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Chapter 5

Energetics of transport through the nuclear pore
complex

5.1 Introduction

Molecular transport between the cytoplasm and the nucleoplasm is gated by highly selective
nuclear pore complexes (NPCs). The NPC is embodied in the nuclear envelope membranes
and provides bidirectional pathways for passive transport of small molecules and facilitated
transport of larger molecules (Peters 1984, Feldherr and Akin 1997, Peters 2009, Terry et al.
2007). Small molecules and ions are passively transported through the pore by free diffusion,
but large molecules are barred to enter the pore. The transport of large macromolecules requires
binding to soluble transport factors, generally known as Karyopherins or Kaps. During import
or export the Kap binds to cargo with a nuclear import or export signal, upon which the Kap-
cargo complex is translocated through the NPC. This is called active transport.

The NPC has an eight-fold symmetrical structure and is composed of approximately 30
different proteins called nucleoporins (Nups) (Yang et al. 1998, Rout et al. 2000). About 30%
of all Nups are found to be intrinsically disordered and have many phenylalanine-glycine (FG)
repeats in their amino acid sequence (Denning et al. 2003). These FG-Nups line the central
channel of the NPC and are essential for the viability of yeast and presumably all eukaryotes
(Strawn et al. 2004). However, how the biophysical properties of the FG-nups determine their
function in passive and active transport is subject to intense debate. Several models have been
proposed to explain the role of FG-Nups and Kaps during transport but no consensus has been
reached so far on a prevailing model (Frey et al. 2006, Rout et al. 2003, Lim et al. 2007, Yamada
et al. 2010, Peters 2005, Peters 2009, Wälde and Kehlenbach 2010).

The permeability barrier of the NPC has been characterized by studying passive transport
of a wide range of inert molecules with different sizes. Single molecule studies have revealed
that cargoes up to 29 kDa can smoothly diffuse through the pore, while transport of cargoes
larger than 61 kDa is strictly hindered (Ma et al. 2012). Early experiments have estimated a
diameter of 4.5-5.35 nm for the diffusion channel of the NPC (Paine et al. 1975, Keminer and
Peters 1999), which was refined to a diameter of ≈ 5.26 nm in more recent experiments (Mohr
et al. 2009). In addition to the size, also the shape of the transporting species has been shown
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to be an important factor in passive transport. It has been observed that less spherical cargoes
diffuse faster than spherical ones with the same mass (Mohr et al. 2009). The degree of overlap
between passive and active transport pathways has been widely discussed (Naim et al. 2007,
Mohr et al. 2009, Ma et al. 2012, Yamada et al. 2010). Several studies have suggested that passive
and active transport pathways are to some extent separated (Naim et al. 2007, Fiserova et al.
2010, Ma et al. 2012). Recently, it has been demonstrated that passive transport mostly occurs
through the central region of the pore, while the translocation route for active transport is more
located towards the periphery of the channel (Ma and Yang 2010, Ma et al. 2012).

Mutational analyses of Kaps suggest that the interaction between Kaps and FG-repeats is
necessary for active transport (Fribourg et al. 2001, Bayliss et al. 1999). It has been revealed
that Kaps have a greater surface hydrophobicity compared to the other cytoplasmic proteins
(Ribbeck and Görlich 2002). In addition, structural analyses have dem-onstrated that, during
interaction, hydrophobic side chains of the FG-Nups closely interact with hydrophobic pock-
ets on the surface of the Kap (Bayliss et al. 2000, Fribourg et al. 2001), suggesting that these
interactions are hydrophobic in nature. Naim and co-workers (Naim et al. 2009) have shown
that cargo that is normally blocked, can be triggered to enter by modifying its surface with
hydrophobic amino acids. This suggests that a certain amount of surface hydrophobicity is suf-
ficient for cargo to actively translocate through the pore. Molecular dynamics simulations and
experiments have revealed the presence of several binding spots on the surface of Kaps (Isgro
and Schulten 2007b, Isgro and Schulten 2005, Isgro and Schulten 2007a, Morrison et al. 2003).
The location of these binding spots is such that they form a stripe across the surface of the Kap
(Isgro and Schulten 2007b).

In addition to experimental studies, several theoretical studies have been conducted to
analyze active and passive nuclear transport by studying the trajectory of model Kap-cargo
complexes. Coarse-grained Brownian dynamics simulations have shown that the Kap-cargo
complex interacts with a layer of FG-Nups formed close to the channel wall (Moussavi-Baygi
et al. 2011b). However, the specific amino acid sequence of the FG-Nups has not been accounted
for in their model. The energetics of translocation of a model cargo through the pore has been
investigated using a theoretical model proposed by Tagliazucchi and coworkers (Tagliazucchi
et al. 2013), accounting for different FG-Nups by distinguishing 6 different families of amino
acids. Their results suggest that the transporting cargo experiences an energy barrier at the
center of the pore which is lowered through hydrophobic and electrostatic interactions. How-
ever, the size selectivity of the NPC during passive transport and the effect of binding spot
distribution on active transport have not been investigated.

We have previously investigated the distribution of disordered FG-Nups in the transfer
conduit of the NPC by means of coarse grained molecular dynamics sumulations (Ghavami
et al. 2014). The developed one-bead-per-amino-acid model distinguishes between all 20 -
amino acids of the FG-Nups and takes into account hydrophobic and electrostatic interactions
between the amino acids, the backbone stiffness of the Nups and the screening effect of free
ions and polarity of the solvent. The model was calibrated against experimental Stokes radii of
a wide range of FG-Nup segments (Yamada et al. 2010). The goal of the present work is to use
this model for studying the energetics of passive and active transport through the disordered
domain of the nuclear pore complex. We examine the size selectivity of the NPC by calculat-
ing the energy barrier for passively transporting cargoes. In addition, we elucidate the active
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transport mechanism by studying how the number of binding spots and their spacing on the
surface of model Kaps affect the energy barrier of the NPC.

5.2 Methods
Molecular dynamics simulations are performed using a one-bead-per-amino acid coarse-grained
(CG) model (Ghavami et al. 2014). The distance between neighboring beads is fixed at 0.38 nm
using a harmonic potential and an average mass of 120 Da is assigned to each CG bead. The
backbone stiffness of the FG-Nups is controlled through bending and torsion potentials ex-
tracted from the Ramachandran data of the coiled regions of protein structures (see chapter 2 or
(Ghavami et al. 2012)). The model accounts for hydrophobic and hydrophilic interactions, the
effect of the polarity of the solvent, the screening effect of free ions and the electrostatic interac-
tions between charged amino acids. Gromacs molecular dynamics simulation software (Hess
et al. 2008) is used to perform Langevin dynamics simulations. The temperature is set to 300
K and the cut-off distance for Van der Waals and Coulombic interactions are set to 2.5 nm and
5.0 nm, respectively. A time-step size of 0.02 ps is chosen and the Langevin friction coefficient
is set to 50 ps−1 which is similar to the collision frequency of the water molecules (Izaguirre
et al. 2001). For details of the model the reader is reffered to chapter 3 or (Ghavami et al. 2014).

Figure 5.1: The geometrical model of the NPC and cargoes. (A) The core scaffold of the NPC,
reconstructed based on the model proposed by (Alber et al. 2007b). (B) Geometrical represen-
tation of a model cargo smaller than 5.0 nm and (C), composite cargoes larger than 5.0 nm. (D)
Geometrical representation of a model Kap-cargo complex with 7 binding spots. (E) The inert
cargoes with different diameters and a Kap-cargo complex as used in the simulations.

A simplified geometrical model of the NPC is built based on the geometry of the core scaf-
fold of the yeast NPC and the FG-Nups are anchored at the predicted positions inside the pore
(Alber et al. 2007b, Alber et al. 2007a). The scaffold is modeled using hard-sphere beads with
a diameter of 5.0 nm which are assumed to have no specific interaction with the FG-nups (see
Fig. 5.1A).
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Passively transporting cargoes are modeled as rigid spheres with diameter D. Inert cargoes
smaller than 5.0 nm in diameter are modeled as a single neutral bead with a purely repulsive
potential at distances smaller than σc = D/2 + rb, where rb = 0.6 nm is the radius of the CG-
beads for the FG-Nups (see Fig. 5.1B). Cargoes larger than 5.0 nm in diameter are constructed
with a number of neutral beads each having a repulsion distance of σc = 2.5 nm as shown in
Fig. 5.1C. These overlaping beads are centered at a distance of rc = D/2 − (σc − rb) from the
center of the composite cargo. A schematic representation of the inert cargoes used in this work
is presented in Fig. 5.1E.

Kaps are elongated boat-like proteins with FG-Nup binding spots on their convex surface
(Peters 2009, Peters 2005), while their concave surface is used to attach to the cargo. Therefore,
the Kap-cargo complex has been modeled as a rigid sphere of D = 10 nm with several binding
spots on its surface. The binding spots are modeled as hydrophobic beads with similar hy-
drophobic strength as Phenylalanin (F) amino acids and are distributed along a stripe with a
spacing d on the surface of the sphere (see Fig. 5.1D and E).

We have used umbrella sampling to calculate the potential of mean force (PMF) of the trans-
porting cargoes (Torrie and Valleau 1977). The PMF is the effective potential that a particle
experiences at a certain position due to the presence of all other particles, averaged over all
conformations of the system. In the umbrella sampling method, the reaction coordinate is sub-
divided into several overlapping windows. The system is then simulated in the presence of
a bias potential to enhance the sampling in each window. Ultimately, the information from
the separate simulations are unbiased and recombined together to obtain the PMF along the
reaction coordinate (see the Appendix for a detailed description of the method).

5.3 Passive transport

5.3.1 Size selectivity of the NPC

First, the PMF curve along the central axis of the NPC is calculated for inert cargoes with differ-
ent sizes as shown in Fig. 5.2. In all cases the PMF curve starts to increase as the cargo moves
from the cytoplasm (z = 27.0 nm) to the center of the NPC and a peak value is observed near the
central plane of the NPC. This continuous increase in PMF already starts inside the cytoplasm
(i.e., z > 15.4 nm), which indicates that the FG-Nups extend to the cytoplasmic environment
and repel large cargo molecules by their entropic motion. This is consistent with our previous
study showing that the FG-Nups located at the peripheries of the NPC have more conforma-
tional freedom and are spread over a larger volume compared to the FG-Nups located near the
symmetry plane of the NPC (see chapter 3 or (Ghavami et al. 2014)).

In order to study the size selectivity of the NPC, the free energy barrier corresponding to
different cargo diameters is calculated and plotted in Fig. 5.3. The energy barrier is defined as
the difference between the maximum PMF and the PMF at z = 27 nm and is an indication of the
work required to translocate the cargo from the cytoplasm through the pore. The results show
that the energy barrier of the NPC for passively transporting cargoes decreases as the diameter
of the cargo decreases. In addition, the size selectivity threshold of the pore is calculated by
comparing the energy barrier of the pore with the thermal energy kBT . If the energy barrier
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experienced by the cargo is larger than kBT , the probability that a cargo passes through the
pore decreases. Our results indicate that cargoes larger than D = 4.7 nm experience an energy
barrier larger than kBT and thus have a small probability to pass through. This is in agreement
with experimental estimates of 4.5 to 5.35 for the size selectivity of the NPC (Paine et al. 1975,
Keminer and Peters 1999, Mohr et al. 2009).
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Figure 5.2: Potential of mean force curves along the central axis of the NPC (r = 0) for cargoes
with D = 10.0, 7.3, 4.6 and 2.3 nm.
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Figure 5.3: The energy barrier versus diameter of the cargoes.

A comparion between the energy barrier of wildtype and minimal NPCs for a cargo with
D = 10 nm is made in Fig. 5.3. The results indicate that the minimal NPC is also able to screen
large non-specific cargoes from entering the pore. However, the energy barrier has decreased by
22% in the minimal NPC compared to the wildtype NPC, which could be due to the removal of
half of the mass of the FG-Nups in the minimal NPC. If this reduction holds for all cargo sizes, it
suggests that the size-selectivity limit of the NPC will increase for the minimal NPC and hence
a more leaky pore is expected.



72 5. Energetics of transport through the nuclear pore complex

5.3.2 Possible pathways

The calculated PMF curves in Fig. 5.2 are obtained along the central axis of the pore (r = 0). In
order to check whether the lowest energy route for passive transport passes through the center,
radial PMF curves have been calculated. This is done by obtaining radial free energy profiles
for a cargo withD = 10 nm at the maximum point of the axial PMF curve (i.e., z = −2.5 nm, see
Fig. 5.2). The radial energy profiles are obtained in several different directions, namely θ = 0◦,
90◦, 180◦ and 270◦ (see Figs. 5.1 and 5.4).

The difference between the PMF curves can be explained by referring to the non-uniform
distribution of the FG-Nups in the pore (see chapter 3 or (Ghavami et al. 2014)). All cases show
that the lowest energy pathway for an inert cargo with D = 10.0 nm passes through the center
of the pore. This is consistent with single molecule tracking experiments which suggest that
passively transporting particles pass through the center (Ma et al. 2012).
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Figure 5.4: The potential of mean force along the radial direction of the NPC (at z = −2.5 nm)
for a cargo with D = 10 nm.

5.4 Active transport

5.4.1 Lowering the barrier

The energetics of active transport is investigated by calculating PMF curves for Kap-cargo com-
plexes through the central axis of the NPC (r = 0 nm). The Kap-cargo complex is modeled
as a sphere of diameter D = 10.0 nm with seven binding spots on its surface, but at different
spacings d (see Fig. 5.1 and Fig. 5.5). When the binding spots are spaced at d = 4.94 nm, Fig.
5.5 shows that a reduction is observed in the energy barrier of the NPC from 10.51 kJ/mol (no
binding spots, see Fig. 5.2) to 7.26 kJ/mol. However, this reduction is not enough for transport
of the model Kap-cargo complex. When the spacing between the binding spots is further de-
creased to 2.53 nm, the energy barrier does not show a considerable difference from d = 4.95

nm. However, when the spacing is decreased to d = 1.27 nm, the obtained PMF curve shows
a large reduction of the energy barrier to the order of kBT (see Fig 5.5). These results are in
agreement with the experiments of Naim and co-workers (Naim et al. 2009), who showed that
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large inert cargoes were able to transport through the pore when hydrophobic amino acid side
chains were attached to the surface of the cargo.

k
B 

T

0 10 20 30
z [nm]

0

5

10
PM

F 
[k

J 
m

ol
-1

]
d=1.27 nm
d=2.53 nm
d=4.95 nm

0 2 4 6
d [nm]

0

5

10

E
ne

rg
y 

ba
rr

ie
r

Figure 5.5: The free energy curves along the central axis of the NPC (r = 0), for Kap-cargo
complexes with different spacings d between the binding spots on the surface of the cargo. The
inset shows the energy barrier versus spacing d.

In addition, our results suggest that the energy barrier of the NPC strongly depends on the
distance between the binding spots and that both surface hydrophobicity and proper spacing
between the binding spots are required for active transport through the pore.

The energy barrier versus spacing between binding spots is shown in the inset of Fig 5.5.
This figure suggests that a spacing close to ∼ 1.27 nm between the binding spots results in a
reduction of the energy barrier to the order of kBT and thus in a strongly enhanced probability
to pass through. This is in close agreement to the reported values of d = 1.1 ± 0.3 nm and
d = 1.4 ± 0.3 nm for the distance between binding spots on the surface of Importin-β and
NTF2, respectively (Isgro and Schulten 2007b).

5.4.2 Effect of the number of binding spots

In order to quantify the effect of hydrophobicity of the cargo surface on active transport, PMF
curves for Kap-cargo complexes have been obtained for a fixed spacing (d = 1.27 nm), but
with varying number of binding spots (i.e., n = 3, 7 and 11), see Fig. 5.6. The addition of 3

binding spots decreases the energy barrier from 10.51 kJ/mol (no binding spots, see Fig. 5.2)
to 7.33 kJ/mol. For 7, the energy barrier is on the order of kBT . Interestingly, by increasing
the number of binding spots further to n = 11, the barrier completely disappears and the NPC
forms a potential well for the Kap-cargo complex. In this case the complex is attracted towards
the pore and tends to stay in the central region of the NPC. Clearly, the probability for transport
would be strongly reduced compared to a complex with 7 binding spots.

The energy barrier versus the number of binding sports n is plotted in the inset of Fig. 5.6.
The results suggest that there is an optimum number of binding spots for efficient transport
of a Kap-cargo complex through the pore. It must be noted, however, that our simulations are
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conducted for a cargo with D = 10 nm and the optimum number of binding spots might be
different for a cargo with different size.
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Figure 5.6: The free energy curves along the central axis of the NPC (r = 0), for a Kap-cargo
complex with different number of binding spots n. The inset shows the energy barrier versus
the number of binding spots d.

5.5 Conclusion
We have characterized the selective permeability barrier of the NPC by studying the energetics
of transport through the pore. All 128 FG-Nups of the yeast NPC are accounted for based on
a one-bead-per-amino acid coarse-grained model in which the FG-Nup amino acid sequence is
explicitly represented (Ghavami et al. 2014). The energy barrier for transport of model cargoes
has been studied by calculating PMF curves by using umbrella sampling. Our results indicate
that the conformation of the disordered FG-Nups forms an energy barrier along the central
axis of the NPC which does not allow the passage of inert cargo molecules larger than D =

4.7 nm in diameter. However, the PMF curves of Kap-cargo complexes show that including
several hydrophobic binding spots on the surface of the cargo lowers the energy barrier below
kBT , facilitating the transport of large cargo molecules. The effect of surface hydrophobicity
and spacing between binding spots on active transport have been analyzed. Our results show
that there is an optimum number of hydrophobic binding spots for efficient transport of Kap-
cargo complexes of a certain size. Additionally, we show that merely increasing the surface
hydrophobicity is not enough to overcome the permeability barrier of the NPC, but that the
spacing between binding spots is also a key feature in facilitated transport through the NPC.
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5.A Appendix: The umbrella sampling method
Umbrella sampling is a technique to calculate the potential of mean force (PMF) of a system
along a reaction coordinate ξ. If an energy barrier separates the configurational space of a sys-
tem (see Fig. 5.7B), the low probability of overcoming the barrier will result into configurations
that are inaccessible during the simulations. The umbrella sampling technique enhances the
sampling at energetically unfavorable configurations along ξ by restraining the system with an
additional bias potential (see Fig. 5.7C).

Figure 5.7: The concept of umbrella sampling. (A) A system with a smooth energy landscape.
(B) A system in which the configurational space is separated by an energy barrier. (C) The
sampling of the system is enhanced by restraining the system with a biased potential at different
positions along the reaction coordinate. The red dashed curves represent the bias potentials.

The derivation of the method has been discussed in (Torrie and Valleau 1977, Roux 1995).
The potential of mean force can be calculated from the average distribution function ρ(ξ) through
the following equation,

∆G = G(ξ) −G(ξ0) = −kBT ln

»

〈ρ(ξ)〉
〈ρ(ξ0)〉

–

, (5.1)

where ξ0 and G(ξ0) are arbitrary constants, T is the temperature and kB is the Boltzmann con-
stant. The umbrella sampling method involves N separate simulations where the system (in
our case the cargo molecule) is restrained at positions ξi (i = 1 . . . N ) using a harmonic bias
potential wi(ξ) = K(ξ−ξi)

2. The separate umbrella simulations result inN biased distribution
functions, 〈ρ(ξ)〉biased

i which related to the global distribution function through

〈ρ(ξ)〉 =

N
X

i=1

ni〈ρ(ξ)〉biased
i ×

"

N
X

j=1

nje
−[wj(ξ)−Fj ]/kBT

#−1

, (5.2)

where Fi are unknown constants and ni is the number of data points in each window i. The
unknown constants Fi also depend on the global distribution function as

e−Fi/kBT =

Z

dξe−wi(ξ)/kBT 〈ρ(ξ)〉. (5.3)

The unknowns in equations 5.2 and 5.3 are the constants Fi and the global distribution 〈ρ(ξ)〉.
These equations are solved iteratively starting from an initial guess for the N free energy con-
stants Fi and estimating the global distribution from Eq. 5.2. This estimate is used in Eq. 5.3
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to generate new values for the constants Fi, which are subsequently substituted in Eq. 5.2 to
obtain the unbiased distribution. This procedure is repeated until both equations are satisfied
(Roux 1995, Hub et al. 2010, Kumar et al. 1992).

5.B Appendix: The umbrella sampling procedure
The initial configurations are extracted from fast pulling simulations in which the cargo is
pulled from z = +27 to z = −27 nm along the central axis of the NPC with a constant ve-
locity v = 0.006 nm/ps while it is not allowed to move laterally. The initial configurations for
the umbrella simulations are then extracted every dz nm along the z-direction. For each um-
brella simulation, the center of mass of the cargo is fixed harmonically with a spring constant
of K = 5.0 kJ mol−1 nm−2 and each window is simulated for at least 1.5 × 106 steps. The PMF
curves are then derived using a weighted histogram analysis method (Kumar et al. 1992, Hub
et al. 2010). A parameter study on the spacing between the umbrella windows dz is performed
on a minimal NPC1 with a cargo of diameter D = 10.0 nm (see Fig. 5.8).
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Figure 5.8: PMF curves along the central axis of the pore obtained for a spacing of dz = 2.0 nm
and 1.5 nm between umbrella windows. The green curve shows the improvement of the PMF
curve for dz = 1.5 nm with 2X sampling.

The results suggest that a spacing of dz = 1.5 nm provides sufficient overlap between
neighboring umbrella windows in order to guarantee sufficient accuracy of the obtained PMF
curves. In addition, PMF calculations of the minimal NPC show that sampling each umbrella
window several times with a different initial configuration (e.g., 1X, 2X, etc.) improves the
accuracy of the PMF curve considerably (see Fig. 5.8). This is done by generating new initial
configurations for each umbrella window through separate pulling simulations and simulating
each window for at least 1.5 × 106 steps. The data from separate simulations on the same
window (e.g., 1X, 2X, etc.) are combined together to calculate the converged PMF curve. The
convergence of the PMF curves for the minimal and wildtype NPCs are shown in Figs. 5.8 and
5.9, respectively. The PMF curves for a cargo with D = 10 nm for the minimal and wildtype

1The minimal NPC is equal to the viable NPC in chapter 3.
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NPCs show a peak close to the center of the NPC (see Fig. 5.8 and 5.9). Therefore, the PMF
curves for other cases have been calculated from −5 to 27 nm to save computer time. In order
to obtain PMF curves in the radial direction, the same procedure is followed except that the
spacing between umbrella windows is chosen to be 1.2 nm for faster convergence.
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Figure 5.9: The convergence of the PMF curve with increasing sampling for the wildtype NPC.
The spacing between umbrella windows is set to dz = 1.5 nm.






