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Model Inspired by Nuclear Pore Complex Suggests Possible Roles for
Nuclear Transport Receptors in Determining Its Structure

Dino Osmanovi¢,* lan J. Ford, and Bart W. Hoogenboom
London Centre for Nanotechnology and Department of Physics and Astronomy, University College London, London, United Kingdom

ABSTRACT Nuclear transport receptors (NTRs) mediate nucleocytoplasmic transport via their affinity for unstructured pro-
teins (polymers) in the nuclear pore complex (NPC). Here, we have modeled the effect of NTRs on polymeric structure in the
nanopore confinement of the NPC central conduit. The model explicitly takes into account inter- and intramolecular interactions,
as well as the finite size of the NTRs (~20% of the NPC channel diameter). It reproduces various proposed scenarios for the
channel structure, ranging from a central polymer condensate (selective phase) to brushlike polymer arrangements localized
at the channel wall (virtual gate, reduction of dimensionality), with the transport receptors lining the polymer surface. In addition,
it predicts a new structure in which NTRs become an integral part of the transport barrier by forming a cross-linked network with
the unstructured proteins stretching across the pore. The model provides specific and distinctive predictions for the equilibrium
spatial distributions of NTRs for these different scenarios that can be experimentally verified by, e.g., superresolution fluores-
cence microscopy. Moreover, it suggests mechanisms by which globular macromolecules (colloidal particles) can cause
polymer-coated nanopores to switch between open and closed configurations, a possible explanation of the biological function

of the NPC, and suggests potential technological applications for filtration and single-molecule sensing.

INTRODUCTION

The nuclear pore complex (NPC) is the sole gate for macro-
molecular transport between the nucleus and the cytoplasm
of eukaryotic cells (1-7). It consists of a large scaffold
spanning the nuclear envelope, with an outer diameter of
90-120 nm and a central channel or conduit of diameter
30-50 nm for transport. Although the scaffold structure con-
sists of structural nucleoporins (nups) and is reasonably well
defined, the proteins in the central channel are largely un-
structured and disordered, which compromises the results
yielded by conventional methods of structure determination
that rely on crystal formation and symmetry-facilitated
averaging. These unstructured proteins are anchored to the
NPC scaffold structure and contain multiple repeats of
Phe-Gly dipeptides (often referred to as FG nups). The
NPC contains FG nups with various properties (8,9), where
cohesive nups have been shown to be essential for NPC
function (10). They form a barrier that allows passive diffu-
sion of solutes <6 nm in diameter but prevents passage of
inert molecules >9 nm in diameter unless they are chaper-
oned by nuclear transport receptors (NTRs) (8). All macro-
molecules (cargos) that are transported through the pore
contain a nuclear localization signal or a nuclear export
signal that binds to an NTR and the NTR-bound cargo can
then diffuse through the pore.
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Transport of cargos through the NPC critically depends
on the intermolecular interactions between NTRs and
nups. NTRs bind to the FG domains of nups via hydropho-
bic interactions, which must be finely calibrated to allow
translocation and final detachment (11,12). Key questions
on NPC function focus on the nature of the transport barrier,
i.e., whether the FG nups form a predominantly entropic or
energetic barrier to unspecific transport, and on the role of
structural heterogeneity in the NPC.

The NPC can thus be regarded as a complex version of a
polymer-coated nanopore, a structure of significant techno-
logical (13) and physical interest. It has inspired biomimetic
devices, in which solid-state nanopores are coated with
selected proteins from the NPC central channel (14,15). In
general, artificial solid-state nanopores enable the detection
of single molecules through changes in ionic currents
through (16,17) or across (18) them. Nanopores can also
be used as molecular filtration devices, with applications
from separating biomolecules to water purification (19). In
addition, nanoporous devices have been used as novel
drug-delivery devices (20). Transport selectivity is one
of the key challenges in the application of nanopores.
Although size exclusion is reasonably straightforward,
chemical selectivity is harder to achieve. One strategy for
achieving better control of single-molecular transport is by
functionalization of the pores with one-end-grafted poly-
mers of the NPC (15,21,22).

The physical interest lies in the various types of
behavior that arise because of polymer/polymer inter-
actions in the confinement of a cylindrical nanopore. The
collective behavior of such polymers yields a wide and
rich pattern of possible morphologies, which is critically
dependent on the interaction parameters, as has been
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demonstrated by numerical simulations (23-27). For the
NPC, these and other models (28) have a major short-
coming in not incorporating the presence of NTRs in the
pore. Experimental data suggest the simultaneous presence
of tens if not hundreds of transport receptors per NPC
under physiological conditions (29), which would corre-
spond to a significant fraction of the available volume in
the NPC central channel. NTRs have also been suggested
as integral components of the NPC selectivity barrier
(14,30,31). In this work, we therefore set out to explore
the effects of NTRs on the polymeric structure in the
NPC channel. This work can be compared directly to
superresolution fluorescence microscopy measurements of
positions of proteins within the NPC, along the lines of
Lowe et al. (32)

METHODS

The studied system consists of 40 polymers of 100 nm stretched length
that are one-end grafted to a ring inside an open-ended, hollow, and im-
permeable cylinder of 50 nm diameter, in the presence of a fluid of large,
spherical colloidal particles to represent NTRs (see Fig. 1). The diameter
of the colloidal particles is set to 8 nm, corresponding to the unhydrated
diameter of NTRs (33). The polymers are treated as freely jointed chains
of identical connected and interacting beads, with a Kuhn (segment)
length identical to the bead diameter of 1 nm. They represent a simplified
version of the NPC (27), neglecting much of its molecular-scale hetero-
geneity, such that it is computationally feasible to study the system over
a wide range of parameters. This is a significant advantage, since the
outcome of numerical models for polymer-coated nanopores critically
depends on parameter settings (28). We first study the effects of the
colloidal particles on polymers in this minimal model, which are con-
sistent with our previously published polymer distributions (27). Next,
we verify how these effects translate to a more complex polymer distribu-
tion that better represents the NPC. As will be demonstrated below, the

FIGURE 1 (Left) Snapshot of a Monte Carlo simulation of 40 polymers
consisting of 100 adjacent beads (green), each tethered on a ring around the
inner surface of a cylinder to represent FG nups in the NPC. Free colloidal
particles (blue spheres) are included to represent NTRs. (Right) Cross sec-
tion of the cylinder with the molecular packing fraction, resulting from a
density functional theory calculation of the same system, assuming rota-
tional symmetry around the cylindrical axis. On either side of the axis of
symmetry, the color illustrates the proportion of the space that is filled by
polymers (left, with contour lines illustrating the density of the globular
macromolecules) and colloidal particles (right, with contour lines illus-
trating the density of polymers), respectively, for a particular choice of
the interaction parameters. To see this figure in color, go online.
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model reproduces the various qualitatively different scenarios for the
structure of the NPC transport barrier by only minor variations in param-
eters for intermolecular interactions. We therefore argue that despite its
minimalistic nature, this model can capture the key physical behaviors
that can occur in the NPC.

Classical density functional theory is used to calculate polymer and
colloidal particle densities, and the densities are assumed to be rotationally
symmetric around the central axis of the pore. This model is based on a
free-energy functional similar to that used in our previous work (27) but
extended by the application of fundamental measure theory (34) to accu-
rately describe the density of finite-sized hard spheres. The use of such a
nonlocal functional is necessary because of the large size asymmetry
between the polymer beads and the colloidal particles, and because the
size of the colloidal particles cannot be neglected compared to the pore
diameter.

We construct a semigrand potential of the system, which is a functional
of the density of the polymer beads and the colloid density:

BQ = BF,[W(r)] + BQc[p.(r)] + BFW(r), p.(r)], (1)

with 8 = 1/kgT. kg is the Boltzmann constant and 7'is the temperature, as
usual. This is a functional of the colloid density, p,., and the polymer mean
field, W. Given that the polymer density and the polymer mean field are
different representations of the polymers, the functional is implicitly a func-
tional of the polymer density as well.

The term F, describes the free energy of M polymers made up of point-
like beads in an external potential, V), :

/ W(r)p,(r

BF,[W(r)] = —MInZ[W
(@)
+/V,,(r)pp(r)dr.

V, defines an external potential acting on the polymers. W(r) is the
polymer mean field that is to be adjusted to best represent the inter-
particle interactions between the polymer beads. This mean field is
defined on a cylindrically discretized grid in r and z, with 40 and 61 grid
points, respectively. The cylinder is of radius 25 nm and height 60 nm.
p, is the density of beads making up the polymer. Z[W (r)] is the canonical
partition function of a single polymer in the total potential comprising W (r)
and V.

The term BQ.[p.(r)] describes an ideal fluid of colloidal point particles
interacting with an external potential:

8.5, (0) = [ p.0)(1n(Xp.()) ~ 1) ar

+ [viond dr—u/pL

where p. is the density of colloidal particles, defined on a 426 x 1024
mesh in r and z; A is the thermal de Broglie wavelength; u is the
chemical potential of the colloidal particles; and V., is the external potential
applied onto the colloids. Within the context of this work, these external
potentials are used to define the differing geometrical constraints placed
on the particles. As the colloidal particles are larger, their centers cannot
be as close to the wall as the centers of the polymer beads, we represent
this by imposing a large repulsive external potential V.(r,z) when
]'>Rcy1inder - Rcollaid )

Finally, the term BF,[W(r), p.(r)] accounts for all the attractive and
repulsive interactions in the system
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The term 7 is a dimensionless excess free-energy density due to the
hard-sphere repulsion. The next term & gives an excess free-energy den-
sity due to the fact that the hard spheres comprising the polymers are con-
nected as a set of chains. These terms depend on a set of weighted densities,
{ny} (34). The remaining terms account for attractive interactions in the
system via a generic potential, ¢f].(r), for the physical interaction between
a particle of species i and another particle of species j. This potential is
given by

L0 r|<R; + R
%3 )—{ “eyexp(— (|| = (R +R))/oy) |f|=R R,

®

where ¢; is the strength of the interaction in units of kgT (¢;;>0), o;; is its
range in units of nm, and R; and R; are the hard sphere radii of species i
and j, respectively. The superscript / is to show that we only consider the
long-range interactions of the pair potential, and the hard-sphere repulsion
is represented through the hard-sphere term.

Note that the functional of the polymer density (Eq. 2) is a free energy, as
there is a fixed number of polymers in the system. However, the functional
of the colloid density (Eq. 3) is a grand potential, as the colloid is allowed to
undergo particle exchange with an external reservoir. We make this explicit
by using F to describe the functional of the polymer density and Q to
describe the functional of the colloid density. Thus, the full thermodynamic
potential describing the system is semigrand. This functional can be mini-
mized numerically to provide the best estimate of the equilibrium polymer
and colloid densities within the system. Further details about the semigrand
potential and its derivation can be found in the Supporting Material.

This functional includes hard-sphere (excluded-volume) interactions
between the polymer beads and the colloidal particles, as well as attractive
polymer/polymer, polymer/colloid, and colloid/colloid interactions of
strengths ¢€,,, €,c, and €., respectively. The range o for the attractive inter-
actions is set to be 1 nm and €., = 0, i.e., there is no condensation of the
colloidal particles in the absence of the polymers. For the colloidal parti-
cles, an excess chemical potential is referenced with respect to the chemical
potential (u,, = 0) that yields a colloidal particle bulk density of
6 x 10~°nm™3, equivalent to 10 uM, the approximate concentration of
NTRs in the cytoplasm (35). An excess chemical potential u,, = *2 cor-
responds to an ~10-fold increase/decrease of the bulk concentration.

RESULTS

We represent the polymer/colloid densities on a vertical
cross section through the pore as illustrated in Fig. 1. We
subdivide this cross section into two sides through the
r = 0 axis of symmetry. On the lefthand side, we plot the
packing fraction of the polymers on a false color scale, over-
laid with a contour map of the colloidal particle packing
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fraction. On the righthand side, we plot the packing fraction
of the colloidal particles and overlay a contour map of the
polymer packing fraction. The false color scale in all plots
is unitless and is fixed to range from O to 1. All the plots
are reproduced in the Supporting Material on color scales
that are optimized for each density plot to emphasize the
approximate positions of the components.

As in our previous calculations (27), we find that tethered
polymers have multiple phases when the colloidal particle
density is small (Figs. 2 and 3, upper rows). Broadly, one
can categorize the resulting polymer density as either a
wall phase, where the majority of polymers are near their
tethering point at the wall, or a central phase, where the
polymers stretch away from their anchoring point to meet
in the center of the cylinder. Depending on the parameters,
only one of these two phases is stable, whereas the other can
exist as a metastable solution of the system. The central
phase becomes more stable on increasing the interpolymer
interaction. If the attraction is not strong enough, the wall
phase will be favored. There is a crossover in the free
energies of the central phase and the wall phase. This cross-
over can be understood from the balance between the
energetic cost of keeping interacting polymers apart on
one hand,and the entropic cost of stretching the polymers
toward the center on the other. Provided that the interaction
strength is strong enough, the entropic cost of stretching the

M, [kT] 4_2 0 2
|
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FIGURE 2 Equilibrium polymer and colloid packing fractions repre-
sented on vertical cross sections of the pore for a polymer/polymer interac-
tion (¢,, = 0.05 kgT) that yields a wall phase in the absence of colloids. The
colloid bulk concentration is made to increase in order-of-magnitude steps
via =2 changes in u,, from left to right, and the polymer/colloid interac-
tion, €, increases from top to bottom. The data representation is as ex-
plained in Fig. 1, and the number in each cross-sectional image indicates
the average number of colloids in the pore. To see this figure in color, go
online.
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FIGURE 3 Equilibrium polymer and colloid packing fractions repre-
sented on vertical cross sections of the pore, for a polymer/polymer interac-
tion (ey, = 0.10 kgT) that yields a central polymer condensate in the
absence of colloids. The colloid bulk concentration is made to increase in

order-of-magnitude steps via *2 changes in u,, from left to right, and
the polymer/colloid interaction, €,., increases from top to bottom. The
data representation is as explained in Fig. 1, and the number in each
cross-sectional image indicates the average number of colloids in the
pore. To see this figure in color, go online.

polymers can be compensated by the resulting gain in
binding energy. For this work, we have chosen a range of
interpolymer interaction strengths that are physiologically
relevant, which coincides with the range where the polymers
are near to this wall/central-phase boundary, where we also
anticipate the most interesting physical and eventually tech-
nological behavior will occur.

Figs. 2 and 3 give an overview of the effect of the
colloidal particles on the polymer distribution for poly-
mer/polymer interactions (€,,) that, in the absence of
colloidal particles, yield wall and central phases, respec-
tively. Several general features of the polymer/colloid distri-
butions can be observed. As expected, the pores become
more filled on increasing the polymer/colloid attraction or
increasing the bulk concentration of the colloidal particles.
This is apparent from the increasing number of colloidal
particles in the pore, as well as from the color maps (where
blue corresponds to zero packing fraction).

In addition, stronger polymer/colloid attraction causes
greater localization of the colloidal particles at certain
favored positions, as can be seen in €, 0.6 kg7 in Figs.
2 and 3. When the attraction between the colloidal particles
and the polymers is strong enough relative to the interpoly-
mer attraction, it is thermodynamically favorable to form
a quasilattice structure. Different kinds of packing are
observed, where the colloidal particles can be arranged
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into pentagonal or hexagonal structures. The spaces be-
tween the colloidal particles are filled with polymers, which
act as a glue that holds the colloidal particles together. As
the colloidal particles have no attraction to one another,
they are held in the lattice only by their attraction to the
polymers. This is analogous to metallic bonding, where
positive metal ions are held in a regular structure through
their attraction to a sea of (negatively charged) electrons.
It should be stressed that these structures are the equilib-
rium, minimum-free-energy solutions. In reality, dynamic
phenomena, such as polymer entanglement, might frustrate
the formation of these phases, possibly leading to nonequi-
librium, amorphous glassy states.

For €,.>1.5 kgT, density of the colloidal particles increas-
ingly resembles a collection of delta functions centered at
a few very specific positions. In practice, this leads to
increasing numerical inaccuracies and corresponding diffi-
culties in converging to the minimum-free-energy solutions.
Hence, we have here restricted our observations and conclu-
sions to €, <1.5 kgT here, noting that for stronger polymer/
colloid interactions, the general trends appear to continue:
accumulation of colloidal particles at sharply defined posi-
tions in a lattice.

A consistent feature of all the calculations is the low
polymer/colloid miscibility. Regions where there is a large
packing fraction of polymers are unlikely to have a signifi-
cant packing fraction of colloidal particles, and vice versa. It
is entropically unfavorable for polymers and large mole-
cules to mix due to the large reduction in possible conforma-
tions of a tethered polymer when there is a large particle
near it. Colloids and polymers have poor miscibility in gen-
eral (36), until the polymer/colloid interactions are strong
enough to overcome the entropic costs of intersparsing poly-
mers with finite-size colloidal particles. Not surprisingly,
this transition occurs more readily (e,.Z0.9 kgT, Fig. 2)
for weaker polymer/polymer interactions than for the stron-
ger polymer/polymer interactions that—in the absence of
colloidal particles—yield a central polymer condensate for
low polymer/colloid interactions (in which case the transi-
tion occurs at €,.= 1.5 kgT; Fig. 3).

We observe a few other effects that are more specifically
dependent on the interpolymer attraction strength. In Fig. 2,
the strength of this attraction is such that in the absence
of the colloidal particles, the polymers are in a wall
phase, leaving an aperture along the central axis of the
channel. The addition of the colloidal particles initially
(€pc = 0.6 kpT) leads to a moderate blocking (clogging) of
the central aperture by the colloidal particles, until, for
€,c=0.9 kgT, the earlier-mentioned polymer/colloid lattice
is formed, completely blocking the pore.

When the interpolymer attractions are strong enough to
form a central phase, as in Fig. 3, the colloidal particles
have more difficulty in penetrating into the polymer
network. Nevertheless, the colloidal particles still become
increasingly localized with increasing polymer/colloid
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attraction, but only on the surface of the polymer conden-
sate. Once the polymer/colloid attraction is strong enough,
the familiar lattice formation is observed.

In Fig. 4, we illustrate that the system can, for identical
parameter settings, converge to different states. Some of
these states will be metastable. The relative stability of these
phases can be tuned via the polymer/colloid interaction. In
the case for ¢,, = 0.07, we see a crossover in the free
energies of the centrally condensed state and the wall con-
densed state, where the centrally condensed state becomes
more stable. In the complete absence of colloidal particles
(the bulk density of the colloidal particles being zero), the
wall phase is favored. The addition of colloidal particles
of a certain attraction to the polymers will make the central
state favored. They cause the pore to switch from an open to
a closed state.

In Fig. 5, we show the grand potential of the system as the
polymers and colloidal particles begin to mix to form
polymer/colloid networks. There are increasingly rapid
changes in the grand potential as the polymer/colloid inter-
action crosses the threshold necessary for the polymers and
the colloidal particles to mix, at €, =0.7, with a correspond-
ing large increase in the number of colloidal particles found
in the system.

The results thus far are summarized in Fig. 6, which
shows the approximate regions of stable phases against
the interpolymer and polymer/colloid interactions. We sub-
divide the observed phases into three rough categories: the
two familiar central/wall phases described previously (27),
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FIGURE 4 Polymers in the nanopore switching between (meta)stable
open and closed configurations. The plot indicates the grand potential of
wall and central polymer phases as a function of the polymer/colloid inter-
action, ¢, for a given ¢,, = 0.07 kgT and u,, = 0. The presence of low
amounts of colloidal particles in the pore stabilizes the central phase for
€,c=0.25 kgT, at the expense of the wall phase. Polymer and colloid
packing fractions are represented as in Figs. 1-3. To see this figure in color,
go online.
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FIGURE 5 Transition of a wall state into a polymer/colloidal-particle
network, plotted are the grand potentials against polymer/colloid attraction
for €,, = 0.05 and p,, = 0. Large attractions between the polymers and the
colloidal particles cause the formation of polymer-colloid networks. To see
this figure in color, go online.

and a third phase where the interactions between the
polymers and the colloidal particles is strong enough to
form a lattice structure, as can be seen at the lower parts
of Figs. 2 and 3. Increasing the polymer/colloid interaction
has the effect of stabilizing the central phase at the expense
of the wall phase. In general, as one increases the polymer/
colloid attraction, such that the ratio of the interpolymer
interaction to the polymer/colloid interactions becomes

Polymer/Colloid Network

FIGURE 6 Approximate phase map of the combined polymer/colloid
system at different ¢,, and ¢,., showing the most stable phase for these
different parameters at u,, = 0. The wall phase is reminiscent of brushlike
polymer arrangements localized at the channel wall (e.g., virtual-gate and
reduction-of-dimensionality models for the NPC); the central phase corre-
sponds to a cohesive polymer condensate blocking the pore (selective-phase
model for the NPC); and the polymer/colloid network emerges from our
calculations for large numbers of NTRs in the NPC, as suggested by exper-
iment. To see this figure in color, go online.
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small, lattice states will form. These phases are not homoge-
neous, as the colloidal particles can be arranged in different
types of lattices.

These have all been obtained for attractive polymer/
colloid interactions. In the absence of such interactions,
very few colloidal particles enter the pore (see Supporting
Material).

The results thus far have been obtained for a single poly-
mer layer in a cylindrical nanopore. Having explored the
different types of behavior for this simple model system,
we next investigate whether it is reproduced in a system
that more closely resembles the nups in the NPC central
channel. As before, we set a channel diameter to 50 nm
but tether the polymers uniformly over a range of 30 nm
(centered around z = 0) to more closely resemble the verte-
brate NPC structure (7). The 216 nups in the channel are
approximated as chains of beads 0.76 nm diameter (consis-
tent with twice the 0.38 nm average length/amino acid in
nups), and a total stretched length of 161 nm, the average
of the contour length of the FG domains in the human
NPC (37).

Trends similar to those seen previously are apparent. The
more realistic treatment of the geometry will clearly make a
quantitative difference to the location of phase boundaries
seen in Fig. 6, but the qualitative structure of the boundaries
will remain. The increases in the number of polymers and
polymer length have made the central phase more stable,
despite the decrease in bond length and particle diameter
and the smearing out of the polymer tethering points,
which taken alone would make the wall phase more favor-
able. As such, the central/wall dichotomy of structures
seen in the previous calculations still exists, but is less
readily apparent, as even at weak interactions €y, = 0.05
the polymers will extend into the central channel. However,
increasing the number of polymers appears to make inter-
mixing between the colloidal particles and polymers less
likely; the formation of lattice states appears to be frustrated
when the polymers are attractive to one another, and the
colloidal particles appear to be more localized on the poly-
mer surface. That is, when €,r = 1.0, we find a lattice state
in the single polymer layer, but a centrally condensed poly-
mer phase in Fig. 7. At low polymer/polymer affinity, lattice
states are observed in Fig. 7, as the colloidal particles can
more readily penetrate the polymers. The change in the teth-
ering conditions also results in a larger number of colloidal
particles in the pore.

DISCUSSION

We have established that a system of tethered interacting
polymers in the presence of attractive spherical macromole-
cules can adopt a rich range of configurations inside a cylin-
drical pore. Much of our motivation for this study was to
determine whether biological function can be related to
such physical behavior. The selectivity of nucleocytoplasmic
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FIGURE 7 Equilibrium polymer and colloid packing fractions for a
polymer tethering distribution that more closely matches the NPC structure.
The results are represented by vertical cross sections of the pore for
different strengths of polymer/polymer and polymer/colloid interactions.
For clarity, the results are displayed over twice the vertical (z) range relative
to Figs. 1-6. To see this figure in color, go online.

transport of biomolecules through the NPC is a particular
feature that requires explanation, and it has been alluded to
here and in our previous article (27) that a pore where the
polymers reside near the wall is more open for transport
(less selective) than a pore where polymers accumulate near
the axis. We have now shown, using our simplified model,
that free quasispherical macromolecules affect this open or
shut behavior in a complex fashion, and that they can also
penetrate a centrally condensed polymer plug to form a com-
posite mixture with potentially distinct physical properties.

In general, we find that the presence of colloidal particles
can cause a complete shift in polymer density profiles in a
nanopore; that significant rearrangements of the polymer/
colloid configuration can be induced by marginal changes
(<0.1 kgT) in interaction strength; and that several meta-
stable phases can be observed. As illustrated in Figs. 2-5,
the structure of polymers and colloidal particles in nano-
pores can be very rich. This richness can be attributed to
the combined effects of confinement and complex many-
particle interactions.

The equilibrium structures here presented enable us to
qualitatively discuss various possible mechanisms of selec-
tive and tunable macromolecular/colloidal transport through
polymer-coated nanopores. In one scenario, colloidal parti-
cles with a weak polymer affinity will move relatively freely
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into an open central aperture (Fig. 2, upper rows) while
blocking the aperture for noninteracting particles. Such
colloidal particles may also be used to tune the size-exclu-
sion limit for noninteracting particles by deliberately
narrowing the central aperture in the pore. In another sce-
nario (Fig. 4), colloidal particles with weak polymer affinity
can cause the polymers to stretch across the pore, thus
blocking all macromolecular transport that in the absence
of these particles might be allowed. For larger polymer/
colloid affinity, colloidal particles can be used to break
through a polymer condensate or central phase (Fig. 3,
lower rows), thus facilitating transport that is otherwise
inhibited along the central axis of the pore.

It is important to note that as a consequence of the
assumption that the density profiles of both polymers and
colloidal particles are azimuthally symmetric, the phases
here would be slightly modified if the calculations were
performed in three dimensions. In our previous article
(27), the effect of the relaxation of the azimuthal symmetry
condition was explored. The system can break the symme-
try when there are attractive interactions between the
polymers (38), forming distinct clumps at the wall. How-
ever, the important dichotomy of central/wall phases re-
mains. It should be noted, of course, that the network
phases observed in this study would become full lattices
in three dimensions.

In the biological context of the NPC, we can identify
several of the previously proposed paradigms for the trans-
port barrier. For low nup/nup (polymer/polymer) interac-
tions and little affinity between nups and NTRs (Fig. 6,
Wall Phase), the nups will be in the wall phase and the trans-
port barrier will be predominantly entropic in nature (39).
Such a moderate affinity between nups and NTRs will not
significantly change the nups structure (Fig. 2, upper
rows). The NTRs will not mix with the nups but will coat
their surface, reducing or blocking the central aperture of
the pore and discouraging unspecific transport. In such a
model, the NTRs would form a key part of the selectivity
barrier blocking the transport of inert molecules. However,
such a model might contravene experimental evidence, as
in digitonin-permeabilized cells most NTRs are washed
out of the cell, yet the barrier to inert molecules is still
observed to be functioning (40). This parameter range is
also reminiscent of the reduction-of-dimensionality model
(41), which postulates that cargoes, when bound to NTRs,
slide over the surface of the nups in a roughly one-dimen-
sional random walk along the NPC central axis.

For stronger nups/nups interactions and low to moderate
affinity between nups and NTRs (Fig. 6, Central Phase),
the nups will form a condensate that stretches across the
NPC channel. The barrier to transport will thus be predom-
inantly energetic, as proposed in the selective-phase model
(42). Such a nups structure will be more resistant to penetra-
tion by NTRs (Fig. 3, upper rows), which will mainly be
found on the surface of the nups condensate, and effectively
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follow a bimodal distribution as a function of vertical
position in the pore, as indeed is reported by superresolution
fluorescence microscopy for 18-nm-diameter quantum dots
(32) and for NTRs (31,43). Selective transport may be facil-
itated by the presence of a metastable wall phase for the
nups, especially if the free energy difference between the
wall and central phases is small. At present, the role of
NTRs in such a rearrangement is difficult to gauge from
these calculations, not least because they seem to promote
a transition from wall to central phase, the opposite of
what would be required for transport (Fig. 4).

Experiments suggest that the NPC can accommodate up
to 100 NTRs (29), which is a three-orders-of-magnitude
enhancement of the local receptor concentration in the
NPC compared to the concentration within the cell. Such
large numbers of NTRs only accumulate in the pore for rela-
tively high affinity between nups and NTRs, and they appear
to be more compatible with the central phase (Fig. 3) or the
polymer/colloid networks formed when the NTRs penetrate
the nups (Figs. 2 and 3, lower rows). The latter case (Fig. 6,
Polymer/Colloid Network) would correspond to a gel-like
state, as proposed in the selective-phase model, but with
the NTRs playing a significant role in its cohesiveness.
The NPC central channel would thus act as a potential
well rather than a potential barrier for NTRs, but the free-
energy costs of nup rearrangement for cargo transport
may be significant. It is also worth noting that in this param-
eter range, the number of NTRs in the NPC is only moder-
ately dependent on their concentration in the surrounding
liquid: = 10 ~ 20% for an ~10-fold increase/decrease in
bulk concentration (u,, = *2kgT).

Taken together, these observations indicate that different
proposed models for transport correspond to distinctly
different behavior of NTRs in the NPC. This is particularly
interesting because recently developed superresolution
fluorescence microscopy techniques (31,32,43-47) now
increasingly yield experimental access to single-molecule
probability distributions during transport events, and in
some cases to the NTR distributions (31,43), as noted
above.

Finally, our results call for caution in defining parame-
ters for modeling any polymer-coated nanopores, since
small changes in parameters can lead to significant changes
in polymer behavior, in particular in the presence of mac-
romolecules or other colloidal particles with affinity for the
polymers. In addition, the presence of well-defined meta-
stable states implies that modeling results need to be
carefully examined to establish the correct equilibrium
configurations of the system. Obviously, when attempting
to extrapolate our model to the NPC, we have ignored
various complicating biological factors, such as the chem-
ical heterogeneity of the polymers or the exact hourglass
shape of the NPC channel. A fully realistic treatment of
the NPC would have to incorporate all of these aspects
but would also need an accurate specification of the
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parameters involved, which makes for an ungainly combi-
nation of an ever-expanding phase space for the model and
the need to make exact predictions of biological behavior.
Although the quantitative nature of our results would
change were we to account for full biological complexity,
we expect the characteristics of the phases observed to
remain similar. This is illustrated by the comparison be-
tween our minimal single-polymer-layer model and a
polymer-tethering distribution that more closely resembles
the NPC: the qualitative picture—wall/central dichotomy
and lattice states—remains the same despite significant
changes in factors such as tethering positions and polymer
lengths.

CONCLUSION

To explore the effect of NTRs on the structure in the NPC
central channel, we have modeled, over a physiologically
reasonable parameter range, the equilibrium density of an
asymmetric mixture of finite-sized colloidal particles and
tethered polymers within a nanopore. The resulting density
profiles share some common features with previously found
polymer morphologies in nanopores (23,27), such as poly-
mer density accumulation at the pore wall (wall phase)
and—overcoming the entropic costs of stretching the
polymers—polymer condensation at the pore center (central
phase), as well as the emergence of various metastable states
from our calculations.

It is also demonstrated that the interaction with colloidal
particles can cause significant rearrangement of the poly-
mers by switching them between the open-pore wall phase
and the closed-pore central phase, as well as via the
emergence of a new phase in which the colloidal particles
penetrate the polymers, forming a tightly bound polymer/
colloid network with highly ordered colloid lattices as
the state of lowest free energy. These structures are
physically interesting for the analogy one can draw with
metals, with the polymers holding the colloidal particles
together in a way reminiscent of free electrons binding
metal ions. However, such networks are only formed
for higher polymer/colloid affinities, as the miscibility of
the polymers and colloidal particles is generally found to
be low.

Based on the equilibrium packing fractions in the nano-
pore, one can conclude that the presence of colloidal
particles will significantly affect its transport properties.
Unspecific transport can be reduced by a clogging of the
wall phase, thus tightening the predominantly entropic
selectivity barrier, but also, less trivially, by the switching
to central or polymer/colloid network phases, where the
selectivity barrier is predominantly energetic. Transport
through such energetic barriers may be facilitated by the
colloidal penetration of the polymers and/or by the existence
of various metastable phases, particularly if the free-energy
differences between them are small.
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These results specifically demonstrate that the distribu-
tion of NTRs in the NPC is a key distinctive feature of the
various models that have been proposed to explain the
biological function of the NPC, namely, its selectivity of
biomolecular transport. Given the large number of transport
receptors that have been reported experimentally (29), the
polymer/colloid (nups/transport receptor) network phase,
or a nup barrier thickly coated with NTRs, emerges as a
likely state in the NPC central channel. Although the likeli-
hood of one of these states cannot be obtained a priori from
this work, we anticipate that it will guide the interpretation
of future high-resolution experiments on the distribution of
NTRs in the NPC. Furthermore, it can be expanded to esti-
mate free-energy barriers to transport and to include the
here-ignored structural heterogeneity of FG nups in the
NPC (48).
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