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Probing the Disordered Domain of the Nuclear Pore Complex through
Coarse-Grained Molecular Dynamics Simulations

Ali Ghavami, Liesbeth M. Veenhoff,? Erik van der Giessen,' and Patrick R. Onck™"

Zemike Institute for Advanced Materials and ?European Institute for the Biology of Ageing, University of Groningen, Groningen,
The Netherlands

ABSTRACT The distribution of disordered proteins (FG-nups) that line the transport channel of the nuclear pore complex
(NPC) is investigated by means of coarse-grained molecular dynamics simulations. A one-bead-per-amino-acid model is pre-
sented that accounts for the hydrophobic/hydrophilic and electrostatic interactions between different amino acids, polarity of
the solvent, and screening of free ions. The results indicate that the interaction of the FG-nups forms a high-density,
doughnut-like distribution inside the NPC, which is rich in FG-repeats. We show that the obtained distribution is encoded in
the amino-acid sequence of the FG-nups and is driven by both electrostatic and hydrophobic interactions. To explore the relation
between structure and function, we have systematically removed different combinations of FG-nups from the pore to simulate
inviable and viable NPCs that were previously studied experimentally. The obtained density distributions show that the maximum
density of the FG-nups inside the pore does not exceed 185 mg/mL in the inviable NPCs, whereas for the wild-type and viable
NPCs, this value increases to 300 mg/mL. Interestingly, this maximum density is not correlated to the total mass of the FG-nups,

but depends sensitively on the specific combination of essential Nups located in the central plane of the NPC.

INTRODUCTION

Fast and selective transportation of macromolecules be-
tween the cytoplasm and the nucleoplasm is essential for
the proper functioning of eukaryotic cells. This is accom-
plished by the nuclear pore complex (NPC), which is
embodied in the nuclear envelope membranes and moder-
ates the transport of molecules in a size-selective manner.
The NPC is a large molecular assembly with an estimated
mass of 44—70 MDa for yeast (1,2) that provides bidirec-
tional pathways for passive transport of small molecules
and facilitated transport of larger proteins (3—8). The active
transport mechanism of large macromolecules is directional
and is driven by soluble nuclear transport factors (NTF),
which mostly belong to the Karyopherin family (Kap). Dur-
ing import or export, the appropriate NTF binds to cargo
with nuclear import or export signals, upon which the
NTF-cargo complex is translocated through the NPC.

The NPC has an eightfold symmetrical structure and is
composed of ~30 different proteins called nucleoporins
(Nups) (2.9). The Nups fall into different subgroups based
on their function: transmembrane Nups that attach the
NPC to the membrane, structured Nups that form the core
scaffold of the NPC and maintain its shape, and, finally,
FG-nups. The FG-nups comprise ~30% of all Nups and
are found to be intrinsically disordered and have many
phenylalanine-glycine (FG) repeats in their amino-acid
sequence (10). They line the central channel of the NPC
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and are anchored to the scaffold through their structural
domain. These FG-nups have been shown to be essential
for the viability of yeast and presumably all eukaryotes
(11). However, how the biophysical properties of the FG-
nups determine their function in passive and active transport
is subject to intense debate.

Different models have been proposed to explain the role
of the FG-nups during nuclear transport.

The selective phase model, for instance, presumes that the
weak FG-FG interactions form a homogeneous cross-linked
network (a hydrogel) inside the NPC. The Kaps can locally
break the cross-links in the network and melt through the gel
due to their higher affinity to the FG-repeats (compared to
FG-FG affinities); the space between the cross-links serve as
a sieve and allows for free diffusion of smaller molecules (12).

The virtual gate model suggests that the brush-like struc-
ture formed by the disordered FG-nups repels nonspecific
cargoes, but allows Kap-associated cargoes to overcome
this entropic barrier because of the low-affinity interactions
between the Kaps and the FG-repeats (13).

The reversible collapse model can be considered as an
extension of the virtual gate model in which the active trans-
port is facilitated by a conformational change of the FG-
nups due to the presence of the Kaps (14). The interaction
between Kaps and FG-nups results in a local collapse of
the Nups toward their anchor point, providing enough space
for translocation of the Kap-cargo complex.

The reduction-of-dimensionality model suggests that the
wall of the transport channel is covered with an FG-NTF
bilayer, leaving a 5-10 nm tube for passive diffusion of

http://dx.doi.org/10.1016/j.bpj.2014.07.060
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small molecules at the center of the pore. The active trans-
port is then facilitated by a two-dimensional random walk of
the Kaps over the NTF surface (5,15).

The forest model is based on the Stokes radius and dimen-
sion of the individual FG-nup domains. Those FG-nups that
have a fully collapsed conformation form shrub-like structures
near the scaffold, and those that consist of an extended domain
next to a collapsed domain form tree-like structures, resem-
bling an FG-nup forest landscape. It has been proposed that
this configuration forms two distinct transport pathways, one
at the center and the other near the scaffold, which are used
for active and passive transport, respectively (16). However,
no consensus has been reached so far on a prevailing model.

One reason hampering the understanding of nuclear trans-
port is the absence of experimental techniques that can probe
the structure and dynamics of the disordered proteins in-
side the transport channel and during transport. This has
led to the development of computational approaches to
gain insight on the conformation of the FG-nups inside the
NPC. Due to the large size of the system, high-resolution
(all-atom) molecular-dynamics simulations are restricted to
study only single FG-nups (16,17) or a periodic array of short
FG-nup segments, end-grafted on a flat surface (18,19). On
the other hand, several low-resolution approaches have
been used to study the transport rate and accumulation of
cargo molecules inside the NPC without considering the
detailed interactions between the FG-nups (20-23). Due to
the high level of coarse-graining, the full geometry of the
NPC can be accounted for in these approaches, but at the
expense of losing detail at the scale of individual amino acids
(24). Recently, Tagliazucchi et al. (25) developed a computa-
tional model that accounts for the amino-acid sequence of the
FG-nups by distinguishing six different families of amino
acids. Then, FG-nups are distributed along the channel teth-
ered to the surface of the NPC-scaffold and minimization of
free energy is applied subject to axisymmetric boundary con-
ditions. Using this model, they studied the translocation of
model particles through the NPC.

The goal of this article is to probe the full three-dimen-
sional disordered domain of the yeast nuclear pore complex
by accounting for all FG-nups, each having a complete
20 amino-acid resolution. Our one-bead-per-amino-acid
molecular dynamics approach is based on experimentally
obtained hydrophobicity scales and calibrated against
experimental Stokes radii of a wide range of FG-nup seg-
ments (16). Using the model, we will study the effect of
electrostatic and hydrophobic interactions on the FG-nup
conformation and explore the relation between FG-nup dis-
tribution and cell viability, as studied using genetically
modified yeast strains (11).

METHODS

A coarse-grained molecular-dynamics model is developed in which each
amino acid is represented by one bead. An average mass of 120 Da is
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assigned to each bead and the distance between neighboring beads is fixed
at b = 0.38 nm using a stiff harmonic potential,

Goona = Ko(r — b)* with K, = 8038 kJ » nm ™2 + mol~".

The bending and torsion potentials for the coarse-grained model are
extracted from the Ramachandran data of the coiled regions of protein
structures as discussed earlier (26). It is widely accepted that FG-nups
are intrinsically disordered and highly flexible, without evidence of second-
ary structure formation (10,16,27,28). This indicates that no stable, long-
lasting hydrogen bonds are formed. In line with this, hydrogen bonding is
not incorporated in our model. Because solvent molecules are not modeled
explicitly, the solvent-residue interactions are accounted for through hydro-
phobic and hydrophilic interactions between the amino-acid residues. In
addition, the screening effect of polar water molecules and free ions and
the electrostatic interactions among charged amino acids are accounted
for through a modified Coulomb law. To take into account both attractive
hydrophobic and repulsive hydrophilic interactions with one function, the
following potential is proposed as

a\8 4 ro\6 1
I i L
(srep — 8,-,-) (f) o<r

7

)

where

(gi*‘?f)a

is the strength of the interaction for each pair of amino acids (i, j), and ¢ =
0.60 nm is the average residue diameter (29). The choice for the exponent 8
for the repulsive interactions has been made to have a softer repulsive
potential (29) and thus a smoother energy landscape. The prefactors are
chosen such that the potential and its derivative are continuous at r = .
The hydrophobicity scales obtained from partition energy measurements
(30-32) are normalized between O and 1, and the average value of the
experimental data is used to define the relative hydrophobic strength for
each amino acid ¢; €[0,1] (see Table S1 and Table S2 in the Supporting
Material). The &y, can be interpreted as the absolute hydrophobic strength
between the most hydrophobic amino acids, whereas ., defines the inten-
sity of the repulsive hydrophilic interactions. When &;; > &, the potential
is attractive (hydrophobic interactions); when &;; = &, the potential is
neutral, only accounting for excluded volume effects until » = ¢; and
when &;; < &g, the potential is purely repulsive (hydrophilic interactions).
The electrostatic interactions between charged amino acids are described by
the modified Coulomb law as

Ejj = &Epp

qiq;
¢gq = ——————exp(—«r). 2)
T Amege, (r)r p(=xr)
Because experiments suggest that the nuclear envelope is not a selective ion
barrier (33), a Debye screening coefficient similar to that of the cytoplasm,
k =1.0nm™", is chosen (34). The distance-dependent dielectric constant of
the solvent ¢,(r) is included through the sigmoidal function

72 er/z
() = S |1-5 — |,
e(r) 2 ()7 — 1)2

where S; = 80, and z = 0.25 nm (35.36).

The parameterization procedure starts by choosing the values of &, and
€np to be 10.0 and 13.0 kJ .mol !, respectively, to set the minimum energy
for the interaction of the most hydrophobic amino acids to —5.2 kJ.mol ',
as suggested in Zhang and Kim (37). Then, by using the experimental
hydrophobicity scales of Table S1, the exponent « is chosen such that the
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model can reproduce the experimental Stokes radius of one of the low-
charge FG-Nup segments (i.e., Nup42 (AA 1-212) (16)). With « = 0.27,
the strength (hydrophilicity) of the three charged amino acids D, E, and
K (assumed to be equal) is determined to capture the Stokes radius of a
highly charged FG-nup segment (i.e., Nup116s (AA 765-960) (16)) within
5% error. By doing so, the interaction strength between polar amino acids is
smaller than kg7, which is in accordance with the polar nature of these res-
idues. Furthermore, the hydrophobicity scales of Proline, Glutamine, and
Glycine are fine-tuned to reproduce the experimental end-to-end distances
of poly-Proline segments (38), the dimension of poly-Glutamine segments
with different lengths (39), and the experimental gyration radius of poly-
Glycine chains (40), respectively. The final hydrophobicity scales ¢; are
presented in Table S2.

Although the Stokes radii of only two FG-nup segments are used to
obtain « and ¢;, the Stokes radii of the rest of the 16 FG-nup segments
are predicted within 20% error with respect to the experimental values
(see Fig. 1 and see Table S3). It should be noted that this accuracy cannot
be achieved without considering repulsive interactions between hydrophilic
amino acids. The performance of the force field for the collective interac-
tion of FG-nups is verified by simulating an array of Nup62, end-grafted
on a flat surface (see Fig. S1 in the Supporting Material). The computed
brush height of 7 = 13 nm compares well with the experimental value,
h =14.1 nm (41).

A simplified geometrical model of the NPC is built based on the geom-
etry of the core scaffold of the yeast NPC, and the FG-nups are anchored at
the predicted positions inside the pore (42,43), as shown in Fig. 2. Table S4
lists the FG-nups with the coordinates of the anchor points specified in Ta-
ble S5. Locations of the FG-repeats and charged amino acids in the
sequence of the FG-nups are depicted in Fig. 2 B. Because the spatial orga-
nization and surface properties of the structural Nups of the scaffold are not
yet fully determined, the scaffold is modeled using hard-sphere beads with a
radius of 2.5 nm, which are assumed to have no specific interaction with the
FG-nups. The initialization procedure and the details regarding the molec-
ular-dynamics simulations are given in the Supporting Material.

RESULTS
Distribution of the FG-nups inside the NPC

To begin, the distribution of the FG-nups inside the NPC is
investigated. The three-dimensional density distribution of
the FG-nups is obtained by calculating the average number
density of the amino acids over the simulation time. An
iso-surface plot corresponding to 140 mg/mL mass density
0.7 nm > number density) is shown in Fig. 3 A. The results
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FIGURE 1 The predicted and experimental R, values for FG-nup seg-
ments plotted against the charge to hydrophobicity ratio (C/H). To see
this figure in color, go online.
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show a low-density region up to r ~ 5 nm from the central axis
of the NPC surrounded by a high-density region. The distri-
bution is further analyzed by studying the distribution of the
charged residues and FG-repeats inside the NPC. The
charged amino acids (i.e., D, E, K, and R; see Table S2)
are accumulated near the scaffold in between the inner ring
blobs (Nupl188 (42)) (see Fig. 3 B). The FG-repeats are
distributed in the form of a doughnut between the central
low-density region and the highly-charged layer near the
scaffold (see Fig. 3 C). Because the distribution of the FG-
nups is relatively homogeneous in the circumferential direc-
tion, it can be averaged to generate a two-dimensional, r-z
density map (see Fig. 4 A). It shows that the FG-doughnut
is located slightly above the central plane of the NPC
(z ~ 4.5 nm) toward the cytoplasmic side. Furthermore, the
two-dimensional density maps of different residues can be
averaged in the vertical direction to obtain the radial density
profiles. The radial-density distribution of the FG-repeats
and negatively and positively charged amino acids are
plotted in Fig. S2. The FG-repeat distribution shows a peak
value at r = 13 nm from the central axis of the NPC whereas
the peak values for the negative and positive amino acids are
at r = 20 nm and r = 21 nm, respectively. Moreover, the
charge distribution shows that the central region of the
pore has a net positive charge, which is consistent with
the simulation results of Tagliazucchi et al. (25).

The conformation of the FG-nups inside the pore is found
to be notably different from that of the isolated FG-nups: the
ratio of the R, values for the FG-nups inside the NPC to the
gyration radius of the isolated FG-nups ranges from 3.9 to 6.5
(see Table S4). A second simulation (wild-type-2) with the
same FG-nups but different starting configuration and initial
velocity distribution is performed to study the sensitivity to
the initial conditions (the method to generate starting config-
urations is discussed in the Supporting Material). The two-
dimensional density distribution (Fig. 4 B) shows the same
characteristics as that of the first simulation (wild-type-1,
Fig. 4 A). In addition, the localization of the individual FG-
nups is similar in both simulations, which confirms that the
obtained results are not biased by the simulation setup (see
Fig. S5 and Fig. S6). Furthermore, there are uncertainties
regarding the exact position of the anchor points of the FG-
nups according to the experimental data (43). To investigate
the sensitivity to the anchor-point locations, we performed a
new simulation (wild-type-3) in which the anchor points are
displaced in a random direction. The coordinates of the an-
chor points for wild-type-3 are displaced by randomly pick-
ing a new position inside a sphere of radius 4 nm around the
old position (see Table S5). The obtained density distribution
has the same pattern as that of the first and second simula-
tions, as shown in Fig. S3 A. We conclude that small devia-
tions in the anchor-point locations of the FG-nups do not
affect the overall distribution of the FG-nups.

To study the sensitivity of the results to the geometry of
the scaffold, an additional simulation has been performed

Biophysical Journal 107(6) 1393-1402



1396

Ghavami et al.

A B c — —
Cytoplasmic side ’ 1715] - :NUP116
Nup159 AR o Nup145
/ L i T TTHE AT T 1Tt 1 »
P'ﬁ&"’ft:,"' Nup42 1186 . ”W&HUWHJNSN
N AL £ 4 o5 ee Nspl-2 T e NUDST7
e A\ ‘.‘ .—f";:: Wy """ ’J-_ Nup100 @ 1-280 280541 up
= P 2 """ Nsp1-3 fmmetrd Nup49
© R R vww NP Nupl16 1.250 a7
= ‘ Nupag-2 TS RS T e »Nup1
Nub27 3 A e v - » Nup
Nup49-1 [ES————
Nup145-2 ¢>Nup42
Nspl-4 P T AT TN R I TITITTIT T TrG
NPl @ et T Nup 159
Nspl-1 . bbb ) N UP 6.0
Nup145-1 1539
Nup60 — semtmmmtiirtui==) N Up 100
Nuclear side 1-610 610-816
10 20 40 5o N-terminus C-terminus

r [nm]

<UL Positive charge = Negative charge -ﬁ!- FG-repeats

FIGURE 2 (A) Simplified geometry of the core scaffold of the yeast nuclear pore complex reconstructed based on the model of Alber et al. (42,43). The
outer radius of the scaffold changes from 30 nm at the center to 33.5 nm at the peripheries. The inner blobs, which are decorated in eightfold rotational
symmetry, represent Nup188 of the inner rings. The blobs at the cytoplasmic ring represent Nup82 and Nic96, whereas the ones at the nuclear ring represent
Nic96. (B) The circumferential projection of radial and axial positions of the anchor points of the FG-nups. (C) The distribution of charged amino acids
(red sticks) and FG-repeats (green sticks) in the sequence of the FG-regions of the FG-nups as used in the model. All Nups are anchored to the scaffold

at their C-terminus. To see this figure in color, go online.

using a symmetric geometry without inner blobs and periph-
eral rings (i.e., without Nup82, Nup188, and Nic96). The
results show that the overall distribution of the FG-nups
does not considerably change except for a slight shift of
the r-position of the high-density region toward the scaffold
(see Fig. S3 B). From this, we conclude that the asymmetric
distribution of the FG-nups is due to the presence of
different FG-nups on the nucleoplasmic and cytoplasmic
sides of the NPC (Nupl116, Nup100, Nup42, and Nup159
on the cytoplasmic side and Nup1, Nup145, and Nup60 on
the nucleoplasmic side).

To study the localization of the individual FG-nups inside
the pore, the two-dimensional (r-z) density distribution is
calculated for all FG-nups that are anchored at the same
(r,z) coordinates (see Fig. S5 and Fig. S6). The results reveal
that some of the FG-nups (i.e., Nup49, Nup57, Nupl16,
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Nupl100, Nup42, and Nupl45-2) are confined inside the
pore and contribute in forming the central high-density
region. The rest of the FG-nups (i.e., Nspl, Nupl59,
Nup145-1, Nup60, and Nupl) have more conformational
freedom and are spread out over a larger volume at both
sides of the NPC.

Effect of hydrophobic and electrostatic
interactions on the distribution of the FG-nups

The contribution of the hydrophobic and electrostatic inter-
actions in shaping the distribution of the FG-nups inside the
wild-type NPC is systematically studied. To begin, the wild-
type NPC is modified by removing the charged residues, D,
E, K, and R, and replacing them with neutral beads (i.e., res-
idues of radius 0.6 nm with no specific attraction, repulsion,

Peery

'
'Y

FIGURE 3 The three-dimensional density distri-
bution of different amino acids inside the NPC
obtained from the wild-type-1 simulation. (A)
The distribution of all amino acids. The iso-surface
plot corresponds to a mass density of 140 mg/mL.
(B) The density distribution of charged amino
acids. The iso-surface plot corresponds to a mass
density of 22 mg/mL. (C) The density distribution
of FG-repeats inside the transport channel of
the NPC. The iso-surface plot corresponds to
an average distance of 2.7 nm between the FG-
repeats. To see this figure in color, go online.
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or charge interaction). The resulting density plot in this no-
charge NPC shows that by removing charged amino acids,
all FG-nups aggregate in a wide, high-density region, leav-
ing an empty region at the center of the NPC (Fig. 4 C). Ina
next step, the rest of the amino acids are also replaced with
neutral beads, resulting in a denatured NPC. The obtained
distribution for the denatured NPC shows a uniform distri-
bution of low density throughout the pore (Fig. 4 D). The
results indicate that repulsive interactions between the
charged amino acids in the wild-type NPC serve as a bumper
to push the dense FG-nup clusters, formed through hydro-
phobic interactions, toward the center of the pore. There-
fore, the doughnut-like structure in Fig. 3 is a direct result
of the balance between the electrostatic and hydrophobic in-
teractions. This balance is strongly related to the amino-acid
sequence of the FG-nups, showing a high number of charged
residues near the C-terminal domain (Fig. 2 B).

Effect of amino-acid sequence

Next, we explore the effect of the FG-nup amino acid
sequence on the density distribution in the wild-type NPC.
To do so, we anchored the FG-nups from their N-terminus
to the same anchoring points. The distribution for this

reversed NPC is shown in Fig. 4 E. Finally, a uniform
NPC is simulated where the residues in the sequence of
the FG-nups are reshuffled such that the charged and hy-
drophobic amino acids become uniformly distributed along
their length (Fig. 4 F). To do so, the hydrophobic and
charged amino acids are first evenly distributed in the
sequence of the FG-nups and then the rest of the amino acids
are randomly placed in between them. The density distribu-
tions for both the reversed and uniform NPC are different
from the wild-type NPC. In the reversed case, the high-den-
sity region has shifted toward the scaffold on the cyto-
plasmic side. For the reversed and the uniform NPC, a
wide, low-density region is detected at the center of the
pore. A density concentration can be observed near the cyto-
plasmic entrance of the pore, but with a lower peak density
compared to the wild-type NPC. In these two cases, the
amino-acid composition of the FG-nups (percentage of
charged and hydrophobic amino acids) has not changed
compared to the wild-type NPC, suggesting that the
amino-acid sequence of the FG-nups plays a key role in
the density distribution of the FG-nups in the wild-type
NPC. It should be noted that all simulations in Fig. 4 are per-
formed for the same number of beads. The large difference
in intensity between, e.g., Fig. 4, C and D, is due to the much

Biophysical Journal 107(6) 1393-1402
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larger region over which the residues are spread for the case
of denatured proteins (Fig. 4 D).

Viable versus inviable NPCs

Experiments have shown that cells can survive despite dele-
tion of more than half of the mass of the FG-repeats of the
FG-nups (11). More specifically, Strawn et al. (11) showed
that the presence of Nup100 or Nup116 is necessary but not
sufficient. They proposed that if Nupl16 is present and
Nupl00 is not, any combination of two of the four
nups, Nspl, Nup49, Nup57, or Nup145, are required, and
conversely, if Nup100 is present and Nupl16 is not, three
of the mentioned four FG-nups must be present. We now
explore a possible relation between cell viability and FG-
nup density distribution by studying two extremes: a viable
NPC with the least amount of essential FG-nups (minimal
mass), and inviable NPCs with maximal mass of the FG-
nups (see Table 1). The viable NPC includes all the FG-
nups anchored near the central plane of the NPC (see also
Fig. 2 B). The importance of Nup116 and Nup100 is inves-
tigated by removing only those two Nups (inviable-2). For
the other four simulated inviable cases, Nupl116 and two
of the four Nups, Nup49, Nup57, Nupl45, or Nspl are
removed from the pore.

The two-dimensional density distributions for all these
cases are shown in Fig. 5. Although the viable NPC contains
less mass than the inviable cases, it has formed a high-den-
sity ring region, similar to what was observed before in the
wild-type NPCs (Fig. 4, A and B), whereas the inviable cases
do not exhibit this. This difference is summarized in Fig. 6
in terms of the radial density distribution at the z-location of
the maximum density (excluding the anchor points) for each
simulated NPC. The maximum density for the inviable
NPCs does not exceed 185 mg/mL, whereas, for the viable
and wild-type NPCs, a maximum density of 300 mg/mL is
reached.

DISCUSSION AND CONCLUSIONS

We have investigated the density distribution of the FG-nups
inside the transfer conduit of the NPC. For this purpose,
a one-bead-per-amino-acid coarse-grained model is devel-

TABLE 1 The list of simulated viable and inviable NPCs and
their composition

Simulation name Nups removed (11)

Viable Nup42, Nup159, Nupl, Nup60, Nup100, Nsp1, Nup145*
Inviable-1 Nupl116, Nspl, Nup49

Inviable-2 Nup116, Nup100

Inviable-3 Nup116, Nup145, Nup49

Inviable-4 Nup116, Nup57, Nup49

Inviable-5 Nup116, Nup145, Nspl

“For the viable case, only the peripheral copies of Nspl (Nspl-1 and
Nspl-2) and Nup145 (Nup145-1) are removed.
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oped that accounts for hydrophobic/hydrophilic and
Coulombic interactions. The force field is parameterized
and validated against experimental data of isolated FG-
nup segments and FG-nup brushes. The model is fine
enough to account for the sequence-dependent Stokes radius
of individual FG-nups and coarse enough to study their col-
lective behavior inside the three-dimensional geometry of
the NPC. It should be noted, however, that all amino-acid
beads are assumed to have the same size and mass and
that no hydrogen bonding is accounted for. Solvent mole-
cules are not included explicitly, but their polar nature and
ionic screening are accounted for through the Coulombic
and hydrophobic/hydrophilic interactions.

We show that the collective interaction of the FG-nups re-
sults in the formation of different zones inside the pore. A
relatively low-density region is observed along the central
axis of the NPC, which is surrounded by a coherent hydro-
phobic doughnut-like structure, rich in FG-repeats. It
should be noted that earlier cryo-EM maps (9) have shown
a high-density central-plug region at the center of the pore.
However, it remains unclear whether this is due to cargo-
molecules or FG-nups. The accumulation of charged resi-
dues is higher near the scaffold where the FG-nups are
anchored, and the center of the NPC has a net positive
charge in agreement with the simulation results of Taglia-
zucchi et al. (25). We show that the disruption of the FG-
nup amino-acid sequence considerably changed the density
distribution of the FG-nups (Fig. 4, E and F). This is in
contrast to the results of Tagliazucchi et al. (25), and can
be traced back to the different interaction energies used be-
tween hydrophilic amino acids. In Tagliazucchi et al. (25),
an attractive interaction energy between hydrophilic amino
acids of ~1.0 kgT is used, whereas in our approach a repul-
sive interaction is defined between hydrophilic residues.
The rationalization for the latter is that the favorable inter-
action between hydrophilic amino acids (including charged
amino acids) and the solvent gives rise to a repulsive inter-
action between these amino acids. This is in accordance
with the experimental observations of Yamada et al. (16),
which show that the Stokes radius of short disordered seg-
ments of FG nups is correlated with the total number of
charged amino acids and not with the net charge of these
segments. As a result, it can be postulated that repulsive hy-
drophilic interactions are more important than Coulombic
interactions in determining the dimensions of these proteins.

Comparison of the FG-nup distribution of viable and invi-
able NPCs suggests that the formation of a high-density hy-
drophobic structure, rich in FG-repeats, is a characteristic
feature of viable NPCs. The contribution of the individual
FG-nups to the total distribution is investigated through
localization maps of all FG-nups inside the pore (see
Fig. S5 and Fig. S6). The localization data suggest that
FG-nups fall into two different categories: roughly half of
the FG-nups contribute to the formation of the FG-repeat
doughnut at the center of the NPC (i.e., Nup49, Nup57,
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Nup116, Nup100, Nup42, and Nup145-2), and the rest have
more conformational freedom at the entrance and exit of the
NPC (i.e., Nspl, Nup159, Nup145-1, Nup60, and Nupl).
The FG-repeats of the FG-nups in the latter category can
facilitate the entrance of Kap/cargo complexes to the pore,
whereas most of the FG-nups in the former category are
marked as essential FG-nups, necessary for the viability of
the cell (11).
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FIGURE 6 Comparison of the radial density distribution at the z location
of maximal density in the two-dimensional density plots for the simulated
NPCs. The mass density is calculated using an average mass of 120 Da per
residue. To see this figure in color, go online.
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FIGURE 5 The two-dimensional density plots
for viable (A) and inviable NPCs (B-F) corre-
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Because it has been shown that the deletion of cohesive
FG-nups or FG domains increases the permeability of the
NPC (44.45), a possible reason for the inviability of the
cells in the experiments of Strawn et al. (11) could be
the disruption of the permeability barrier of the NPC. Our
results show that even though the total mass of the FG-
nups in the inviable mutant NPCs is larger than the viable
mutant NPC, the density of the FG-nups does not exceed
a certain value (i.e., 185 mg/mL). This indicates that the
mutual interaction of an essential set of FG-nups is key in
forming a doughnut-like hydrophobic cluster, rich in FG-re-
peats, which might control the NPC’s permeability barrier
or, alternatively, its active transport mechanism. It must be
noted that in the obtained results the possible effect of
Kaps on the FG-nup density distribution is not taken into
account.

It has been shown that Kaps simultaneously interact with
up to four FG-repeats during transport (46). This suggests a
correlation between the average distance of the FG-repeats
inside the NPC and the distance between the binding sites
on the surface of the Kaps. Experiments have revealed
that the binding sites of NTF2 are separated by 3.5 nm
(47) and simulation studies have shown that the distance be-
tween the binding spots of Kap (1 ranges from 2.5 to 4.0 nm
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(48). We have used the density distribution of the FG-nups
to estimate the average distance between the FG-repeats in-
side the pore (see Fig. S4). The results show that inside the
FG-doughnut the distance between the FG-repeats is lowest,
reaching values as low as 2.7 nm. The same analysis for
the uniform NPC (see Fig. 4 F) shows a minimum distance
of 3.4 nm between the FG-repeats only in a small area
near the cytoplasmic side of the NPC. This suggests that
throughout the FG-doughnut, there is more than one FG-
repeat available for each binding site so that the Kaps can
easily find a nearby FG-repeat and translocate from one
FG-repeat to the other (assuming that the presence of the
Kaps does not considerably change the local conformation
of the FG-nups). This is in accordance with the model of
Bednenko et al. (49), which proposes that transport is
accomplished through a series of binding and unbinding
events between the FG-repeats and Kaps.

Single molecule tracking of small molecules, Imp-81 and
import complexes, has revealed two different but not
completely separated pathways for active and passive trans-
port (50). The spatial distribution of small molecules along
the radius of the pore shows a peak value at the center of the
NPC, whereas the distribution of Imp-G1 exhibits a peak
closer to the scaffold. This is in agreement with the density
distributions obtained from our simulations that show a low-
density region of FG-nups at the center (which might allow
passive diffusion of small molecules) and a peak density of
FG-repeats at 13 nm along the radius of the NPC (which
might mediate active transport).

Our model does not allow discriminating between the
different transport models proposed in the literature. How-
ever, we do note that the shrubs and trees as described by
the forest model (16) were not reflected in the obtained den-
sity distributions. A possible reason is that the forest model
is based on the conformation of isolated FG-nups, which
apparently is different from the conformation of the FG-
nups inside the core of the NPC (see Table S4, last column).
The density of the FG-nups inside the FG-doughnut is in
correspondence to the densities (i.e., = 200 mg/mL) at
which a saturated hydrogel with selective barrier properties
of the NPC can be formed (44,45,51), whereas, in the central
region of the pore, the density of the FG-nups would be too
low (i.e., <150 mg/mL) (51).

To conclude, we have studied the collective behavior of
FG-nups inside the transport conduit of the nuclear pore
complex through coarse-grained molecular dynamics simu-
lations. The obtained density distribution of the FG-nups
reveals the presence of a low-density region of diameter
=10 nm at the center of the NPC, surrounded by a high-
density, FG-repeat-rich region. We show that this unique
doughnut-like distribution is encoded in the amino-acid
sequence of the FG-nups and is driven by hydrophobic, hy-
drophilic, and electrostatic interactions. Our results indicate
that the maximum FG-nup density correlates with the
viability of the cells and is independent of the total mass
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of the FG-nups. Comparison of experimental observations
with our results suggests that the low-density region at
the center of the NPC provides a permeable medium
through which ions and small proteins can freely diffuse,
while the doughnut-like FG-repeat-rich region provides
the required interaction sites for facilitated transport
of Kap-cargo complexes. Further simulation studies are
needed to confirm this.

SUPPORTING MATERIAL

Four equations, five tables, six figures, and supplemental information are
available at http://www.biophysj.org/biophysj/supplemental/S0006-3495(14)
00808-X.

The computations were carried out at the Centre for High Performance
Computing and Visualization of the University of Groningen.

This work is supported by the Zernike Institute for Advanced Materials,
University of Groningen.

SUPPORTING CITATIONS

References (52-63) appear in the Supporting Material.

REFERENCES

1. Cronshaw, J. M., A. N. Krutchinsky, ..., M. J. Matunis. 2002. Proteo-
mic analysis of the mammalian nuclear pore complex. J. Cell Biol.
158:915-927.

2. Rout, M. P, J. D. Aitchison, ..., B. T. Chait. 2000. The yeast nuclear
pore complex: composition, architecture, and transport mechanism.
J. Cell Biol. 148:635-651.

3. Peters, R. 1984. Nucleo-cytoplasmic flux and intracellular mobility in
single hepatocytes measured by fluorescence microphotolysis.
EMBO J. 3:1831-1836.

4. Feldherr, C. M., and D. Akin. 1997. The location of the transport gate in
the nuclear pore complex. J. Cell Sci. 110:3065-3070.

5. Peters, R. 2009. Translocation through the nuclear pore: Kaps pave the
way. BioEssays. 31:466-477.

6. Terry, L. J., E. B. Shows, and S. R. Wente. 2007. Crossing the nuclear
envelope: hierarchical regulation of nucleocytoplasmic transport.
Science. 318:1412-1416.

7. Kim, J., A. Izadyar, ..., S. Amemiya. 2013. Nanoscale mechanism of
molecular transport through the nuclear pore complex as studied by
scanning electrochemical microscopy. J. Am. Chem. Soc. 135:2321—
2329.

8. Kapinos, L. E., R. L. Schoch, ..., R. Y. Lim. 2014. Karyopherin-centric
control of nuclear pores based on molecular occupancy and Kinetic
analysis of multivalent binding with FG nucleoporins. Biophys. J.
106:1751-1762.

9. Yang, Q., M. P. Rout, and C. W. Akey. 1998. Three-dimensional archi-
tecture of the isolated yeast nuclear pore complex: functional and
evolutionary implications. Mol. Cell. 1:223-234.

10. Denning, D. P, S. S. Patel, ..., M. Rexach. 2003. Disorder in the nu-
clear pore complex: the FG repeat regions of nucleoporins are natively
unfolded. Proc. Natl. Acad. Sci. USA. 100:2450-2455.

11. Strawn, L. A., T. Shen, ..., S. R. Wente. 2004. Minimal nuclear pore
complexes define FG repeat domains essential for transport. Nat.
Cell Biol. 6:197-206.

12. Frey, S., R. P. Richter, and D. Gorlich. 2006. FG-rich repeats of nuclear
pore proteins form a three-dimensional meshwork with hydrogel-like
properties. Science. 314:815-817.


http://www.biophysj.org/biophysj/supplemental/S0006-3495(14)00808-X
http://www.biophysj.org/biophysj/supplemental/S0006-3495(14)00808-X

Probing the Disordered Domain of the NPC

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

Rout, M. P, J. D. Aitchison, ..., B. T. Chait. 2003. Virtual gating and
nuclear transport: the hole picture. Trends Cell Biol. 13:622-628.

Lim, R. Y., B. Fahrenkrog, ..., U. Aebi. 2007. Nanomechanical basis of
selective gating by the nuclear pore complex. Science. 318:640-643.

Peters, R. 2005. Translocation through the nuclear pore complex: selec-
tivity and speed by reduction-of-dimensionality. Traffic. 6:421-427.

Yamada, J., J. L. Phillips, ..., M. F. Rexach. 2010. A bimodal distribu-
tion of two distinct categories of intrinsically disordered structures with
separate functions in FG nucleoporins. Mol. Cell. Proteomics. 9:2205—
2224.

Krishnan, V. V., E. Y. Lau, ..., M. F. Rexach. 2008. Intramolecular
cohesion of coils mediated by phenylalanine-glycine motifs in the
natively unfolded domain of a nucleoporin. PLOS Comput. Biol.
4:¢1000145.

Miao, L., and K. Schulten. 2010. Probing a structural model of the nu-
clear pore complex channel through molecular dynamics. Biophys. J.
98:1658-1667.

. Miao, L., and K. Schulten. 2009. Transport-related structures and pro-

cesses of the nuclear pore complex studied through molecular dy-
namics. Structure. 17:449-459.

Mincer, J. S., and S. M. Simon. 2011. Simulations of nuclear pore
transport yield mechanistic insights and quantitative predictions.
Proc. Natl. Acad. Sci. USA. 108:E351-E358.

Moussavi-Baygi, R., Y. Jamali, ..., M. R. Mofrad. 2011. Biophysical
coarse-grained modeling provides insights into transport through the
nuclear pore complex. Biophys. J. 100:1410-1419.

Osmanovi¢, D., A. Fassati, ..., B. W. Hoogenboom. 2013. Physical
modeling of the nuclear pore complex. Soft Matter. 9:10442—-10451.

Opferman, M. G., R. D. Coalson, ..., A. Zilman. 2013. Morphology of
polymer brushes infiltrated by attractive nanoinclusions of various
sizes. Langmuir. 29:8584-8591.

Moussavi-Baygi, R., Y. Jamali, ..., M. R. Mofrad. 2011. Brownian
dynamics simulation of nucleocytoplasmic transport: a coarse-grained
model for the functional state of the nuclear pore complex. PLOS
Comput. Biol. 7:¢1002049.

Tagliazucchi, M., O. Peleg, ..., I. Szleifer. 2013. Effect of charge, hy-
drophobicity, and sequence of nucleoporins on the translocation of
model particles through the nuclear pore complex. Proc. Natl. Acad.
Sci. USA. 110:3363-3368.

Ghavami, A., E. van der Giessen, and P. R. Onck. 2012. Coarse-grained
potentials for local interactions in unfolded proteins. J. Chem. Theory
Comput. 9:432-440.

Atkinson, C. E., A. L. Mattheyses, ..., S. M. Simon. 2013. Conserved
spatial organization of FG domains in the nuclear pore complex.
Biophys. J. 104:37-50.

Lim, R. Y., N. P. Huang, ..., U. Aebi. 2006. Flexible phenylalanine-
¢glycine nucleoporins as entropic barriers to nucleocytoplasmic trans-
port. Proc. Natl. Acad. Sci. USA. 103:9512-9517.

Levitt, M. 1976. A simplified representation of protein conformations
for rapid simulation of protein folding. J. Mol. Biol. 104:59-107.

Eisenberg, D. 1984. Three-dimensional structure of membrane and sur-
face proteins. Annu. Rev. Biochem. 53:595-623.

. Roseman, M. A. 1988. Hydrophilicity of polar amino acid side-chains

is markedly reduced by flanking peptide bonds. J. Mol. Biol. 200:
513-522.

Abraham, D. J., and A. J. Leo. 1987. Extension of the fragment method
to calculate amino acid zwitterion and side chain partition coefficients.
Proteins. 2:130-152.

Oberleithner, H., B. Schuricht, ..., B. Piischel. 1993. Role of H' ions in
volume and voltage of epithelial cell nuclei. Pflugers Arch. 423:88-96.

Colwell, L. J., M. P. Brenner, and K. Ribbeck. 2010. Charge as a selec-
tion criterion for translocation through the nuclear pore complex. PLOS
Comput. Biol. 6:¢1000747.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

1401

Hingerty, B., R. Ritchie, ..., J. Turner. 1985. Dielectric effects in bio-
polymers: the theory of ionic saturation revisited. Biopolymers.
24:427-439.

Karshikoff, A. 2006. Non-Covalent Interactions in Proteins. World
Scientific, Singapore.

Zhang, C., and S. H. Kim. 2000. Environment-dependent residue
contact energies for proteins. Proc. Natl. Acad. Sci. USA. 97:2550-
2555.

Schuler, B., E. A. Lipman, ..., W. A. Eaton. 2005. Polyproline and the
“spectroscopic ruler” revisited with single-molecule fluorescence.
Proc. Natl. Acad. Sci. USA. 102:2754-2759.

Walters, R. H., and R. M. Murphy. 2009. Examining polyglutamine
peptide length: a connection between collapsed conformations and
increased aggregation. J. Mol. Biol. 393:978-992.

Ohnishi, S., H. Kamikubo, ..., D. Shortle. 2006. Conformational pref-
erence of polyglycine in solution to elongated structure. J. Am. Chem.
Soc. 128:16338-16344.

Schoch, R., L. Kapinos, and R. Lim. 2012. Nuclear transport receptor
binding avidity triggers a self-healing collapse transition in FG-nucle-
oporin molecular brushes. Proc. Natl. Acad. Sci. USA. 109:16911—
16916.

Alber, F.,, S. Dokudovskaya, ..., M. P. Rout. 2007. The molecular archi-
tecture of the nuclear pore complex. Nature. 450:695-701.

Alber, F., S. Dokudovskaya, ..., A. Sali. 2007. Determining the archi-
tectures of macromolecular assemblies. Nature. 450:683—-694.

Hiilsmann, B. B., A. A. Labokha, and D. Gorlich. 2012. The perme-
ability of reconstituted nuclear pores provides direct evidence for the
selective phase model. Cell. 150:738-751.

Patel, S. S., B. J. Belmont, ..., M. F. Rexach. 2007. Natively unfolded
nucleoporins gate protein diffusion across the nuclear pore complex.
Cell. 129:83-96.

Naim, B., D. Zbaida, ..., Z. Reich. 2009. Cargo surface hydrophobicity
is sufficient to overcome the nuclear pore complex selectivity barrier.
EMBO J. 28:2697-2705.

Bayliss, R., T. Littlewood, and M. Stewart. 2000. Structural basis for
the interaction between FXFG nucleoporin repeats and importin-8 in
nuclear trafficking. Cell. 102:99-108.

Isgro, T. A., and K. Schulten. 2005. Binding dynamics of isolated nu-
cleoporin repeat regions to importin-3. Structure. 13:1869-1879.

Bednenko, J., G. Cingolani, and L. Gerace. 2003. Nucleocytoplasmic
transport: navigating the channel. Traffic. 4:127-135.

Ma, J., A. Goryaynov, ..., W. Yang. 2012. Self-regulated viscous chan-
nel in the nuclear pore complex. Proc. Natl. Acad. Sci. USA. 109:7326—
7331.

Frey, S., and D. Gorlich. 2007. A saturated FG-repeat hydrogel can
reproduce the permeability properties of nuclear pore complexes.
Cell. 130:512-523.

Hess, B., C. Kutzner, ..., E. Lindahl. 2008. GROMACS 4: algorithms
for highly efficient, load-balanced, and scalable molecular simulation.
J. Chem. Theory Comput. 4:435-447.

Izaguirre, J., D. Catarello, ..., R. Skeel. 2001. Langevin stabilization of
molecular dynamics. J. Chem. Phys. 114:2090.

Carrasco, B., and J. Garcia de la Torre. 1999. Hydrodynamic properties
of rigid particles: comparison of different modeling and computational
procedures. Biophys. J. 76:3044-3057.

Garcia de la Torre, J., S. Navarro, ..., J. J. Lopez Cascales. 1994.
HYDRO: a computer program for the prediction of hydrodynamic
properties of macromolecules. Biophys. J. 67:530-531.

Zhou, H. 2002. Dimensions of denatured protein chains from hydrody-
namic data. J. Phys. Chem. B. 106:5769-5775.

Beckstein, O., and M. S. Sansom. 2003. Liquid-vapor oscillations of
water in hydrophobic nanopores. Proc. Natl. Acad. Sci. USA. 100:
7063-7068.

Biophysical Journal 107(6) 1393-1402



1402

58. Denning, D. P, and M. F. Rexach. 2007. Rapid evolution exposes the
boundaries of domain structure and function in natively unfolded FG
nucleoporins. Mol. Cell. Proteomics. 6:272-282.

59. Sistla, S., J. V. Pang, ..., D. Balasundaram. 2007. Multiple conserved
domains of the nucleoporin Nupl24p and its orthologs Nuplp and
Nup153 are critical for nuclear import and activity of the fission yeast
Tf1 retrotransposon. Mol. Biol. Cell. 18:3692-3708.

60. Ho, A. K., T. X. Shen, ..., S. R. Wente. 2000. Assembly and preferen-
tial localization of Nup116p on the cytoplasmic face of the nuclear pore
complex by interaction with Nup82p. Mol. Cell. Biol. 20:5736-5748.

Biophysical Journal 107(6) 1393-1402

61.

62.

63.

Ghavami et al.

Bailer, S. M., C. Balduf, and E. Hurt. 2001. The Nsp1p carboxy-termi-
nal domain is organized into functionally distinct coiled-coil regions
required for assembly of nucleoporin subcomplexes and nucleocyto-
plasmic transport. Mol. Cell. Biol. 21:7944-7955.

Devos, D., S. Dokudovskaya, ..., A. Sali. 2006. Simple fold composi-
tion and modular architecture of the nuclear pore complex. Proc. Natl.
Acad. Sci. USA. 103:2172-2177.

Devos, D., S. Dokudovskaya, ..., M. P. Rout. 2004. Components of
coated vesicles and nuclear pore complexes share a common molecular
architecture. PLoS Biol. 2:¢380.



	Probing the Disordered Domain of the Nuclear Pore Complex through Coarse-Grained Molecular Dynamics Simulations
	Introduction
	Methods
	Results
	Distribution of the FG-nups inside the NPC
	Effect of hydrophobic and electrostatic interactions on the distribution of the FG-nups
	Effect of amino-acid sequence
	Viable versus inviable NPCs

	Discussion and Conclusions
	Supporting Material
	Supporting Citations
	References


