoplasmic filament localized) does
not cause any detectable perturbations of transport (181). In-
deed, cells with deletions of all asymmetric FG domains (i.e.,
those of Nup1, Nup2, Nup60, Nup42, and Nup159) in S. cer-
evisiae are viable and have no significant transport defects
(157). Given that none of the five asymmetric FG domains of
S. cerevisiae are essential for transport, it is perhaps not sur-
prising that a direct swap between the FG domain of Nup159
and the FXFG domain of Nup1 did not have any detectable
effects (181).

In spite of this evidence for global functional redundancy of
FG domains, there is a growing body of literature identifying
specific FG domains as critical determinants for single trans-
port receptors. Many laboratories have demonstrated that
transport receptors bind different FG domains preferentially
(1, 4, 5, 34, 111, 140, 145, 157, 158). Even within a single FG
domain, there are specific binding sites for different receptors
(158) and perhaps subtle differences between spacer sequences
contribute to this. In support of this, the sequence composition
and length of a linker sequence in Nup1 affects Kap binding
(33, 106). Importantly, though, these studies used in vitro bind-
ing and did not consider the transport event in the context of
an intact NPC. In vivo evidence for preferred binding sites for
each transport receptor comes from other studies. Antibodies
to mNup98 or mNup153 block only a subset of transport events
(128, 166); however, these antibodies are not directed against
FG domains. A fluorescence resonance energy transfer-based
assay for Kap-Nup interactions in vivo suggested that Kap121
and Msn5 have both overlapping and specific Nup interactions
during transport (34).

In budding yeast, a combinatorial deletion strategy has iden-

tified the FG domains required for nucleocytoplasmic shuttling
of transport receptors (157, 162). In vivo, the central or sym-
metrically distributed FG domains are required in specific
combinations (157, 162). There are functional differences
among the GLFG domains of Nup100, Nup116, Nup145N,
Nup49, and Nup57, and the FG-FXFG domain of Nsp1 with
respect to their requirements for transport. NPCs with only
GLFG domains are viable; however, deletion of multiple
GLFG domains generally results in multiple transport defects
(157). In the absence of the asymmetric FG domains, there are
also functional differences between single, central GLFG do-
mains (162): the GLFG domain of Nup57 is required for
mRNA export, while the GLFG domains of Nup100 and
Nup145N are required for Kap121-mediated import. In mu-
rine cells, Nup98-deficient cells fail to assemble at least three
FG-Nups properly (Nup358, Nup214, and Nup62) and yet have
defects in transport of only a subset of transport receptors
(177). Taken together, there are in vivo preferences for specific
transport receptors for distinct FG domains.

A dramatic example of how FG-domain composition can
regulate transport is observed in the binucleate Tetrahymena.
There are multiple Nup96-Nup98 homologues in Tetrahymena,
including two GLFG-repeat-containing and two FG-domain
variants that harbor repeats of NIFN. The former assembles
into the macronucleus, while the NIFN-variant assembles spe-
cifically into the NPCs of the Tetrahymena micronucleus. Di-
rect swapping between the GLFG and NIFN domains resulted
in a macronucleus with NIFN repeats and a micronucleus with
GLFG repeats. This was sufficient to drive import of micronu-
cleus-specific factors into the macronucleus and vice versa.
Thus, the FG-domain composition of NPCs differentially di-
rects macronuclear versus micronuclear import in Tetrahymena
(86, 109). These in vivo studies indicate that there are complex
requirements for combinations of FG domains for transport
via different transport receptors and that the FG repeat com-
position of an NPC dictates its transport permissibility.

ALTERATION OF FG-Nup COMPOSITION IN
DISEASE AND DEVELOPMENT

Changing the FG-Nup composition of the NPC is a poten-
tially rapid and dramatic strategy for modulating the flux of all
traffic through the NPC. Evidence for the importance of indi-
vidual FG-Nups in affecting nucleocytoplasmic transport
comes from studies demonstrating changes in FG-Nup com-
position during disease and development. Disassociation of
FG-Nups from the NPC in A. nidulans is used to alter the
transport capacity of the pore (42, 118). Likewise, the degra-
dation of Nups by many viruses highlights the modularity of the
system to favor specific trafficking events (54, 72–74, 144).
Classic electron microscopy experiments have detected an in-
creased number of NPCs in the NE of a stimulated lymphocyte
(112), suggesting that there are global mechanisms to regulate
the total number of NPCs and to make rapid changes in NPC
abundance.

Are there more subtle differences in Nup expression and
NPC structure or pathways during organism development?
Tissue-specific expression of two Nups has been detected dur-
ing mouse development (117, 153), although the molecular
consequences of this altered NPC composition on signaling
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and trafficking is not fully understood. In Drosophila, expres-
sion of the structural Nup mbo is spatially restricted, and mbo
has an inhibitory effect on Crm1-mediated export (167). Fur-
ther evidence for Nup roles in disease come from studies of a
NUP98 knockout mouse (177). NUP98�/� murine cells have
defects in a subset of transport pathways (177), and the
NUP98�/� mice have defects in interferon responsiveness (50).
This thwarted interferon response increases the susceptibility
of the mice to lethal viral infection (144), thus demonstrating
the importance of functional nucleocytoplasmic transport in
immune response. In addition, chromosomal translocations
fusing NUP98 to the homeobox transcription factor HOXA9 or
NUP214 to the DNA-binding protein DEK have been identi-
fied in cases of acute myeloid leukemia (reviewed in references
93, 127, and 179). Fusions of these FG-Nups to other cellular
factors have also been reported in other cancers (179). Thus,
the expression and localization of FG-Nups can dramatically
impact cellular physiology. We predict that future analysis of
gene expression patterns in varied tissues and developmental
states will detect altered expression of FG-Nups, and the trans-
port components that bind them, with resulting regulatory im-
pacts on cellular processes.

PROPOSED MODELS OF THE
TRANSPORT MECHANISM

The complexity of the NPC and the dynamic nature of trans-
porting molecules has made it difficult to define the mechanism
of nucleocytoplasmic transport. In addition, it has been difficult
to develop or design experimental systems to validate proposed
models of the transport mechanism. Multiple NPC transloca-
tion models have been proposed; however, none completely
account for all known NPC properties. Overall, the key differ-
ences between proposed models are in the nature of interac-
tions between FG repeats and in the biophysical consequences
of FG-receptor interaction (Fig. 3).

The Brownian/virtual gate model suggests that the NPC is an
energy/entropy barrier (138, 139). As such, FG domains form
an entropic barrier at each face of the NPC in a way that makes
barrier passage energetically unfavorable for molecules in a
size-dependent manner (i.e., the larger the molecule, the more
entropically unfavorable barrier passage is). These FG do-
mains are presumably mobile and unstructured. Transport re-
ceptors overcome this barrier by stochastically interacting with
FG-Nups, directly increasing the local concentration of recep-
tor-cargo complexes on FG-Nups and therefore also increasing
the probability that a given receptor-cargo complex will ran-
domly diffuse through the NPC (Fig. 3A). In support of this
model, a layer of mNup153 FXFG domains is entropically
repulsive (103, 104). Furthermore, in follow-up studies, the
addition of mImportin � to this system collapsed this entropic
layer, as is predicted for the virtual gating model (102). The
topological flexibility of FG domains viewed by electron mi-
croscopy is consistent with a model in which FG domains do
not stably interact, but these data are inconsistent with a recent
study that suggests that FG domains form a physically rigorous
gel in vitro (60). The Brownian/virtual gate mechanism re-
quires that an adequately high concentration of FG domains
be present to form a strong energetic barrier. Surprisingly,
deletion of up to half of the FG mass from the NPC does not

cause the permeability barrier to collapse (157). Thus, either
the NPC permeability barrier is highly resilient to substantial
losses of FG domains, or other factors can compensate for
these losses.

In contrast to the energetic barrier proposed in the Brown-
ian/virtual gate mechanism, two other models propose a phys-
ical barrier to transport. The “reduction of dimensionality”
model (125, 126) proposes that FG domains form a continuous
surface of potential transport binding sites with the Phe resi-
dues aligning along the inner surface of the NPC (Fig. 3B). The
spacer sequences between FG repeats and other Nups are
proposed to form a selectivity filter that occludes the free
diffusion of large molecules (125). Asymmetric FG repeats
collect transport complexes, which then move along this Phe
surface via a two-dimensional walk, pivoting from one binding
site to the next. Mathematical modeling has previously sug-

FIG. 3. Models for the mechanism of NPC selectivity and trans-
port. Based on the different features of the respective models, the
distribution and physical features of the FG domains are distinct. This
is represented in structural models of both a side view (perpendicular
to the NE) and top view (cross-section through center of NPC; e.g.,
from cytoplasm onto plane of NE). NE, black; FG domains, green;
structural NPC elements, yellow; importing karyopherin transport re-
ceptor, pink; NLS-bearing cargo, blue. (A) Brownian virtual gating
model (138). The center of the NPC is a narrow channel, from which
FG domains extend to form an entropic barrier to transport. Transport
receptors bind these FG domains, overcoming the entropic barrier. By
collecting on the NPC periphery, transport complexes increase the
probability that they will spontaneously move across the barrier.
(B) Reduction of Dimensionality model (125, 126). FG repeats form a
continuous surface along the inner face of the NPC, and transport
complexes pivot along this surface. The spacer sequence between FG
repeats loop outward, forming a physical barrier to diffusion of large
molecules; transport complexes might transiently displace these as they
move along the FG surface. (C) Selective phase-partitioning model
(133, 134). Hydrophobic interactions between FG repeats form a phys-
ical meshwork with gel-like properties. Transport receptors bind and
transiently dissolve the meshwork in order to translocate through
the NPC.
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gested that reduction of dimensionality expedites the rate at
which a ligand finds its receptor (see reference 125 and refer-
ences therein). Thus, this model predicts that removal of FG
repeats might cause gaps and disrupt the continuity of the FG
surface; such gaps would reintroduce a third dimension for
molecular movement through the NPC. This could be the
cause of transport defects in certain FG domain deletion
strains (157). In addition, the reduction-of-dimensionality
model predicts that removal of asymmetric FG repeats would
diminish the efficiency of NPCs to collect transport complexes.
Curiously, this is not observed in cases where the cytoplasmic
filaments are absent (170) or all asymmetric FG domains are
removed (157). For the model to hold, functional compensa-
tion by the remaining FG repeats would be required.

The selective phase-partitioning model proposes that FG
repeats form a physical meshwork (Fig. 3C) (133). This mesh
would be assembled by weak hydrophobic interactions between
the Phe side chains of FG repeats, and the entirety of the mesh
throughout the NPC would resemble a hydrophobic phase or
gel. The spacing between Phe-Phe contacts in the mesh is
proposed to be such that small molecules can diffuse through
without disturbing these contacts. Transport complexes are
suggested to traverse the mesh phase by transiently binding to
FG repeats and locally disrupting the meshwork. Therefore,
this model predicts that FG repeats directly interact and that
transport receptors can compete and temporarily disrupt the
Phe-Phe hydrophobic interactions. Recent experiments have
demonstrated that high concentrations of FXFG domains from
Nsp1 can form a gel substance in vitro (60). Indeed, a fluores-
cently tagged transport receptor can partition into an FXFG
gel substance in vitro (59), whereas a protein that cannot
interact with FG repeats does not enter this gel efficiently.
Although it is impressive that an FXFG gel can discriminate
between an inert and an FG-interacting protein, it is not clear
whether such a gel barrier could form under physiological
conditions or in vivo since formation of the in vitro hydrogel
was initiated using harsh chemical conditions. Further, math-
ematical modeling predicts that binding to and moving through
a hydrogel will retard the mobility of transport receptor com-
plexes and will decrease transport efficiency of cargo-bound
receptors (i.e., larger complexes) more than free transport
receptors (18). Thus, the ability of this proposed FG hydrogel
to form in vivo and support known transport rates remains
controversial.

RECONCILING DIFFERENCES BETWEEN MODELS

Recently, a novel in vitro assay for detecting low-affinity
interactions has shown that certain FG domains are cohesive
(121). These assays found that the FG domain of Nup42 and
the GLFG domains of Nup116, Nup100, Nup57, Nup145N,
and Nup49 can all interact with each other in pair-wise tests.
Curiously, however, these experiments did not detect interac-
tion between the Nsp1 FXFG domains (121), in direct contra-
diction with the proposed self-interaction of these domains in
the above FXFG hydrogel (59, 60). Reconciling these discrep-
ancies will require further refining of assays for detecting in-
teractions and developing techniques that can test these prop-
erties in vivo at the NPC. It is possible that a hybrid mechanism
exists, such as a dually gated system with entropic barriers on

either side of the NPC and a physical meshwork barrier in the
center of the pore (121). The recently reported FXFG nano-
pore system (89) may prove a useful tool for probing the
conformation and biophysical state of FG domains in the pres-
ence of transport receptors. High-resolution microscopic anal-
ysis of transport receptor binding to NPCs has recently dem-
onstrated that transport receptors are distributed relatively
uniformly along the NPC channel (90). This observation sug-
gests that FG domains are distributed and accessible through-
out the NPC, rather than predominantly directed toward the
ends of the pore. Continued experiments using these advances
in microscopy (90) and artificial selective nanopores (89) have
the potential to provide further insights into the NPC gating
and translocation mechanism.

FUTURE CONSIDERATIONS

As a whole, the two key differences between the NPC trans-
location models are in the nature of interactions among FG
repeats and how these interactions are altered by transport
receptors. Recent work has made progress in understanding
the nature of FG-FG interactions, and current evidence sup-
ports elements of each of these proposed models in forming
the selective yet efficient transport channel of the NPC. Future
goals will likely include answering several key questions raised
by the FG interaction experiments, such as what dictates each
individual FG domain forming an intramolecular or intermo-
lecular network? How would a gelatinous meshwork form in a
newly assembling NPC? How does the heterogeneity of FG
repeat types in the NPC or the glycosylation of vertebrate FG
domains affect the stability of the FG environment? How does
the local and native environment of structural Nups and trans-
port factors affect the FG domains? What are the full in vivo
consequences of regarding the apparent preferential FG do-
mains for specific transport receptors? Answering these ques-
tions will help to resolve the biophysical nature of the center of
the NPC translocation channel in the context of the physiolog-
ical environment.
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