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a b s t r a c t

The nuclear pore complex (NPC) is a giant molecular gate that regulates the transport of molecules and
macromolecules across the nuclear envelop in a selective and directional manner. Using a coarse-grained
one-bead-per-amino-acid model and percolation analysis we have characterized the gel formation of
solutions of FG-Nups that line the central channel of the NPC. We show that FG-Nup solutions can indeed
form a percolated network (gel) when the concentration of the Nups exceeds a certain limit. Furthermore,
we show that this critical concentration depends on the amino acid composition of the FG-Nups and
correlates with the ratio between charged and hydrophobic amino acids. Comparison with the protein
concentrations inside the yeast NPC reveals that it is very likely that the FG-Nups form a gel phase.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Nuclear pore complexes (NPCs) are highly selective gateswhich
regulate the transport of molecules across the nuclear envelope
[1–4]. The NPC allows for passive transport of small molecules
andprovides facilitated transport of largemacromolecules through
binding with nuclear transport receptors (NTRs). The transport
channel of the NPC is lined with several copies of disordered
proteins that are rich in (F) and (G) repeats (FG-Nups). The FG-
Nups which have a very heterogeneous amino acid sequence with
charged and hydrophobic regions [5–7]. The collective state of
these disordered proteins in the nuclear pore complex is notori-
ously hard to probe in vivo. In vitro it has been shown that FG-Nup
solutions can form polymer-brushes [8–11] as well as cross-linked
hydrogels [12–14], both with NPC-like transport features. At the
same time, there are studies that suggest that both the brush and
the gel state coexist in the NPC [15]. Hence, there is no consensus
on the collective state of the FG-Nups in the NPC.

The gel formation of FG-Nups was first reported for a solution
of Nsp1 from yeast where the transition from a solution state (sol)
to a gel-state (gel) had been triggered by lowering the pH of the
solution to the physiological pH [12]. It was shown that an elastic
gel is formed at densities higher than 8 mg/mL and that FG hydro-
gels with a sufficient concentration of FG-repeat domains form an
effective barrier against inert proteins larger than the permeability
limit of the NPC. On the other hand, NTR-cargo complexes with
a similar size were found to permeate 1000 times faster into the
gel [1,16], clearly showing that the hydrogels are endowed with a
selective permeability barrier. These findings suggest that the gel
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state can be a viable state of the FG-Nups in the transfer channel of
the NPC.

It has been shown that the formation of FG hydrogels requires
many cohesive units to stabilize the gel [17], which has been ex-
amined through a mutational analysis in which the F to S mutated
Nsp1pwas unable to form an elastic hydrogel even at high concen-
trations,while the F to Ymutation did not considerably alter the gel
formation propensity [12]. Further experimental and theoretical
investigations indicated that the nature of these interactions are
mainly hydrophobic [17,18].

Supplementary to other computational investigations of the
nuclear pore complex [19–22], we have previously studied the
distribution of the FG-Nups inside the NPC through a one-
bead-per-amino-acid (1BPA) coarse grained molecular dynamics
model [23,24]. Our simulation results revealed a lowdensity region
inside a 10nmcore of theNPC surroundedby ahighdensity, donut-
like region, rich in FG-repeats. Furthermore, we used the model to
characterize the energy barrier of the NPC during active and pas-
sive transport and demonstrated that the presence of hydrophobic
patches on the surface of the cargoes can significantly reduce the
transport barrier [25].

In the present study, we aim to answer the question whether
the characteristic densities in these studies (i.e. in the center of the
pore and in the high density donut region) give rise to a sol–gel
transition or not. To do so, we will investigate the gel formation
properties of different homogeneous FG-Nup solutions using our
1BPA coarse-grained model (see Ref. [24]). We use percolation
theory to identify the sol–gel transition of FG-Nup solutions at
different concentrations. Furthermore, we study the effect of FG-
repeats on the gelation of FG-Nups by mutating the F residues
to other hydrophobic or to hydrophilic residues. In addition, the
critical concentration at which the sol–gel transition occurs is
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characterized as a function of the charge to hydrophobicity ratio
of the amino acid sequence of the FG-Nups. We conclude with a
discussion on the probability of gel formation to occur inside the
core of the yeast NPC.

2. Method

2.1. Coarse-grained one-bead-per-amino-acid (1BPA) model

In this section we will first briefly summarize the 1BPA molec-
ular dynamics method that we have developed to model the in-
trinsically disordered FG-Nups of the NPC. For details the reader
is referred to [23,24]. Details on the percolation analysis and the
simulation set-up are given in Sections 2.2 and 2.3. Subsequently,
in Section 3, we will apply the method to study the sol–gel transi-
tion in a selection of FG-Nup systems.

In the 1BPA model each amino acid is represented by one bead
with an average mass of 120 Da [24]. The distance between neigh-
boring beads is fixedusing a stiff harmonic potentialφbond = Kb(r−
b)2 with Kb = 8038 kJ nm−2 mol−1 and b = 0.38 nm. The torsion
and bending potentials are obtained from the Ramachandran data
of the coiled regions of protein structures [23]. They are given in full
detail in [23] andwill not be repeated here. Since FG-Nups lack any
stable secondary structure [26,27,5,28], hydrogen bonding is not
incorporated in our model. The solvent molecules are not modeled
explicitly. Instead, the solvent-residue interactions are implicitly
accounted for through hydrophobic and hydrophilic interactions
between the amino acid residues. In order to take into account both
attractive hydrophobic and repulsive hydrophilic interactions, the
following potential is used:

φhp(r) =
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where εij = εhp
√
(εiεj)α is the strength of the interaction for each

pair of amino acids (i, j) and σ = 0.60 nm is the average residue
diameter [29]. The hydrophobicity scales obtained from partition
energy measurements [30–32], are normalized between 0 and 1
and the average value of the experimental data is used to define the
relative hydrophobic strength for each amino acid εi ∈ [0, 1] (see
SI in [24]). The εhp can be interpreted as the absolute hydrophobic
strength between the most hydrophobic amino acids, while εrep
defines the intensity of the repulsive hydrophilic interactions. To
account for the electrostatic interactions and screening effect of
polar water molecules and free ions, we use themodified Coulomb
law

φel =
qiqj

4πε0εr (r)r
exp(−κr). (2)

The solvent dielectric constant is implemented through a sig-
moidal function εr (r) = Ss[1 −

r2

z2
er/z

(er/z−1)2
], where Ss = 80,

z = 0.25 nm [33,34] and the Debye screening coefficient is set
to κ = 1.0 nm−1, similar to that of the cytoplasm [35].

While parameterizing the model, first the εrep and εhp were set
to 10.0 and 13.0 kJmol−1 in order to account for the contact energy
of themost hydrophobic residues, i.e.,−5.2 kJ·mol−1, as suggested
in [36]. In the next step, the exponent α = 0.27 was selected in
order to reproduce the experimentally-obtained Stokes radius of
a low-charge FG domain. In addition, the hydrophobic strength of
three charged residues (i.e., D, E and K) was adjusted to reproduce
the Stokes radius of a highly charged FG-Nup segment. Finally,
the experimental dimensions of poly-Proline segments [37], poly-
Glutamine [38], and poly-Glycine chains [39] were used to fine-
tune the hydrophobicity scales of Proline, Glutamine and Glycine
residues, respectively.

Fig. 1. The simulated and experimental Stokes radii Rs of FG-Nup segments versus
the charge to hydrophobicity ratio (C/H). Source: Reprinted, with permission, from
Ghavami et al. [24].

With the Stokes radii of two FG-Nup segments used for
parametrization, the model predicts the Stokes radii of the rest of
the FG-Nup segmentswithin 20% errorwith respect to the reported
in-vivo values (see Fig. 1). In addition, the model captures the
experimental brush height (h = 14.1 nm) of end-grafted Nup62
segments with acceptable accuracy (h = 13 nm).

2.2. Percolation analysis

When a sol–gel transition occurs, the system transforms from
a viscous fluid into a viscoelastic material [40]. For a polypeptide
solution this happens when the concentration exceeds a critical
value ccrit. At this stage a large interconnected cluster is formed in
the system which forms the gel network. Such a sol–gel transition
can be quantified using percolation theory [41].

We have used a finite-size scaling method to determine the
critical concentration for an infinite system. This method relies on
the percolation probability P , defined as the probability of forming
an infinite cluster in the system. The percolation probability ver-
sus concentration curves P(c) for systems with different sizes are
obtained and the intersection of these curves has been shown to
determine ccrit [42–44]. The percolation probabilities for different
concentrations can be fitted to the function

P(c) = 1 −

(
1 + exp

(
c − b
a

))−1

, (3)

where a and b are size-dependent fitting constants [45,46]. The
fitting curves are used to quantify the intersection point of the P(c)
curves (as shown, for instance, in Fig. 3).

2.3. Simulation setup

Simulations are performed using the 1BPAmolecular dynamics
method described in Section 2.1. The FG-Nups are placed in a cubic
box of linear size Lwith periodic boundary conditions and Langevin
simulations are performed at 300 K (see Fig. 2A). The concentration
of the FG-Nup solutions is varied by changing the number of FG-
Nups, n, while keeping the box size L constant.

In order to obtain the percolation probability P , first the con-
nectivity of the FG-Nup network for every simulation frame is
analyzed. If at least one residue of two different FG-Nups i and
j comes closer than a distance dij = 0.7 nm, those Nups are
considered to be in contact (see Fig. 2B). The choice of 0.7 nm
has been made based on the equilibrium distance for hydrophobic
interactions (σ = 0.6 nm) plus 0.1 nm to account for thermal
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Fig. 2. A simulation frame (L = 40 nm) of an FG-Nup system composed of 38 Nsp1p polypeptides (A). The FG-Nups are colored based on the amino acid type. (B) Two
FG-Nups in the system and the distance between them.

fluctuations around the equilibrium point. A connectivity matrix
C is then constructed by comparison of all FG-Nups in the system

Cij =

{
0 dij > 0.7 nm
1 dij ≤ 0.7 nm. (4)

Once the connectivity matrix is constructed, the largest cluster
of the system is identified and the maximum dimension of the
percolating cluster is calculated in the x, y and z directions. If the
maximum dimensions are equal or greater than L, the system is
considered to be percolated (P = 1) and otherwise the percolation
probability P is set to 0. Ultimately, P is calculated by averaging
over all the percolation probabilities calculated for the different
simulation frames.

The FG-Nup systems are first energyminimized using a steepest
descent method and then simulated for at least 8 × 106 steps and
the first 106 steps are not considered for the percolation analysis.
The percolation probability P is calculated by extracting the coor-
dinates of the FG-Nups every 104 steps. A convergence study on the
number of simulation frames required to calculate the percolation
probability is shown in Fig. A of the Appendix which shows that a
good accuracy for P can be reached by using 750 simulation frames.

3. Results

3.1. Network formation properties of FG-Nups

First, the gel formation of a Nsp1p (nsp1 AA 1-606) solution is
investigated. The average percolation probability versus the Nsp1p
concentration is calculated and plotted in Fig. 3. Given the large
computation times, we use three different box sizes, confirming
a unique intersection point. As expected, larger clusters start to
form in the system when the concentration of the FG-Nups in the
solution increases. Our results predict a concentration of ccrit = 27
mg/mL for the Nsp1p system.

3.2. The effect of mutations

Next, the effect of mutations of the amino acid sequence of
Nsp1p on the critical concentration is investigated. First, all hy-
drophobic F residues in the amino acid sequence of Nsp1p are re-
placed by the less hydrophobic S residues. The percolation analysis
shows that the critical concentration increases to 53mg/mL for F to
Smutated Nsp1p solutions (see Table 1 and Fig. 4A for the P versus
c curves). Second, we tested the hydrophobic-to-hydrophobic F to
Ymutation of Nsp1p. This mutation has amuch lower effect on the
gelation properties of Nsp1p (ccrit = 38 mg/mL, see Table 1 and
Fig. 4B). This supports the premise that the cluster formation of
the FG-Nups is mainly driven by hydrophobic interactions.

Fig. 3. The average percolation probability P versus the FG-Nup concentration c of
the Nsp1p network for three different box sizes L (in nm). The intersection of the
curves defines the critical density ccrit .

3.3. Charge and hydrophobicity effect

From the results of the mutated Nsp1p it can be hypothesized
that cluster formation in FG-Nup solutions is promoted by the
attractive interaction between hydrophobic amino acids, whereas
the repulsive interaction betweenhydrophilic charged amino acids
opposes this effect.

We have investigated this hypothesis by analyzing several FG-
Nups with different charge and hydrophobic contents (i.e., Nsp1n,
Nup60, Nup100 and Nup116s, see Fig. 5). The hydrophobicity of
the FG-Nups is measured by the sum of the hydrophobic strengths
εi of the individual amino acids in the sequence of the FG-Nup,
H =

∑N
j=1(εi), where N is the total number of amino acids of

the FG-Nup, with the εi values of the different amino acids given
in [24]. Additionally, the charge content of the FG-Nups,C , has been
measured by counting the number of charged amino acids in the
sequence of the FG-Nups. Consequently, C and H are both dimen-
sionless positive numbers (i.e., integer and real, respectively).

It has been shown that the critical concentration of polymer
solutions depends on the length of the polymers [44,46]. In order to
exclude this effect from the results, the charge to hydrophobicity
ratio (C/H) for each FG-Nup is normalized by the scaling relation
(Rg ∝ N0.589) of the gyration radius Rg obtained for disordered
proteins in the absence of any hydrophobic and electrostatic in-
teraction [23]. The critical concentrations ccrit for several FG-Nup
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Fig. 4. The average percolation probability P versus the FG-Nup concentrations c for three different box sizes L (in nm) for (A) F to S mutated Nsp1p, (B) F to Y mutated
Nsp1p.

Fig. 5. The average percolation probability P versus the FG-Nup concentrations c for three different box sizes L (in nm) for (A) Nsp1n, (B) Nup60, (C) Nup100, (D) Nup116s.

systems is plotted against thenormalized charge to hydrophobicity
ratio in Fig. 6 (see also Table 1). The results suggest that as the
charge to hydrophobicity ratio of the Nups increases, the sol–gel
transition occurs at higher concentrations.

4. Discussion and conclusion

The gel formation properties of FG-Nups are investigated by
means of a percolation analysis of the conformations of FG-Nup
solutions, using a recently developed one-bead-per-amino acid
coarse-grained model. The results indicate that a sol to gel tran-
sition occurs at ccrit = 27 mg/mL for Nsp1p solutions, which is
more than a factor of two larger than the experimental critical
concentration of 10 mg/mL [12]. This discrepancy might be partly

Table 1
The FG-Nup segments used for the percolation analysis with their length, charge to
hydrophobicity ratio C/H and critical concentration.

FG-Nup Length C/H ccrit (mg/mL)

Nsp1p 606 (AA 1-606) 0.460 27
Nsp1p F→S 606 (AA 1-606) 0.524 53
Nsp1p F→Y 606 (AA 1-606) 0.484 38
Nsp1n 172 (AA 1-172) 0.035 40
Nup60 151 (AA 389-539) 0.508 58
Nup100s 190 (AA 611-800) 0.539 75
Nup116s 195 (AA 765-960) 0.754 90

due to the fact that the definition of gel-formation is different:
through percolation analysis in the modeling and through visual



40 A. Ghavami et al. / Extreme Mechanics Letters 22 (2018) 36–41

Fig. 6. The critical concentration ccrit for several FG-Nup solutions plotted against
the normalized charge to hydrophobicity ratio (C/H)/N0.589 .

inspection in the experiments. Our simulations show that the
critical concentration increases to ccrit = 53 mg/mL by mutat-
ing all F residues to S in Nsp1p. This is in qualitative agreement
with experimental results which have shown that F to S mutated
FG-Nup domains fail to form a hydrogel in similar concentrations
as the wildtype Nsp1p [12,17].

It has been suggested that FG-Nup hydrogels are initially
formed through hydrophobic interactions which result into the
formation of high molecular weight clusters and are subsequently
stabilized by intermolecular beta-sheets [47]. The hydrophobic
interactions were mentioned to be the main driving force for gel
formation of FG-Nups rather than hydrogen bonds, because FG-
Nups with mutated hydrophobic residues failed to form a hy-
drogel [17,47]. Our results on different FG-Nup systems show
that the critical concentration is related to both the charge and
the hydrophobic content of the FG-Nups. The hydrophobic amino
acids contribute to cluster formation, while interactions between
hydrophilic, charged amino acids tend to be repulsive and hence
prevent FG-Nup clusters to form.

Care should be taken in making a direct comparison between
the current results and gel formation inside the NPC. Inside the
NPC, the FG-Nups are anchored to the scaffold, while in our per-
colation analysis the FG-Nups are free in solution. The anchoring
puts constraints on the FG-Nups to cluster together compared
to Nups that are free in solution, which is expected to enhance
the critical density of the sol–gel transition inside the NPC. In
addition, the solutions analyzed here consist of one type of FG-
Nup with equal length, while inside the NPC different types of FG-
Nups are present, with rather different amino acid sequences and
varying lengths. Despite these differences, our results can provide
qualitative insights on the propensity to gel formation of the FG-
Nups inside the NPC. As was shown in [24], the FG-Nups form a
non-uniform distribution with a low density region at the center
of the pore, surrounded by a high density donut-like region that is
rich in FG-repeats. Comparison of the densities of the donut-like
region (in the range from 200–300 mg/mL for viable yeast strains
and 300 mg/mL for wildtype NPCs) with the critical densities of
the solutions studied here (in the range from 27 to 90 mg/mL, see
Fig. 6), suggests that the high density donut-like region is prone
to form a hydrogel inside the pore. However, it is interesting to
note that the FG-Nup densities in the center of the NPC that control
passive transport (from 40 to 110 mg/mL [48]), overlap with the
range of critical densities observed here, thus suggesting at most a
mixed phase inside the core region.

In conclusion, we have investigated the gel formation proper-
ties of FG-Nups by using a percolation analysis. Our results confirm
that hydrophobic interactions can lead to a sol–gel transition in FG-
Nup solutions. In addition, we show that with increasing charge to

Fig. A. Convergence study of the average percolation probability P for Nsp1p
with a box size L = 30 nm. The lines show the average percolation probability
1/Nframe

∑Nframe
i=1 Pi versus the number of simulation frames Nframe for systems with

different number of FG-Nups (n).

hydrophobicity ratio, the critical concentration for gel formation
increases. Comparison of the computed critical densities with pre-
vious calculations on the yeast NPC suggests a high probability for
gel-formation to occur in a donut-shaped region that is rich in FG-
repeats.
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Appendix

Fig. A contains a convergence study on the number of simula-
tion frames used to calculate the average percolation probability
for different numbers of FG-Nups. The results show that conver-
gence has been reached for 750 simulation frames.
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