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Permeating the nuclear pore complex
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he extensive and multifaceted traf-

fic between nucleus and cytoplasm
is handled by a single type of macromo-
lecular assembly called the nuclear pore
complex (NPC). While being readily
accessible to ions and metabolites, the
NPC imposes stringent selectivity on
the passage of proteins and RNA, tightly
regulating their traffic between the two
major cellular compartments. Here we
discuss how shuttling carriers, which
mediate the transport of macromolecules
through NPCs, cross its permeability
barrier. We also discuss the co-existence
of receptor-mediated macromolecular
transport with the passive diffusion of
small molecules in the context of the
various models suggested for the per-
meability barrier of the NPC. Finally,
we speculate on how nuclear transport
receptors negotiate the dependence of
their NPC-permeating abilities on hydro-
phobic interactions with the necessity of
avoiding these promiscuous interactions
in the cytoplasm and nucleus.

The division of eukaryotic cells into
multiple compartments makes separa-
tion of cellular functions possible by
devoting membrane-enclosed volumes
specific to them. While this provides
many advantages, it also presents a chal-
lenge, as some means of communication
between each compartment and the rest
of the cell must be made available with-
out compromising its integrity. In most
cases, a multitude of channels, transport-
ers and translocons, each dedicated to
trafficking specific molecules, is embed-
ded within the membranes that enclose
cellular compartments. But the heaviest
traffic of all, the one between the nucleus
and the cytoplasm in interphase cells,
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proceeds through a single type of con-
duit—the nuclear pore complex (NPC),
a mammoth proteinaceous assembly that
spans the nuclear envelope and provides
the sole means for the exchange of mate-
rial and information between the two
compartments (Fig. 1). This exclusivity
poses a functional dilemma: while some
molecules, such as ions and metabolites,
need to be constantly shuttled between
the two compartments, the traffic of oth-
ers, namely of proteins and RNAs, must
be tightly controlled as the unscheduled
nuclear entry or exit of many of them
could be highly detrimental. Thus, each
NPC must be continuously conductive
to certain molecules and at the same
time impermeable to others. Given that
some of the cargoes that cross the NPC
can be quite substantial, e.g., mRNAs or
ribosomal subunits, achieving the task
of being open and closed simultaneously
requires some engineering ingenuity.

Part of this dual requirement problem
is resolved by a size-exclusion mecha-
nism. Molecules smaller than -5 nm in
diameter can cross NPCs unassisted, by
passive diffusion, which becomes increas-
ingly restricted as the size of the molecule
approaches the cut-off limit of the filtra-
tion device."* This permits water, ions and
metabolites to enter and exit the nucleus
freely, while preventing transport of
larger molecules. The passage of proteins
and RNAs, whose size is typically above
the cut-off limit, is achieved by associa-
tion with mobile carriers, which recog-
nize those molecules that are destined
for transport and selectively pass them
through the NPC, this without compro-
mising the selectivity of the pore towards
other molecules. The shuttling carriers
that have been selected for this task are
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Figure 1. NPC structure and mediated-transport cycles. NPCs fuse the inner and outer mem-
branes of the nuclear envelope (blue), forming aqueous channels that communicate between
the nucleus and the cytoplasm. The vertebrate NPC measures about 120 x 90 nm and is made

up of ~30 different proteins, called nucleoporins or Nups, most of which are present in multiples
of eight. Associated with the core scaffold of the assembly are eight, ~50 nm long filaments that
protrude towards the cytoplasm and a massive, fish trap-like structure, termed the nuclear basket,
which extends about 50 nm into the nucleoplasm. (Left part) Nuclear import. A protein carrying a
nuclear localisation signal binds to an import transport receptor in the cytoplasm. Upon reaching
the nucleoplasmic face of the pore, binding of RanGTP to the transport receptor frees the latter
from FG-repeats in the pore and dissociates the complex. (Right part) Nuclear export. A ternary
export complex is formed between a nuclear export receptor, a nuclear export signal-bearing
cargo and RanGTP, which typically increases the affinity of export receptors to their cargo. The
complex traffics to the cytoplasmic face of the NPC where it is disassembled and the Ran-bound
GTP is concomitantly hydrolysed in a process requiring one of two Ran-binding proteins, called
RanBP1 and RanBP2 and Ran’s GTPase-activating protein RanGAP1. Due to its small size, Ran can,
in principle, cross the NPC by passive diffusion. However, to maintain a steep RanGTP gradient
across the NE, the transport of GDP-loaded Ran back to the nucleus, where recharging with GTP
takes place, is facilitated by a dedicated import receptor called NTF2.

primarily superhelical, flexible proteins
belonging to the karyopherin B/impor-
tin B superfamily,>® which are uniquely
decorated by hydrophobic patches on
their surface.®!? These mediators, referred
to here as nuclear transport receptors
(NTRs), appear to be tailor made for the
job, as they have no obvious homologues
in prokaryotes.””> NTRs recognize their
cargoes, directly or with the aid of adapter
proteins, through the presence of semi-
conserved amino acid sequences coined
NLS (nuclear localisation signals) or NES
(nuclear export signals), which mark the
cargo for nuclear import or export (or
both)."*"7 Given the number of differ-
ent proteins (including those that piggy-
back RNA molecules) that must enter or
exit the cell nucleus, this generic tagging
scheme avoids unrealistic multiplicity of

cargo-specific NTRs.
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Once a cargo has reached its destina-
tion compartment it must dissociate from
the NTR. The assembly and disassembly
of cargo-receptor complexes is orchestrated
by the small Ras-like GTPase Ran, that,
when loaded with GTP, promotes dissoci-
ation of import complexes and association
of export complexes (Fig. 1). Segregation
of Ran’s nucleotide exchange factor (GEF)
to the nucleus, and GTPase activating
protein (GAP) to the cytoplasm, gener-
ates a concentration gradient of RanGTP
across the nuclear membrane. The lat-
ter, together with the opposing effects
of RanGTP on the affinity of import
and export transport receptors towards
their cargoes, imposes overall direction-
ality to transport by ensuring that cargo
is loaded and released in the appropriate
cellular compartment. Maintaining the
RanGTP gradient requires the input of
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metabolic energy, in the form of hydro-
lysis of Ran-bound GTP in cytoplasm,
and is aided by two Ran-binding proteins,
called RanBP1 and RanBP2, which facili-
tate the RanGAP-stimulated hydrolysis
of the Ran-bound GTP. The process also
requires the Ran-dedicated nuclear import
receptor, NTF2, which shuttles RanGDP
to the nucleus where recharging with GTP

takes place.""

What is it that allows NPCs to read-
ily transport small molecules, exclude
large molecules, and yet let the lacter
pass through when bound to NTRs?
A large body of evidence suggests that
the employed scheme relies on tandem
hydrophobic sequence repeats, most
commonly in the form of FG, GLFG or
FXFG, separated by (more) hydrophilic
spacer sequences. These repeats, which
are present in natively disordered domains
of many proteins that make up the NPC
(called nucleoporins or Nups), specifi-
cally interact with NTRs (reviewed in
ref. 20). The proteins carrying these so
called FG-repeat domains are anchored
on one side to the NPC scaffold whereas
their FG-repeat-containing regions are
believed to protrude into the central
pore channel, cytoplasm and nucleus.”!
A debate still exists as to the exact form
these FG-repeats take within the central
channel and at the periphery of the pores,
and how this form leads to selectivity. One
model (Fig. 2A) asserts that FG-repeats
in the central pore channel interact with
each other through their hydrophobic
moieties, filling it with a meshwork that
has openings of about 10 nm, which
enable small molecules to pass through
but preclude the transport of larger inert
cargoes.”>* Having an enhanced surface
hydrophobicity conferred by their hydro-
phobic patches, NTRs are able to ‘solu-
bilise” into the meshwork by binding to
hydrophobic residues in the FG-repeats,
transiently replacing contacts between
them. As soon as the NTR moves further
along the channel, the FG-repeats resume
their contacts, sealing the mesh behind
the transporting cargo. Consistent with
this, saturated FG-repeat hydrogels pref-
erentially support the passage of NTRs
over comparably-sized proteins that can-
not interact with FG-repeats.?*? Another
model submits that FG-repeat bristles
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that emanate from the pore towards the
nucleoplasm and cytoplasm, exclude car-
goes from entering the central channel
by virtue of their thermal motion? (Fig.
2B). Able to bind FG-repeats, NTR’s
are present in an increased concentration
near the pore entrances and therefore
have a greater propensity for entering it.
All sorting activity is conducted out-
side the central channel and the authors
have shown that attaching FG-repeat-
containing nucleoporins (FG-Nups) to
synthetic pores at their entrance allows
for faster transport of NTRs compared to
an inert protein of a similar size (BSA).”
Using AFM and immuno-EM, Lim et al.
showed that the FG-containing nucleo-
porin Nupl53 collapses in the presence
of the prototypic nuclear import receptor
importin B1,2%° (Fig. 2C). The addition
of RanGTP (which dissociates the recep-
tor from FG-repeats), led to re-extension
of the nucleoporin. Thus they concluded
that collapse of FG-Nups in the presence
of NTRs draws the cargo complex into the
channel, and subsequent collapse and dis-
tension events afford its transport. Another
model, coined the reduced dimensional-
ity model, suggests that FG-repeats form
a coating layer over the surface of the
entire conduit® (Fig. 2D). NTR’s glide
along this layer, with their effective veloc-
ity enhanced due to the fact that they are
confined to a surface, and thus perform a
2D rather than 3D random walk. Inert
cargo passes through a ~10 nm-wide aque-
ous diffusion tube located at the middle of
the central pore channel. Support for this
picture can be found in a recent single-
molecule study that mapped the positions
of importin B-cargo complexes within the
NPC, and found that they are excluded
from a 20 nm-wide channel in the middle
of the NPC.* Recently a model that incor-
porates aspects of different schemes has
been proposed.?® According to this model
some FG-Nups tend to form extended
structures whereas others tend to collapse,
dividing the NPC into regions in which
the FG-network takes on different forms.
The idea that the NPC contains regions
varying in the form taken by the FG-Nups
also fits well with its architecture. At the
cytoplasmic and nuclear faces, the open-
ings of the central channel are about 60-70
nm wide (in metazoans) with the channel
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Figure 2. Models of the NPC permeability barrier. (A) Self-interacting FG-repeats form a mesh-

work within the central pore channel; only molecules that are smaller than the mesh size can go
through unassisted. NTRs partition into the meshwork by replacing internal FG-FG contacts with
interactions with their hydrophobic patches, virtually ‘dissolving’ into the polymer gel. (B) Un-
linked FG-repeats at the edges of the NPCs form polymer brushes that exclude macromolecules
through their thermal motion. NTRs permeate this barrier by binding to the FG-repeats, thereby
increasing their probability of entry. (C) NTR binding induces collapse of FG-domains, which is
reversed by dissociation of the receptor. Transport is afforded by repeated collapse and re-exten-
sion events. (D) FG-repeats (shown here as small red spheres) collapse to form a continuous layer
extending from the cytoplasmic filaments, through the interior of the central pore channel, to the
nuclear filaments. NTRs glide over this surface in a 2D random-walk fashion whereas small mol-
ecules pass through an aqueous tube located at the centre of the conductive channel. The space
between this tube and the FG-layer in the channel is assumed to be occupied by a loose network
of hydrophilic flexible polypeptides, possibly the hydrophilic stretches that connect between the

FG-repeats.

narrowing at the mid-plane, thus forming
an hourglass shape (Fig. 1).**” Further on
into the nucleus, the nuclear basket is made
by eight filaments which come increas-
ingly closer together, finally binding to an
approximately 40 nm wide ring.”?° At the
cytoplasmic side, eight filaments are radi-
ally distributed on top of the NPC body
and protrude into the cytoplasm. The
diameter of the conduit, and consequently,
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the degree of confinement of the polymers
grafted to its surface thus depend on the
position along the NPC central axis. In
addition, the distribution of FG-repeats
along the NPC is not entirely symmet-
ric? and the affinity of different repeats
to NTR’s varies substantially.?® It is fea-
sible that the non-uniform geometry and
affinity lead to a gradient in interaction

strength, which can in principle, translate
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into local forces. A recent single-molecule
study®® has demonstrated the co-existence
of two populations of importin 3 within
the NPC: One consisting of 7 molecules
per NPC characterised by a dissociation
constant of 0.3 nM and one involving 110
molecules per NPC, with a dissociation
constant of 70 nM. These two populations
could represent receptor molecules bound
to different areas within the NPC that
have different binding affinities to NTRs.

Regardless of the form taken by
FG-repeats, it is quite clear that the selec-
tive permeation of the NPC to NTRs
heavily relies on hydrophobic interactions
between the latter and FG-repeats over
and/or within the pores. What was not
clear is whether these hydrophobic inter-
actions are sufficient to entail access to
the NPC or if additional interactions are
required, whether hydrophobicity must
take on a particular threshold or additive
value, and whether the hydrophobic moi-
eties recognized by the FG-repeats must
be distributed in a specific manner over the
NTRs surface. To tackle these questions,
we constructed synthetic NTR mimics
whose surface hydrophobicity had been
systematically modified.” The basis for
the mimics was BSA, a globular protein
that is normally barred from entry to the
NPC. This protein has the advantage of
being cross-linked by 17 disulfide bonds,
which render it extremely stable, enabling
extensive modifications to be made (and,
indeed, were made) without compro-
mising its fold. We modified its surface
hydrophobicity by covalently attaching
three different hydrophobic amino acid
side-chain analogues (Phe, Trp, Leu)
to distal functional groups of solvent-
exposed residues, primarily lysines (Lys)
and serines (Ser). The three analogues
differ both in their structure and in their
chemical nature, being aromatic (Phe),
polar-aromatic (Trp), and non-aromatic
(Leu). The modification process was car-
ried out at several stochiometries such
that it produced different populations of
mimics, each containing BSA molecules
with a characteristic number of hydro-
phobic moieties on their surface. As con-
trols we used unmodified BSA and BSA
that was modified by a hydrophilic (Ser)
side-chain analogue. Since these modifi-
cations did not significantly alter the size
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or the structure of the BSA, following
the ability of the different protein deriva-
tives (which were fluorescently labelled)
to enter the nucleus put us in a position
to single out the effect of surface hydro-
phobicity on the capacity of macromol-
ecules to traverse NPC’s. In addition, it
allowed us to gain insight into the size
and architecture of the interaction net-
work between FG-repeats and transport-
ing cargoes.

We first checked whether
hydrophobicity per se is sufficient to allow

surface

a cargo to cross the NPC or whether a more
specific recognition process is required.
Accordingly, we studied the ability of
eight different BSA derivates, contain-
ing between 4-66 hydrophobic moieties
on their surface, to enter the nucleus of
digitonin-permeabilised HeLa cells. We
found that all of them were able to enter
the nuclei regardless of the identity or
number of the hydrophobic conjugates
they carried. In contrast, naked BSA or
BSA modified with the non-hydrophobic
moiety could not pass through the NPC
and were excluded from the nucleus. Thus,
surface hydrophobicity in itself, and not a
specifically configured interaction, suffices
to compromise the permeability barrier of
the NPC. The apparent promiscuity of the
interactions is consistent with observations
showing that FG-repeats can interact with
different residues on NTRs®'? and that
substitutions of hydrophobic residues in
FG-repeats by other hydrophobic residues
does not affect the interactions between
FG-repeats and N'TRs.®8

But is there an optimum arrange-
ment in terms of numbers or distribution
that would lead to the fastest kinetics?
Assuming that all the interactions are of
similar strength, one would expect that
too few moieties would diminish the
mimic’s ability to interact with and, there-
fore, partition into the pore, whereas too
many would slow down or even block its
movement across the pore. This predicts
that an optimal number of interactions
should exist, such that a high occupa-
tion probability is maintained without
increasing the residence time (which scales
roughly exponentially with overall inter-
action strength®) too drastically. To test

this, we followed the nuclear entry kinet-
ics of all of the BSA derivates. Within the
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available range of attached conjugates, we
found the kinetics to be essentially inde-
pendent of the number of hydrophobic

side-chains. Moreover, the ¢, values were

comparable to those measulr/éd for native
NTRs. Because the cargo with the least
number of conjugates contained only four
hydrophobic moieties, it appears that if an
optimal number of moieties indeed exists,
it should lie within the range of 0—4. The
above results also imply that, regardless
of the number of hydrophobic patches on
their surface, the number of contacts made
between our mimics and the FG-repeat
network is highly limited. The limit could
be set, for example, by a distribution of
FG-repeats that does not allow more than
four simultaneous contacts with cargo
to be made, or potentially by crowding
in the channel which restricts the num-
ber of FG-repeat sequences available per
cargo. Such scenarios have recently been
corroborated in a study on an FG-repeat
thin film>® and are in line with all mod-
els suggested for the FG-repeat network,
provided that a limit is set on the num-
ber of concurrent interactions with cargo.
Another possible explanation for the
insensitivity of accumulation rate to sur-
face hydrophobicity brings us back to the
consideration placed at the beginning of
this paragraph: An increased interaction
strength would predictably lead to a pro-
gressively higher entry rate of cargo into
the channel. At the same time, however,
it would unavoidably slow down motion
within the channel and release at its edge.
If these opposing effects are of similar
magnitudes, as for example entropy and
enthalpy are in protein folding reactions,
the net result would be an apparent insen-
sitivity to the number of moieties present
on the surface. One final possibility is
that while selectivity depends on surface
hydrophobicity, the rate-limiting step of
the transport process itself does not. We
have at this point no means of distinguish-
ing between these possibilities.

Results obtained by us™ and others™””
have suggested that the transport of small,
passively diffusing molecules and of NTR-
cargo complexes is largely segregated. This
separation may be afforded by peripheral
channels that were proposed to surround
the central pore channel and serve as con-
duits for passive diffusion.’****® Another
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possibility is that suggested in the reduced
dimensionality model (Fig. 2D), in which
receptor-mediated transport occurs along
the walls of the central pore channel
whereas passively diffusing cargoes make
use of the aqueous diffusion tube located
at the pore centre.?! A conceptually similar
model suggests functional division based
on two zones, with one being more charged
than the other.”® This latter zone could
accommodate passive cargoes when the
central, more hydrophobic zone is heavily
occupied. Interestingly, when we modified
10 kDa dextran molecules, which are able
to transport passively through NPCs, with
hydrophobic moieties (<10 Trp), in a man-
ner similar to the one used for BSA, we
found that they exhibited faster nuclear
entry kinetics than the unmodified mol-
ecules (Naim et al. unpublished results).
The kinetics was also significantly faster
than that of the BSA derivates. Thus, the
addition of hydrophobic conjugates allows
dextran molecules to speed up, indicating
either that they can now diffuse through
an effectively wider channel, because they
can make use of a volume of the channel
that is normally not accessible to them,
or that interactions with FG-repeats
in the NPC facilitate their partition-
ing into and/or movement through the
pores. Extending these observations, we
propose that surface hydrophobicity, in
addition to being essential for the ability
of NTRs to cross the permeability barrier
of the NPC, also allows the NPC to sort
incoming transport substrates to different
translocation pathways, dividing the loads
of passively diffusing and receptor-bound
species.

If the mere addition of a few hydro-
phobic moieties to a fairly sizable protein
such as BSA allows it to efficiently traverse
the NPC, why bother with specific, care-
fully designed, positioning of hydrophobic
residues in the structure of NTRs? Part of
the answer may lie in the exposure of the
hydrophobic side chains to the surround-
ing. In NTRs, the FG-binding sites are
usually located within crevices or depres-
sions®'? that, while being relatively shal-
low, limit their accessibility. Close contacts
between these sites and hydrophobic resi-
dues present on other proteins are there-
fore restricted to a limited set of local
chain conformations, like those adopted
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by Nups’ FG-repeats. This ensures that
spurious interactions of NTRs with inert
proteins that possess hydrophobic moi-
eties on their surface are not formed. Such
inadvertent interactions may interfere
with the diffusion of NTRs in the highly
crowded cytoplasmic or nucleoplasmic
milieu. Indeed, the BSA derivates we used,
in which the hydrophobic conjugates were
attached to highly exposed distal side-
chain groups, often bound to cytoplasmic
components, likely cytoskeletal elements.
This binding severely interfered with the
movement of the mimics in the cytoplasm
such that we had to pre-treat the cells with
a microtubule-disrupting agent in order to
perform the kinetic measurements. The
positioning of the hydrophobic side-chain
analogues at the very end of already sur-
face-exposed side-chains of BSA was prob-
ably crucial to enable interactions of the
conjugates with the FG-repeats. Such an
extensive protrusion of hydrophobic side-
chains into the solvent does not normally
occur in soluble proteins, which is why
native proteins whose size is above the cut-
off limit cannot cross NPCs unassisted.
Another advantage to having specifically
positioned and structured FG-binding
sites is that it provides a means for con-
trolling the interaction between NTRs
and the pores through conformational
changes induced by ligand binding, e.g.,
RanGTP. This is required to dissociate
certain NTRs from nucleoporins at the
pores’ edges®®* and may play a role in
regulating their passage through the cen-
tral pore channel. Thus despite the fact
that surface hydrophobicity is sufficient to
provide cargoes with the ability to traverse
the NPC, it seems that a more sophisti-
cated design is necessary to allow NTRs to
function in the highly crowded and com-
plex environment of the cell.
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