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The nuclear pore complex, the only pathway for transport between the nucleus and cytoplasm,
functions as a highly selective gate that blocks non-specific macromolecules while allowing the rapid
transport of tagged (transport factor (TF)-bound) cargo up to an order of magnitude larger. The
mechanism of this gate’s operation is not yet fully understood and progress has been primarily
hindered by the inherent complexity and multi-scale nature of the problem. One needs to consider
the hundreds of disordered proteins (FG nups) lining the pore, as well as their overall architecture and
dynamics at the microsecond scale, while also accounting for transport at the millisecond scale across
the entire pore. Here we formulate an approach that addresses transport properties over a large
range of length and time scales. We do this by incorporating microscopic biophysical details, such
as charge and specific TF-FG nup interactions to compute the free energy landscape encountered by
the cargo. We connect this to macroscopic transport by treating cargo translocation as a stochastic
barrier crossing process and computing the current and the translocation time. We then identify
distinct transport regimes (fast permeable, slow permeable, and impermeable) determined by the
cargo size, TF affinity for FG nups and the activity of the enzymes that cleave TFs from cargo. Our
results, therefore provide an integrated picture of transport through the NPC, while highlighting how
FG nup interactions with TFs and enzyme activity cooperate to produce selectivity and efficiency.

I. INTRODUCTION

Nuclear pore complexes (NPCs) regulate material
transport and genetic information flow across nuclear en-
velopes in eukaryotic cells [1, 2]. The NPC is a large
macromolecular complex with more than thirty differ-
ent protein types forming a structural ring that sits in
the nuclear envelope surrounding a central pore. The
central aqueous conduit of the pore is filled with hun-
dreds of disordered nucleoporin proteins of more than a
dozen different types, having phenylalanine-glycine mo-
tifs (FG nups) [3, 4], which form a highly selective barrier.
Whereas small molecules traverse NPCs freely, large car-
gos selectively pass through NPCs only when they are
bound to transport factors (TFs).
For decades, extensive experimental [5–20] and the-

oretical efforts [21–32] have been made to understand
how NPCs display size selectivity while still allowing for
the rapid transport of large TF-bound cargo. While it
is clear that FG nups play a key role, no consensus has
been reached on the underlying mechanism by which they
contribute to selective gating.
The controversy in proposed mechanisms and the gap

in our understanding largely originate from the lack of
direct visualization of the conformations of disordered
FG nups inside the NPC. As a consequence, most of the
prominent existing models have had to consider hypo-

∗ To whom correspondence should be addressed (e-mail:
y.w.kim@kaist.ac.kr).

thetical conformations based on indirect and sometimes
contradictory experimental observations [9–20].

Most theoretical and computational studies to date,
therefore, have focused on either (i) describing the ki-
netics of transport through simplified effective poten-
tials [31] or highly simplified polymer models of the NPC
[23, 29, 30] or (ii) addressing the polymer structure of
the FG-nup barrier explicitly [24–27]. Studies that are
in the former category do not take into account the role
of biophysical details of sequence specific properties of
the FG nups, such as hydrophobicity, electric charge and
FG repeat distribution, while studies in the latter cate-
gory lack quantitative predictions of experimentally mea-
surable metrics that characterize the cargo transport. In
order to gain a unified understanding, however, a theoret-
ical model should ideally have the following features; (i)
it should incorporate the salient biophysical features of
FG-nup sequences. (ii) It should be able to predict exper-
imentally verifiable conformations of the FG-nup assem-
bly. (iii) Given these conformations, it should be able to
quantitatively predict transport properties as functions
of physical parameters of the system, such as cargo size,
TF affinity for FG domains, and RanGTP concentration
and kinetics. To date, however, there are no models that
incorporate all these features, hence a full understanding
of the physical mechanism behind selective gating is still
missing.

In this work, we take the first steps towards construct-
ing a statistical physics model of cargo transport through
NPC where biophysical details of FG-nup sequence are
incorporated at the residue level. Considering cargo
transport as a stochastic process of crossing the free en-
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ergy barrier due to an assembly of fluctuating polymers
allows us to address macroscopic transport through the
pore in a quantitative fashion as a function of system pa-
rameters. In particular, we discover that highly selective,
yet rapid transport, which has been a longstanding puzzle
of NPC transport requires cooperativity between TF and
RanGTP. To highlight the essential physics of the gating
mechanism, we consider a minimal system with only one
single type of FG-nup. This minimalist approach is in-
spired by the fact that size-selective transport has been
observed in artificial nanopores with a single species of
FG nup [33, 34] and furthermore, over half the FG-nup
mass can be deleted in vivo with no loss of essential gat-
ing function [35]. We also indicate how our approach can
be extended to consider the full complexity of the NPC,
given the computational resources.
Adopting a polymer physics approach, we first de-

scribe the FG-nups as flexible polymers with interact-
ing monomers on a coarse-grained level, while still tak-
ing into account the sequence-specific properties at the
residue level, such as the hydrophobicity, electric charge,
and FG repeat distribution. Using Monte Carlo simula-
tions, we find that the FG nups undergo a conformational
transition between open and closed states of the NPC as
a function of the FG-FG interactions. Remarkably, at
the transition point, the conformations are highly fluctu-
ating, which is consistent with recent high-speed atomic
force microscopy observations of the spatiotemporal be-
havior of FG-nup conformations inside the NPC [36]. We
then examine the transport of cargo molecules through
the NPC in the fluctuation-dominated regime, and quan-
tify the transport properties in terms of the current and
translocation time, which can also be measured in ex-
periments. To do this, we compute, using the Jarzynski
equality, the characteristic free energy barrier due to the
FG-nups encountered by a cargo. Treating the transport
as a stochastic barrier crossing problem [37, 38], we deter-
mine the values of the cargo size and TF-FG interaction
strength for efficient cargo transport and show that a size
exclusion limit naturally arises and that higher TF affin-
ity can increase the size limit of allowed cargo. We also
point out the role of RanGTP, which unbinds TF from a
cargo inside the nucleus. Although TFs enhance the cur-
rents of cargo molecules, we show that without RanGTP,
the cargo transport can be very slow. Upon addition of
RanGTPs, translocation can speed up, indicating that
efficient cargo transport through the NPC is a result of
an orchestrated action of TF and RanGTP.

II. METHODS

As natively-unfolded flexible linear chains with weakly-
interacting multiple sites, FG nups are modeled as freely-
jointed chains of N connected spherical monomers of di-
ameter a each. The hydrophobicity and electric charge of
the amino acids in the FG nups are taken into account via
hydrophobic, electrostatic, and steric interactions among

the monomers. As a compromise between biophysical
details and computational costs, we introduce a coarse-
grained mesoscopic model in which six consecutive amino
acids constitute a single monomer. A monomer is cate-
gorized as hydrophobic, hydrophilic or neutral, follow-
ing the Honeycutt-Thirumalai model [39, 40], and the
electric charge of a monomer is given by the sum of the
charges of the six amino acids. Details of this proce-
dure and the interaction potentials between monomers
are given in Appendix A and B. For various FG nups,
this mesoscopic model yields radii of gyration, Rg, which
are comparable with values measured in experiments (see
Appendix B). As a representative FG nup, we choose
Nsp1, the most abundant yeast nucleoporin. These FG
nups (Nsp1) are grafted with 8-fold symmetry inside
an NPC, which is regarded as a cylindrical pore of ra-
dius Rpore. Here, Rpore is set to be 25a, leading to
R/Rg(Nsp1m) = 3.55, which is comparable to experi-
mental values (see Appendix B). Using the Metropolis
algorithm, we perform Monte Carlo simulations in which
the equilibrium configurations of the FG nups are ef-
ficiently sampled via various moves, such as monomer
rotation, pivot, crank, and pivot cluster (see Appendix
A.4 for details). To evaluate the free energy barrier for
translocation, we employ the Jarzynski equality [41–43],
which allows us to quantitatively calculate the free en-
ergy difference using non-equilibrium work measurements
in simulations. We model the translocation dynamics of
cargo by a pair of coupled Fokker-Planck equations de-
scribing probability densities of bare cargo and TF-cargo
complexes. The current and translocation time of the
cargos are then calculated by numerically solving these
equations [44].

III. RESULTS

A. Conformational transitions and fluctuations

We first look at the conformations of FG nups in the
absence of a cargo-TF complex, as shown in Fig. 1a. The
conformations are very sensitive to the strength of hy-
drophobic interaction between monomers, ε. Hereafter,
all energies and lengths are expressed in units of the
thermal energy at room temperature kBT and of the
monomer diameter a, respectively. For weak hydropho-
bic interaction (ε = 1.0), the chains mostly populate the
inner rim of the NPC, have low inter-chain connectivity,
and form isolated brush-like configurations. On the other
hand, at high interaction strength (ε = 2.4), the strong
cohesion between the hydrophobic monomers causes the
chains to aggregate and form a central plug. For an in-
termediate value, ε = 1.7, the inter-chain aggregation is
enhanced compared to the case of ε = 1.0, and yet the
central region is less crowded than the case of ε = 2.4.

In order to quantify the configuration of the FG nups,
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FIG. 1. (a) Snapshots (top view) of FG nups from simulations for various hydrophobic interaction strengths ε. Different colors
indicate physical properties of monomers; hydrophobic (dark gray), negatively charged (blue), positively charged (red), and
electrically neutral (light gray). For weak interactions (ε = 1.0), FG nups are isolated resulting in an open NPC. For increasing
interaction strengths, FG nups are partially entangled (ε = 1.7), or form a central plug (ε = 2.4). (b) Occurrence counts of the
FG nup configurations having connectivity θ, defined in Eq. (2), showing how the typical configurations change from the open
state to the closed state as ε increases. For intermediate ε (ε = 1.7), the connectivity of FG nups has a bimodal distribution. (c)

The average connectivity 〈θ〉 and its fluctuation
√

〈θ2〉 − 〈θ〉2 vs. ε. Near ε = 1.7, 〈θ〉 rapidly changes, signaling a conformational
transition that is accompanied by pronounced fluctuations. (d) Configurations of FG nup at ε = 1.7, represented by thick
orange lines, closely resemble the conformational fluctuations observed in recent experiments [36].

we introduce a connectivity matrix,

Cαβ ≡

{

1 if dαβ ≤ r∗,

0 otherwise,
(1)

where α, β are chain indices; we assign Cαβ = 1 if the
smallest separation between monomers in chain-α and
those in chain-β, denoted by dαβ , is less than r∗ = 2.5a.
Using the connectivity matrix, we define the connectivity
of the whole system as an order parameter:

θ ≡
2

Nc(Nc − 1)

Nc
∑

α=1

α−1
∑

β=1

Cαβ (2)

which becomes zero if all chains are isolated; this value is
unity when all chains are interconnected with each other.
Here, the number of chains in the system is Nc = 8.
Figure 1b presents the probability distribution of the

connectivity θ. For small ε = 1.0, the probability is
sharply peaked near θ = 0, clearly indicating that the
majority of the chains has very low connectivity. For
an enhanced strength, ε = 1.65, the peak becomes low-
ered, and the probability leaks into the large θ region. At
ε = 1.7, the probability distribution is bimodal, suggest-
ing that the chain conformations fluctuate significantly
between connected and disconnected states. With fur-
ther increase of ε, a peak is developed near θ = 1 and
finally becomes very sharp at ε = 2.4, which is in accor-
dance with the chain configurations displayed in Fig. 1a.
In Fig. 1c, we display the average connectivity 〈θ〉 and

the standard deviation σθ =
√

〈θ2〉 − 〈θ〉2 as a function

of the hydrophobic interaction strength ε. For ε < 1.6,
the average connectivity remains small (sparsely con-
nected; open phase). As ε increases, the connectivity
becomes larger, and for ε ≥ 2.0, the connectivity con-
verges to 1 (fully connected; closed phase). The rapid
rise of the order parameter, 〈θ〉, at ε = 1.7; signals a
sharp conformational transition of the FG nups.

The transition found here [Fig. 1c] is also accompa-
nied by pronounced conformational fluctuations (see σθ,
which has a sharp maximum at the transition point).
At ε = 1.7, therefore, the isolated brush-like conforma-
tions and transient entanglements coexist. The snapshots
of the configurations at that point (Fig. 1d) closely re-
semble those observed in the experiment by Sakiyama et

al. (Compare with Fig. 2a of Ref. [36]). Motivated by
this experimental observation, in the remainder of this
work, we will assume a hydrophobic interaction strength
of ε = 1.7, for which the fluctuations are the most pro-
nounced. We next compute explicitly, the free energy
barrier due to the fluctuating FG nup assembly, and show
how selective transport arises in our model NPC.

B. Free energy barriers of translocation modulated

by TF-FG nup interactions

In order to model the transport process, we first quan-
titatively estimate the free energy barrier that a cargo
molecule experiences when passing through our model
NPC [Fig. 2a]. In obtaining such free energies, a scheme
based on the Jarzynski equality [41] is useful, as was
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successfully demonstrated in many biomolecular systems
such as the folding-unfolding of RNA molecules [45, 46].
Here, we use the Jarzynski equality to calculate the free
energy barrier as a function of the translocation coordi-
nate, z (position of cargo). Consider a process in which a
cargo located at a position z0 moves to another position
z > z0. During the process, finite work, w, should be
expended due to the interaction between FG nups and
the cargo, which depends on the cargo position. The
Jarzynski equality states that the exponential average of
the work determines the difference in the free energies at
z0 and at the final position z:

e−β∆F = 〈e−βw〉w, (3)

where ∆F = F (z) − F (z0), and 〈· · · 〉w represents the
average with respect to the probability of w. Here F (z)
is the free energy of the system when the cargo is located
at z. The above relation (3) can be used to evaluate the
free energy profile as a function of the cargo position (see
Appendix C for details). We choose a reference value of
z0 far enough away from the pore center so that the free
energy approaches the bulk value, to which FG nups do
not contribute.
When the cargo, taken to be a spherical particle of ra-

dius R, does not contain a nuclear localization signal, it
does not bind to TF and is therefore regarded as an inert
particle interacting with FG nups only sterically due to
its finite volume. On the other hand, if the cargo binds
to TF, it forms a cargo-TF complex, also referred to here
as an interacting cargo. The presence of bound TF is
modeled as Nb = 12 binding sites arranged in a stripe
pattern on the cargo (see Supplementary Information).
The binding sites interact specifically with FG repeats
along the nups, the strength of which can be parame-
terized by εTF . As most TFs are strongly negatively
charged in physiological conditions [47], the binding sites
are also assumed to carry the electric charge q = −5e
per site, giving total charges of TF of Q = −60e. As
a result, the cargo-TF complex interacts with FG nups
not only through steric repulsion but also through elec-
trostatic and hydrophobic interactions (for details, see
Supplementary Information).
Figures 2b-c present the free energy barrier for cargo

translocation, obtained after performing a number of re-
peated measurements of work and then taking the av-
erage of the exponentiated work values according to the
Jarzynski equality, (3), (details in Appendix C). As an in-
ert cargo without TF passes through an NPC, due to the
entropic repulsion with the FG nups, a free energy barrier
develops symmetrically around the anchoring position of
the FG nups, z = 0. The entropic penalty and the re-
sulting free energy barrier are higher for a larger cargo,
as shown in Fig. 2b. For a cargo-TF complex, on the
other hand, the attractive electrostatic and hydrophobic
interactions with the FG nups lower the free energy bar-
rier compared to that for an inert molecule. Figure 2c
illustrates the free energy landscape for various εTF . It
is interesting to notice that the wells in the free energy,

inert

inert

a

b

c

FIG. 2. (a) Schematic of a spherical cargo translocating
through a model NPC with FG nups anchored at z = 0. (b)
Free energy difference, ∆F (z) = F (z)− F (z0), as a function
of the cargo position z, for inert cargo (εTF = 0) of radius
(R = 5, 8, 11). Here, z0 = −40. A free energy barrier is de-
veloped around the anchoring position of the FG nups due to
steric interactions between the cargo and the FG nups. Con-
sequently, the barrier is higher for a larger cargo. (c) Free
energy profiles of interacting cargo of radius R = 8 with dif-
ferent εTF . For the interacting cargo, not only is the barrier
at z = 0 lowered, but also wells (the regions of ∆F < 0) are
created.

the regions having ∆F < 0, develop for elevated εTF ,
which leads to a trapped state of the cargo-TF complex
inside an NPC. Their role in the transport process will be
discussed in the next section. The total binding energy
between a TF and the FG nups, measured from simula-
tions as shown in Fig. 2c, is about 10 ∼ 20kBT , which ap-
pears to be compatible with the range of experimentally
measured binding affinity of nM ∼ µM [48–51]. We also
note that translocation potentials having both barriers
and wells were reported through mean-field calculations
of the potential of mean force [24, 25]. While a single
layer of FG nups is considered in our work, the asym-
metric distribution of the FG nups consisting of several
layers of different types were incorporated in these pre-
vious studies [24, 25], leading to asymmetric free energy
barriers of translocation. Such comprehensive treatments
of the potentials of mean force can easily be incorporated
into our approach by using these as the starting point for
the free energy landscape in what follows. What is being
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pursued in this study is a systematic analysis of the ef-
fects of εTF and R on the translocation free energy due

to a highly fluctuating polymer barrier and the resulting
translocation dynamics which in turn depends also on
the RanGTP concentration and kinetics.

C. Dynamics of crossing the free energy barrier

In most experiments, transport across the NPC is stud-
ied by measuring the flux or translocation time of the
cargo molecules. Here we calculate these transport quan-
tities based on a stochastic description of cargo translo-
cation. In doing so, two crucial factors are considered.
First, because translocation time scales are much longer
than the relaxation times of polymers (on the order of
µsec) [52], the cargo position, z, is a slow stochastic vari-
able. We can then consider the translocation of cargo
as a one-dimensional diffusive random process across the
free energy barrier arising from interactions with FG
nups [10, 31]. Second, we note that the directionality
of cargo transport through NPC is maintained in vivo by
the hydrolysis of GTP by GTPase Ran [53]. When bind-
ing to the cargo-TF complex, RanGTP, which is mainly
present inside the nucleus, dissociates TF from a cargo
and releases the cargo into the nucleoplasm [10]. We ac-
count for the action of RanGTP by a second-order chem-
ical reaction in which RanGTP binds to the cargo-TF
complex.
We can then write the Fokker-Planck equations de-

scribing the translocation dynamics:

∂

∂t
p(z, t) = LFP(z)p(z, t)− konc(z)p(z, t) (4)

∂

∂t
q(z, t) = L0

FP(z)q(z, t) + konc(z)p(z, t) ,

where the Fokker-Planck operators are given, respec-
tively, as LFP = D(∂/∂z) exp [−F (z)] (∂/∂z) exp [F (z)]
and L0

FP = D(∂/∂z) exp [−F0(z)] (∂/∂z) exp [F0(z)] with
a diffusion constant D. Here, p(z, t) is the one-
dimensional density of the cargo-TF complex, while
q(z, t) is one-dimensional density of the cargo in the TF-
free state, i.e., dissociated from TF by RanGTP. The
concentration of RanGTP is denoted by c(z); the local-
ization of RanGTP in a nucleus can be approximately
described by a Heaviside step function, c(z) = c0Θ(z).
Here, kon is the probability that a cargo-TF complex
will converted by RanGTP into a TF-free state per unit
time, from which we obtain a normalized rate constant,
k = konc0. The terms coupled to c(z) are introduced to
incorporate the annihilation of a cargo-TF complex (or
equivalently the production of a TF-free cargo). Note
that the free energy profile F (z) enters Eq. (4), and F0(z)
is the free energy experienced by a TF-free cargo, which
is treated as an inert particle: F0(z) = F (z; εTF = 0).

The advantage of our approach is that transport quan-
tities such as flux and translocation time can be directly

evaluated from the Fokker-Planck equation when appro-
priate boundary conditions are imposed. To evaluate the
current and the translocation time, we consider a cargo
molecule translocating from the cis side to the trans side,
i.e., from the cytoplasm to the nucleoplasm, in the inter-
val [−L,L]. In solving (4), we impose four boundary
conditions:

p(z = −L, t) = p0, p(z = L, t) = 0, (5)

q(z = −L, t) = 0, q(z = L, t) = 0,

where L = 40, far distant from the pore center. For a
cargo-TF complex, we assume a constant concentration
at z = −L (corresponding to the cargo-TF concentration
in the cytoplasm) and an absorbing boundary at z = L,
which assumes that, due to the high binding affinity of
RanGTP for TF, TF is almost perfectly dissociated from
cargo by RanGTP by the time the cargo reaches the nu-
cleoplasmic face of the NPC. For an unloaded cargo, ab-
sorbing boundaries are assigned at both ends. It is to be
noted that an arbitrary boundary value can be used for q,
without changing currents, but only if the same value is
used on both sides. TF-free cargos result only from disso-
ciations of cargo-TF complexes so, initially, q(z, 0) = 0.
At steady state, the current is given by

J = −D (∇ps(z)|z=L + ∇qs(z)|z=L) ,

and the translocation time can be estimated as the total
number of cargos divided by the current:

τ =
1

J

∫ L

−L

dz [ps(z) + qs(z)] , (6)

where ps(z) and qs(z) are the steady state solutions of (4)
with ∂p(z, t)/∂t = 0 and ∂q(z, t)/∂t = 0. Thus, by nu-
merically solving (4) with the appropriate boundary con-
ditions (5) [44], we can obtain the currents and translo-
cation time for a wide range of parameters. It should be
noted that there exists a similar mechanism, involving a
different set of TFs and enzymes, for export to the cy-
toplasm, so that nuclear export can be described by our
formalism as well by simply considering the cis (trans)
side as the nucleoplasm (cytoplasm).

D. Flux and transit time explain size-selective

permeability: transport in the absence of RanGTP

Let us first examine the translocation behaviors in the
absence of RanGTP. In this case, we set k = 0 or, equiv-
alently, c(z) = 0, in (4) and solve the equation with the
free energy F (z) evaluated as explained in Sec. III. For
numerical calculations, the diffusion constant is taken as
D = kBT/6πηR with the viscosity of cytoplasm η; the
monomer diameter is a = 1nm. Since the current is lin-
early proportional to p0, the concentration gradient be-
tween the cis and trans sides, we consider, in the follow-
ing, a normalized current JA/p0 with a pore area A. In
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FIG. 3. Current and translocation time of cargo through our
model NPC (obtained numerically as described in Sec. III.C).
We set k = 0 and p0/πR

2

pore = 1µM. (a) Current J as a func-
tion of the cargo radius R. At a given εTF , the currents
are reduced as R increases. At a given radius, cargos more
strongly interacting with FG nups yield larger currents. In
the R-dependence of J , there exists a crossover from slow
to fast decay that represents the size-selective permeability.
The dashed line corresponds to the current amplitude at the
crossover for an inert cargo. (b) Translocation time τ as a
function of R. For an inert cargo, τ monotonically increases
with R; its dependence on R also displays crossover behavior
(the dashed line is the translocation time at the crossover).
In contrast to the inert cargos, the translocation times of in-
teracting cargos have minima. The descending behavior of τ
for small R is a consequence of the well formation shown in
Fig. 2(c).

Fig. 3, we present the currents JA/p0 for p0/A = 1µM
and the translocation times τ as functions of R for vari-
ous values of εTF .

One immediately finds that the currents diminish with
increasing cargo radius (Fig. 3a); moreover, there ex-
ists a crossover in the R-dependence, from a weak 1/R-
dependence to a rapid exponential decay (ln J ∼ −R).
The crossover enables sharp changes in permeability de-
pending on the cargo radius and forms the basis of size-
selective permeability in the NPC. The dependence of
the currents on εTF is also noteworthy here. As εTF is
enhanced, overall, the amplitude of the current and the
threshold radius increase. This behavior can be under-
stood by looking at the free energy barrier in Fig. 2c; its
height at z = 0 is lowered for an interacting cargo, com-
pared with that for an inert cargo (εTF = 0); this value
becomes even lower at higher εTF .

Another relevant quantity is the translocation time for
a single cargo, τ , presented in Fig. 3b. For an inert cargo,

τ monotonically increases as R becomes larger; this is
obviously due to the steric repulsion yielding a higher
barrier for a larger cargo (see Fig. 2b). In contrast, the
translocation time for interacting cargo displays a non-
monotonic behavior with increasing cargo radius, having
a minimum value at an optimal cargo size. The counter-
intuitive behavior of τ before the minimum point where
translocation time decreases with size is a consequence of
well formation in the free energy landscape for interact-
ing cargos (Fig. 2c). The overall translocation dynamics
is governed not only by the barrier height at the cen-
ter but also by the well depth at the nuclear side exit.
Thus, in the case of a strongly-trapped cargo, the rate-
limiting step in translocation is the escape from the well,
not the barrier crossing. Up to the minimum point, as
R increases, the well depth becomes smaller; as a re-
sult, τ decreases. For further increases in R, the central
barrier crossing becomes the rate-limiting step, and τ in-
creases. The upturn in τ also coincides with the crossover
in permeability indicated by the marked reduction of the
currents displayed in Fig. 3a.

In Fig. 4a, we summarize the translocation behavior as
a function of TF affinity, εTF , and cargo size, R. Here,
we choose the reference current, J∗ = 0.01/msec · µM,
for the value separating impermeable (J < J∗) and per-
meable (J > J∗) regions. Comparing the translocation
time with a reference time τ∗ = 5msec, the permeable
region is further divided into two; slow (τ > τ∗) and
fast (τ < τ∗). Based on the current and translocation
time behaviors of inert cargo, these criteria (dashed lines
Fig. 3) are chosen as values around the crossover, and are
found to be close to the values that were experimentally
measured [54, 55] (e.g., J∗ corresponds to the current at
which ten molecules pass through a pore per sec when
the cargo concentration on the cis side is given as 1µM).
For example, as shown in Fig. 3, inert cargos with J > J∗

and τ < τ∗ have flux and translocation time that depend
weakly on their radii, and we classify the transport to
be permeable and fast. To some extent, the determina-
tion of reference values can be arbitrary; if we consider
the cutoff current to be ten times larger (corresponding
to passage of hundred molecules per sec), the imperme-
able region expands and the boundary is thus shifted as
shown Fig. 3a. We note, however, that the behaviors of
boundaries are qualitatively the same.

The diagram clearly shows that with increasing εTF ,
the size cutoff in permeability shifts to a larger value.
This indicates that the transport of large cargos, which
would be blocked without TF, is allowed by binding TFs.
However, even if permeable, the transport can be slow for
small cargos with large εTF (Slow Permeable region), be-
cause the cargo tends to be strongly trapped by strong
interactions of the TFs with FG nups. We will now show
that the presence of RanGTP, which was neglected in
Fig. 4a, has a nontrivial effect on reducing the transloca-
tion time.
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FIG. 4. Diagrams to characterize the cargo transport through NPC (a) in the absence of RanGTP (k = 0) and (b) in the
presence of RanGTP (k = 103) based on current and translocation time obtained numerically as described in Sec. III.C).
Cargos with R and εTF in the fast permeable region are efficiently transported through NPC, yielding high currents and
short translocation time τ < τ∗. Boundaries between permeable and impermeable regions are indicated by setting J = J∗

or J = 10J∗, respectively. Here the criteria J∗ and τ∗ are marked in Fig. 3. (c) Schematic pictures of free energy profiles
of translocation for inert cargo (gray dashed), and interacting cargo without RanGTP (black solid) and with RanGTP (red
dashed). Here ∆FB is the central barrier height for an inert cargo. On the trans side, RanGTP dissociates a cargo from TF
and replaces the free energy profile with that for an inert cargo. (Upper panel) The rate-limiting process is the crossing of the
central barrier; therefore, the presence of RanGTP hardly affects the translocation time. (Lower panel) For a strongly-trapped
cargo inside the well, the rate-limiting process is the escape from the well. In this case, the presence of RanGTP accelerates
the translocation.

E. RanGTP speeds up translocations:

cooperativity of RanGTP and TF

The effects of RanGTP can be examined by using fi-
nite values of k in (4). The RanGTP concentration in
the nucleus is taken as c0 = 10µM [56]. Numerically
solving (4) with BCs (5) [44], we obtain the currents and
translocation time for a wide range of k. We find that
the permeability boundaries determined by J remain al-
most unchanged with increasing k, though the relative
contributions of cargo-TF complex and dissociated cargo
to the current change drastically as k varies. On the
other hand, the translocation time τ for small cargo con-
tinuously decreases upon addition of RanGTP (or with
increasing k), but remains higher than τ∗ till k reaches
a certain threshold value. Up to this point, therefore,
the boundaries, (set by τ∗) separating the slow and the
fast regions, stay close to those for the case of k = 0
(no RanGTP). As k increases above the threshold value,
∼ k = 103, the fast region suddenly expands and takes
over most of the permeable domain (Fig. 4b). We also
find that even if k increases further, there is no qual-
itative change in the boundary of τ (see Appendix D,
Fig. 9).

This sensitive dependence of the phase boundary of τ
on k is a consequence of how RanGTP affects the free en-
ergy of translocation. RanGTP unbinds TF from a cargo-
TF complex and as a result, the free energy landscape of a
dissociated cargo on the trans side becomes equivalent to
the free energy of an inert cargo [Fig. 4c]. For large cargos

with considerable barriers at the center, as well as nega-
tive wells on both sides [upper panel of Fig. 4c], RanGTP
plays the role of removing the activation barrier at the
nucleoplasm exit. However, in this case, surmounting
the central barrier from the cis side is the rate-limiting
step, which is unaffected by addition of RanGTP. Conse-
quently, both J and τ hardly change. On the other hand,
for small cargos with large εTF , which have deep wells in
the free energy landscape [lower panel of Fig. 4c], travers-
ing the activation barrier at the nucleoplasm exit forms
the rate-limiting step. RanGPT removes this activation
barrier and the translocation, therefore, speeds up signif-
icantly. In contrast, RanGTP has only a negligible effect
on the currents. Note that as the potential well disap-
pears on the trans side, cargo density becomes reduced.
Because the current is the cargo density multiplied by
the translocation speed, the speed-up effect and the den-
sity reduction caused by RanGTP cancel each other out,
yielding almost the same currents as those in the absence
of RanGTP. It appears that RanGTP lowers the free en-
ergy of the product state without modulating the central
barrier; RanGTP is distinct in that sense from a clas-
sical Michaelis-Menten enzyme that simply reduces the
activation energy barrier.

Thus, there are two key findings in our results about
the role of RanGTP. First, RanGTP makes the cargo
translocation fast and complements the role of TF, which
enhances the cargo permeability. Second, in order for
the speed-up effect of RanGTP to manifest itself, i.e., to
reduce τ below τ∗, RanGTP should be sufficiently abun-
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dant to realize a value of k beyond a certain threshold
value. However, because this effect is saturated for val-
ues of k larger than the threshold value, any RanGTP,
which exists in quantities more than necessary, becomes
a surplus agent. Given c0 = 10µM [56], k = 103 cor-
responds to an on-rate of kon = 108/M · sec [57], which
is much higher than the on-rate value measured in vitro

of ∼ 105/M · sec. It was found, however, that this on-
rate of ∼ 105/M · sec is too slow to explain the import
kinetics, and that RanGTP binding to Impβ should oc-
cur at least one to two orders of magnitude faster [58],
which will make the on-rate much closer to the threshold
value used in this work. Other NPC-associated compo-
nents have indeed been shown to increase this on-rate
significantly [59].

IV. DISCUSSION

Employing a statistical physics approach combined
with polymer physics, we have investigated the physi-
cal mechanism of selective material transport through
NPCs. Incorporating the biophysical details of FG nup
sequence, we have determined the equilibrium conforma-
tions of FG nups as a function of the hydrophobic in-
teraction strength, and have observed sharp conforma-
tional transitions, accompanied by pronounced fluctu-
ations. Depending on the cargo size and the binding
strength of TF with FG domains, the free energy land-
scape can be either a positive barrier, a trapping well,
or a combination of both. As a result, different trans-
port behaviors emerge; fast permeable, slow permeable
or impermeable. Based on a reaction-diffusion equation,
we have shown that the current exhibits a crossover be-
havior, changing from a slowly decaying to a rapidly de-
caying function of the cargo radius, which sets a nat-
ural size cutoff in permeability at the crossover radius.
Having TFs bound to the cargo shifts the size cutoff to
a larger value, allowing larger cargo to be translocated.
In addition to maintaining the concentration gradient of
molecules across the nuclear membrane, we found that
RanGTP plays an important role in the translocation
dynamics. Modulating the free energy landscape on the
trans side, RanGTP can accelerate the translocation of a
strongly-trapped particle that otherwise would stagnate
inside an NPC. Size-selective and fast transport through
the NPC is, therefore, achieved through cooperation be-
tween the TFs and RanGTPs.
It should be noted that, recently, there have been ex-

periments which have focused on the additional biochem-
ical activities of RanGTP in transport regulation, other
than just the dissociation of TF from a cargo-TF com-
plex. Lowe et al. proposed that RanGTP dissolves a
highly cross-linked mesh formed by interactions of Impβ
with nups at the nuclear face of the NPC [60]. According
to their arguments, active transport should occur only
when both TFs and RanGTPs are present, which is, how-
ever, incompatible with a previous report by Ma et al.

where facilitated transport of large cargo was observed
even in the absence of RanGTPs [7]. On the other hand,
the Kap-centric control model in Ref. [61] suggested that
RanGTP does not completely dissociate Kapβ1 from FG
nups but instead switches Kapβ1 to a lower affinity state.
In our analysis, we do not consider such molecular details
of RanGTP-TF interactions and only assume the well-
established fact that RanGTP unbinds cargo from TF to
facilitate its release from FG-repeat regions. Our the-
oretical approach can easily be extended to include the
detailed interactions between TF and RanGTP. While
this will not change the main mechanism shown in our
study, such an effort could be helpful to quantitatively
test the various proposed models on the role of RanGTP.

We have shown here that the FG nup assembly in the
NPC shows a conformational transition upon variation
of the FG nup interaction energy, and proceeded to de-
termine the transport properties of inert and TF-bound
cargoes in pores using the FG nup interaction energy that
accompanies the transition point. Whereas no simula-
tions were performed to compare the transport properties
of inert and TF-bound cargoes between pores employ-
ing different FG nup interaction energies, we note that
the FG nups in vivo appear to be close to the transition
point accompanied by the pronounced FG nup fluctu-
ations [36]. The fluctuations could potentially play an
important role by simultaneously providing a free en-
ergy barrier while allowing for only transient interactions
with TFs, thus accelerating the dynamics and prevent-
ing trapping. The gating mechanism thus displays ele-
ments of various models proposed before including an en-
tropic brush [11], a dynamic gel in the center [12, 21] and
a copolymer gate that shows conformational transitions
[20, 27, 30]. The predicted time-averaged polymer den-
sities are also consistent with a high density center mea-
sured by both cryo-EM [62] and conventional AFM [63]
while the fluctuating chain conformations are also consis-
tent with the recent high-speed AFMmeasurements [36].
Interestingly, values for currents and transport times, on
the order of 0.01/msec·µM and 5msec, that are consistent
with direct measurements using cargo tracking with sin-
gle molecule fluoresence techniques [54], appear to mark
the boundaries between regimes where these quantities
are weakly and strongly dependent on cargo size, indi-
cating that the crossover may be exploited in vivo.

As final remarks, we address some aspects of the
present work that can be improved in future studies.
Here, we focused on translocation through a central con-
duit filled with flexible FG nups, not on the cytoplasmic
or nucleoplasmic sides with cytosolic fibrils and the nu-
clear basket. The initial docking or interaction with the
cytoplasmic filaments was regarded as a separate process
and was excluded from this study. We also assumed that
the free energy barrier of translocation through NPC re-
sults from the FG nups alone, in the absence of other fac-
tors. The contributions of other translocating molecules
and cargo-cargo interactions were neglected, which would
be valid at dilute concentrations. At high concentrations
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of free Kaps for example, Kap-FG nup interactions have
been shown to modulate the FG nup conformations [64–
66] and this is something that could be included in ex-
tensions to this work. We also incorporated the effects
of RanGTP by introducing the normalized rate constant
k in the Fokker-Planck equations. It would be interest-
ing to confirm the roles of RanGTP, associated with the
changes of the free energy barrier as explained schemat-
ically in Fig. 4c, directly through the Monte Carlo sim-
ulations considering RanGTPs. In this study, a single
ring of FG nups is considered, which enables us to span a
wide range of the parameter values of R and εTF within
reasonable computational time. The NPC however con-
tains several such rings of different FG nup types and it is
expected that the repulsive free energy barrier becomes
higher and wider. As a result, the amplitudes of barrier
height and well depth will change, but the overall shapes
of the free energy landscape should remain roughly sim-
ilar. Such free energy barriers for the NPC have indeed
been calculated at different levels of approximation for
the FG nup structure [24, 25] and it would be interesting
to extend our transport calculations to free energy barri-
ers calculated for the full pore. It has also been reported
[67] that there could be co-operativity between different
types of FG nups in regulating transport and this would
be another aspect to include.
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Appendix A: System and simulation method

1. FG nups

Let us first introduce a model NPC system in the ab-
sence of cargos. Our minimal NPC is modeled as eight
FG nups anchored, along the perimeter of a circle, in-
side a cylindrical pore of radius Rpore. The anchoring
points of the FG nups are equally spaced to have eight-
fold rotational symmetry. Each FG nup is considered as
a freely-jointed chain (FJC) of N spherical monomers of
diameter a. The monomers occupy finite volume, carry
charges, and have hydrophobicity, thus interacting with
each other through steric, electrostatic and hydrophobic
potentials.

The pairwise potential between the i-th and the j-th
monomers is given as

Uij = φst(rij) + φCoul
ij (rij) + φhyd

ij (rij), (A1)

where rij is the distance between the two monomers
as rij = |ri − rj | when the position vector of the i-th
monomer is ri. The first term φst accounts for the steric
repulsion of two monomers having finite radii and is given
by

φst(r) =







4εLJ

[

(r0
r

)12

−
(r0
r

)6

+
1

4

]

if r ≤ r∗

0 if r > r∗
,

(A2)
which is the truncated Lenard-Jones potential with r∗ =
21/6r0. Here, r0 and εLJ are taken as a and kBT , respec-
tively. The second term in Eq. (A1) accounts for the
electrostatic interaction between monomers, for which we
introduce the screened Coulomb potential with the inter-
action range set by the Debye screening length λD:

φCoul
ij (r) =

qiqj
4πǫ

e−r/λD

r
(A3)

with ǫ being the dielectric constant of the ambient
medium, where qi, qj are the electric charges of the
monomers. At physiological salt concentrations, the De-
bye screening length is λD = 1nm. The last potential rep-
resents the effective hydrophobic/hydrophilic interaction,
arising from the hydrophobicity of amino acid residues or
monomers, which is modeled by an exponential function

φhyd
ij (r) =

{

σije
−(r−a)/λh if r > a

σij if r ≤ a
(A4)

with the decay length of the interaction of the size of
monomer, λh = a [68]. According to the Honeycutt-
Thirumalai model [39, 40], the hydrophobicity of a
monomer is assumed, for simplicity, to be ternary. That
is, the beads can be either hydrophobic, neutral, or hy-
drophilic, and each is represented by the state variable
as ηi = 1, 0,−1 (see the next section for more details).
The interaction strength σij is then determined by the
hydrophobicities of the two monomers as

σij =















−ε if ηi = 1 and ηj = 1,

0 if ηi = 0 or ηj = 0,
2

3
ε otherwise,

(A5)

where ε is a key parameter determining the equilib-
rium conformations of FG Nups. The total energy of
the system, consisting of only FG Nups, is given by
U = (1/2)

∑

i6=j Uij where i is the monomer index, run-
ning over all monomers in the system.

2. An inert cargo

Now let us introduce an inert cargo of radius R. With-
out bound TF, the cargo interacts only sterically with the
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monomers constituting the FG Nups. This steric interac-
tion between a cargo and a monomer has the same form
as in Eq. (A2) but with r0 = R + a/2, which we denote
as φst

cargo.

3. An interacting cargo

Finally, we consider a cargo bound to a TF. When a
cargo binds a TF, they form a cargo-TF complex, which
we refer to as an interacting cargo. TFs, also called
karyopherins, interact specifically with FG Nups. On
its surface, a TF has multiple hydrophobic pockets that
serve as binding spots for FG repeat domains of FG Nups.
Taking this into account, we model an interacting cargo
as a sphere with Nb discrete binding sites distributed in
a stripe pattern (see Fig. 5). Another interesting charac-
teristic of TFs is that they are more negatively charged
than most of cellular proteins. For example, the charge
(Q) of TFs in a human body at pH 7.2 lies in the range
−120e ≤ Q ≤ −20e [47]. We thus consider that a TF has
negative charges of Q = −60e, evenly distributed on the
binding spots. In this study, we chooseNb = 12, and each
binding site therefore has a negative charge, q = −5e. In
our study, the presence of TF is incorporated only via
binding sites distributed on a cargo. Accordingly, we
assume that the charge Q is distributed on the binding
sites, but in reality, it is distributed over the entire TF. A
more realistic description of the electrostatic effects will
need to take into account the structure of the TF as well,
which is an interesting direction to pursue.
Then, the pairwise interaction potential between the

i-th monomer of FG Nups and the ℓ-th binding site of a
TF is given by

Uiℓ = φst(riℓ) + φCoul
iℓ (riℓ) + φsp

iℓ (riℓ), (A6)

where riℓ = |ri − rℓ| with rℓ being the position vector of
the ℓ-th binding site of a TF. The last term, φsp, repre-
sents the specific interaction between a FG repeat and a
cognate TF binding site, which occurs as the phenylala-
nine side chain of FG nup is inserted into a hydrophobic
pocket on the surface of TF. As a surface interaction, a
binding site (or hydrophobic pocket) interacts only with
a single FG domain, not with several domains simultane-
ously. We incorporate this exclusive nature of the FG-TF
interaction by turning on φsp only for the closest pairs
of FG-containing monomers and TF binding sites, if the
distance is less than 3a. In addition, φsp is assumed to be
given by the same short-range potential as in Eq. (A4),
but with different interaction strength σiℓ = −εTF .
The total energy of the system consisting of FG nups

and an interacting cargo is hence given by

U =
1

2

∑

i6=j

Uij +
∑

i,ℓ

Uiℓ + φst
cargo (A7)

up to an irrelevant constant term due to interactions be-
tween binding sites in a single TF, where φst

cargo is the

steric interaction between a cargo and a monomer in FG
nups. Here, i runs over the monomer index, and ℓ over
the binding site index.

4. Monte Carlo simulation

Using the Metropolis algorithm, we perform Monte
Carlo simulations and update the configurations of the
system. In the Metropolis algorithm, the probability for
an update (or equivalently, a move) to be accepted sat-
isfies the detailed balance condition

peq(i)W (i → j) = peq(j)W (j → i) (A8)

where i, j are configurations before and after the move,
respectively. peq(x) is the equilibrium probability density
of configuration x, andW (x → y) is the transition proba-
bility from x to y. In the simulation, the transition prob-
ability is given by W (x → y) = π(x → y)acc(x → y),
where π(x → y) is the probability to select the move and
acc(x → y) is the acceptance ratio. The Metropolis algo-
rithm fulfills the detailed balance condition by using an
acceptance ratio given by

acc(i → j) = min

(

1,
π(j → i)

π(i → j)
e−β(Ej−Ei)

)

, (A9)

where min(x, y) gives the lesser value between x and y,
and e−β(Ej−Ei) = peq(j)/peq(i) is the ratio between the
canonical equilibrium probability densities.
In order to effectively sample the configurations of the

FJCs, various moves such as monomer rotation, pivot,
crank, and pivot cluster moves are employed. The pivot
cluster move (PCM) is newly developed in this study with
the aim of efficiently sampling configurations of strongly
bonded FJCs anchored at a wall. The PCM achieves
this goal by first performing a rigid body motion for the
strongly bonded monomers, and then deforming confor-
mations of the rest of the chain with a number of pivot
moves so that the connectivity condition of each chain
and anchor to the wall are preserved. Step sizes of the
moves were 6.28, 3.80, 6.28, 2.60, for monomer rotation,
pivot, crank and pivot cluster respectively, where the
units of first three are in radians and the last is in units
of monomer diameter a. The acceptance ratios of the
moves are 0.77, 0.37, 0.40, 0.30, in the same order. For
cargos, the translation and rotation moves are used with
step sizes of 1.17(in unit of a) and 6.28(in radian), and
the resulting acceptance ratios are 0.35 and 0.95, respec-
tively. The simulations typically run for O(106) Monte
Carlo steps per monomer after ∼ 3 × 105 steps for the
equilibration.

Appendix B: Coarse graining of amino acid

sequences of FG nups

We consider a model NPC that is composed only of
Nsp1. There exist a variety of FG nups constituting
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FIG. 5. (a) Hydrophobicity, charge, and FG-motif distributions on the monomers of a coarse-grained Nsp1. (b) Accumulated

hydrophobicity AH(i) ≡
∑i

j=1
ηj , evaluated for the original amino acid sequence of Nsp1 (black line) and for the coarse-grained

monomer sequence (red line), as function of the normalized bead index i/N . The numbers of beads are given as N = 617 for
real Nsp1 and N = 103 for model Nsp1, respectively. The accumulated hydrophobicity is also normalized by the magnitude of
its minimum value, AH,min. Bipartite nature of the hydrophobicity distribution is clearly shown; about half of beads toward
the anchoring end are hydrophilic, while the other half of beads are hydrophobic. It also turns out that the distribution of
hydrophobicity in the original sequence is preserved in coarse-grained FG nup. (c) Distribution of 12 binding sites for FG
motifs on a cargo-TF complex. Binding sites are closely packed along two stripes beside a great circle on the spherical cargo.
The distance between the stripes is set to 1.2a.

NPCs, but Nsp1 is the most abundant yeast nucleoporin
with biphasic characteristic where the cohesive globular
domain is separated from stalk region [20]. Nsp1 con-
sists of 617 amino acids, and the physical property of
each amino acid is characterized by finite volume, elec-
tric charge and hydrophobicity. In order to save numer-
ical cost, we group six amino acids to represent a single
monomer in our coarse-grained model and represent their
properties by the property of the monomer.

1. Charge and hydrophobicity

Charge and hydrophobicity of a monomer are assigned
in the following way. Let i, α be indices to denote the
α-th amino acid in the i-th group which is represented
by the i-th monomer. Charge of the i-th monomer, qi,
is determined by the sum of qi,α, the charge of the α-th
amino acid in the i-th monomer:

qi =
6

∑

α=1

qi,α . (B1)

According to the Honeycutt-Thirumulai model [39, 40],
the hydrophobicity of the i-th monomer, ηi, can be ηi = 1
(hydrophobic), or ηi = 0 (hydrophobic neutral), or ηi =

−1 (hydrophilic). These three values are chosen as

ηi =











1 if 〈ηi,l〉 > ηu,

0 if ηl < 〈ηi,l〉 < ηu,

−1 if 〈ηi,l〉 < ηl,

(B2)

where 〈ηi,α〉 ≡
∑6

α=1 ηi,α/6 with ηi,α being the hy-
drophobicity of the α-th amino acid represented by the
i-th monomer, and we set ηu = 0.587, ηl = 0.3. The
threshold values ηu and ηl are assigned such that the
portions of hydrophobic, neutral, and hydrophilic beads
of the coarse-grained FG nup coincide with the respective
portions of the amino-acids of Nsp1. The hydrophobicity
of the individual amino-acid, ηi,α, is given by the values
at TABLE S2 in Supporting information of Ref. [26]. The
amino-acid is classified as hydrophobic if ηi,α is higher
than 0.66, hydrophilic if ηi,α is lower than 0.33, and oth-
erwise, neutral.
Following the scheme explained above, we perform

a coarse graining of amino acids in Nsp1. Shown in
Fig. 5(a) is the result where the distributions of hy-
drophobicity, electric charge, and FG-domains are de-
picted along the monomers in the coarse-grained FG nup.
The anchoring ends are strongly charged and hydrophilic,
and the free ends are weakly charged and hydrophobic,
which bears a close resemblance to the charge and hy-
drophobicity profiles of the original amino acid sequences.
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FIG. 6. Radii of gyration for various coarse-grained FG nups
as a function of the monomer size a. We set the hydrophobic
interaction strength to be ε = 1.7. For all FG nups examined
here, when a is taken to be 1nm, radii of gyration of var-
ious FG nups are compatible with experimentally-measured
Stokes radii. In simulations, the radius of the pore is set to
be Rpore = 25a, yielding Rpore/Rg(Nsp1m) = 3.55, which is
in reasonable accordance with experimental values, 3.83.

2. Radius of gyration of FG nup

Using our coarse-graining scheme, we calculate, from
simulations, the radii of gyration of various FG nups that
are different in lengths and sequential arrangements of
amino acids. The radius of gyration is linearly propor-
tional to the monomer size a which is taken in this work
as a unit length. When compared with experimental
measurement, the radius of gyration can, therefore, be
used to infer the value of a. The results are shown in
Fig. 6 where the symbols represent the simulation data
for different FG nups and the horizontal lines are the
Stokes radii measured for the FG nups in an experiment
by Yamada et. al. [20]. Here we set ε = 1.7 (see the main
text). When a is taken to be about 1nm, the radii of
gyration of FG nups show consistent results with exper-
imental values of the Stokes radii. Of course, the radius
of gyration is different from the Stokes radius but can
be derived, in principle, by appropriate rescaling of the
measured Stokes radius if a specific object shape is con-
sidered. For simplicity, we assume here the scaling factor
of 1.0 for approximately globular proteins. We note, how-
ever, that all lengths in our simulations are rescaled in
units of a so that a specific value of a does not lead to
qualitative changes in the major results drawn here.

Appendix C: Method of free energy estimation

We explain how free energy profiles F (z) − F (z0) =
∆F (z) of FG nups as a function of cargo position z is
calculated by using the Jarzynski equality. Let z denote
the position of cargo (FG nups are anchored at a surface,
z = 0). We consider a process to move the cargo position

w

FIG. 7. Probability distributions of work done by moving an
inert cargo with radius R = 6a from z0 = −40a to z = 0
(see Fig. 2(a) and related explanation in main text). The
vertical dashed line is the free energy difference estimated
through Eq. (C6). At the estimated free energy difference,
the work distribution from the forward process, pf (w) (black
lines) intersects with the distribution of negative work from
the corresponding backward process, pb(−w) (red lines). This
confirms the validity of the estimated ∆F .

from z0 to z following a stepwise sequence,

zn = z0 + nd, n = 0, 1, · · ·M (C1)

with the step size d = (z − z0)/M . At the zeroth step
(n = 0), the cargo is located at z0. As the move is
repeated (or as n increases), the cargo approaches toward
the anchoring surface of FG nups. At the final Mth step,
the cargo reaches its designated position z at which F (z)
is evaluated.
During the process, due to the interaction between the

cargo and FG nups, finite work w should be expended:

w =

M−1
∑

n=0

[U(sn, zn+1)− U(sn, zn)] , (C2)

where sn represents the configuration of FG nups with
the cargo located at zn. Here, U(s, z) is given by Eq. (A7)
for FG nups having configuration s and for the cargo
positioned at z (for an inert cargo, the second term in
Eq. (A7) is zero).
Crooks proved that w given as above satisfies the

Jarzynski relation [41, 42]:

∫ ∞

−∞

dwpf (w)e
−βw = 〈e−βw〉 = e−β∆F (z), (C3)

where β−1 = kBT , and pf (w) is the probability distri-
bution function of w. The above equality is in fact an
integral version of the following relation [43]:

pf(w)e
−βw = e−β∆Fpb(−w). (C4)

Here pb(w) is the probability distribution function of w
obtained from the reversed process of Eq.(C1):

z̃n = z − nd, n = 0, 1, · · · ,M, (C5)
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which corresponds to move a cargo from z to z0 (z̃0 = z
and z̃M = z0). Integrating the above equation (C4) with
respect to w, one obtains Eq. (C3) for the normalized
probability distribution pb(−w). Note here that pf (w)
and pb(−w) cross with each other at w = ∆F .

Performing MC simulations, we record the energy
differences made in every step of n, the summand of
Eq. (C2), for a certain cargo position z. The initial lo-
cation is chosen as z0 = −40a for any z. From a single
run of MC simulation, we acquire a certain work value
wi and obtain the free energy difference, following Eq.
(C3):

− ln

[

1

Nrun

Nrun
∑

i=1

e−βwi

]

= β∆F (zF ) (C6)

from Nrun = 100 ∼ 1000 independent MC simulations.
The validity of the estimated free energy difference can
be confirmed by the Crooks relation (C4). We obtain the
probability distributions of work, pf(w) and pb(−w) to
check whether their crossing point coincides with ∆F (zF )
estimated from Eq. (C6).

Figure 7 shows an example of the free energy estima-
tion and its validity check. The lines are the probability
distribution of work obtained in our simulations. Tak-
ing average of e−βw gives ∆F , according to Eq. (C3).
For small step size, d = 2 × 10−4a, the distribution is
very narrow and is centered around w = 3, and the
estimated ∆F = 3.038 (vertical dashed line) is almost
identical to the most probable value of w. For large
step size d = 2 × 10−2, the distributions become wider,
but the intersection point between the work distributions
from the forward and the backward process is pinned at
w = ∆F ≈ 3. This confirms the Crooks relation (C4)
and also the validity of the estimated value of free en-
ergy difference.

Appendix D: Free energy landscapes

In Fig 8, we present NPC free energy landscapes
obtained for cargos of various sizes and interaction
strengths. For small cargos(R = 2), the height of the
free energy barrier is similar to or smaller than the ther-
mal energy scale kBT , so that inert cargos can easily
overcome the barrier with thermal fluctuation. Binding
of transport factors only form an energy well and slow
down the transport process. Meanwhile for large car-
gos, the model NPC is impermeable as the height of the
free energy barrier is much larger than the thermal en-
ergy scale. The model NPC, however, can be turned into
a permeable gate if a transport factor is attached to the
cargo forming a cargo-TF complex, whereupon the trans-
port process can be accelerated with the cooperation of
RanGTP, which pumps out the cargo-TF complex from
trans side.

Appendix E: Effect of RanGTP

Figure 9 presents transport diagrams for various values
of k, illustrating the effect of RanGTP. For all k values,
the boundaries separating the permeable and imperme-
able regions are identical to one another. The effect of
RanGTP only appears in the diagrams for k = 103, 104,
where the fast region expands compared to the case
k = 0. There is no noticeable difference between the
diagrams for k = 0 and k = 102. Also one can see that
the effect of RanGTP is saturated for k > 103, given the
similarity between the cases of k = 103 and k = 104.
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FIG. 8. The free energy landscapes for cargos of various sizes and interaction strengths.
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