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a b s t r a c t 

Cells can respond to mechanical forces by changing gene expression. Changes to transport 

through pores in the nuclear membrane have been implicated in these responses, but the 

mechanisms by which stress-dependent, selective nuclear transport occur have not been 

elucidated. We identified a potential mechanism for this via stretch-dependent switching 

behavior in nuclear pore complexes (NPCs). NPCs, composed of proximal and distal rings 

connected by a “basket” of filaments within the nucleus, form channels for the selective 

transport through the nuclear membrane. Our simulations showed that the relatively nar- 

row NPC distal ring, long believed to responsible for channel gating and selectivity, cannot 

stretch to accommodate larger molecules. Instead, our results suggested that rapid phase 

transitions in nuclear basket filament conformations could serve to regulate large molecule 

transport. Nuclear basket conformations were bi-stable under certain conditions within 

the physiological range, enabling strong sensitivity to the mechanical state of the nuclear 

membrane, and suggesting a possible pathway for mechanosensitive nuclear gating. 

© 2019 Elsevier Ltd. All rights reserved. 

 

 

 

 

 

 

 

1. Introduction 

The ways that mechanical signals are felt and remembered by cells are largely unknown, but are critical to growth,

development, and pathology ( Dupont et al., 2011; Tschumperlin et al., 2004 ). Because gene expression and cell fate can be

altered by mechanical force, efforts to identify ways that mechanical deformation can affect gene expression have been of

intense focus ( Cao et al., 2017; Engler et al., 2006; Makhija et al., 2016; Meng et al., 2018; Nathan et al., 2011; Poleshko et al.,

2017; Swift et al., 2013b ). Proteins in the LINC complex are known to transmit forces felt and exerted by cells to the nuclear

envelope, and to rearrange molecules in the cytoplasm to open pathways for mechanosensing molecules to reach the nuclear

envelope ( Crisp et al., 2006 ). Nuclear pore complexes (NPCs) are known to be involved in selective transport of molecules
∗ Corresponding author. 

E-mail address: fengxu@mail.xjtu.edu.cn (F. Xu). 

https://doi.org/10.1016/j.jmps.2019.103705 

0022-5096/© 2019 Elsevier Ltd. All rights reserved. 

https://doi.org/10.1016/j.jmps.2019.103705
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jmps
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmps.2019.103705&domain=pdf
mailto:fengxu@mail.xjtu.edu.cn
https://doi.org/10.1016/j.jmps.2019.103705


2 S. Liu, H. Yang and T.J. Lu et al. / Journal of the Mechanics and Physics of Solids 133 (2019) 103705 

Fig. 1. Phase transitions in nuclear basket conformations provide a potential mechanism for nuclear mechanotransduction. (a) Nuclear pore complexes 

(NPCs) gate traffic between the nucleus and the cytoplasm. We explored whether these might contribute to nuclear mechanotransduction. (b) Scanning 

electron microscopy of a vertebrate ( Xenopus ) NPC viewed en face from the cytoplasm best reveals the cytoplasmic filaments (CF, right panel); a view 

from the nucleoplasm reveals the nuclear basket (NB, left panel) (reprinted with permission from Rout and Aitchison (2001) ). (scale bar, 30 nm). (c) The 

initially twisted nuclear basket allowed only small molecules to pass through the NPC. (d) NPC conformations were a balance between elastic energy 

in the membrane and electrostatic interaction energy ( W ) NPC filaments, the latter governed by a dimensionless spacing κx , in which κ is the Debye 

screening parameter. (e) Our models suggested that sufficient nuclear envelope stretch can lead to new conformations of the NPC, some of which may 

enable transport of larger molecules through the NPCs. Bi-stable conformations might explain the stretch-dependent translocation through nuclear pores 

of signaling molecules, as reported recently by Elosegui-Artola et al. (2017) . (f) These conformations were limited by steric constraints. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

across the nuclear envelope ( Gallardo et al., 2017; Ghavami et al., 2014; Mario et al., 2013 ) ( Fig. 1 a). Mutations in NPCs

affect cell differentiation, function, and aging ( Burns and Wente, 2014; Lord et al., 2015 ). Stressing of the nuclear envelope

can trigger entry of the mechanosensing molecule YAP to the nucleus via transport through NPCs ( Elosegui-Artola et al.,

2017 ). However, it is not known how relatively small mechanical changes can enable switching of these NPCs. 

We therefore asked whether the gating of NPCs might enhance sensitivity to mechanical stretch sufficiently to enable

stretch-dependent gating. The 30–70 nm diameter channel of NPCs is the core of an octagonal protein structure consisting

of cytoplasmic and nucleoplasmic rings inserting into the nuclear membrane, a “nuclear basket” of filaments extending into

the nucleoplasm, and a distal ring connecting these filaments at the innermost extremity of the NPC ( Ghavami et al., 2014;

Mario et al., 2013 ) ( Fig. 1 b, c & e). Effective and selective transport occurs through the NPC at rates on the order of 10 0 0

translocations per second, and includes transport of mRNA and molecules over 40 kDa ( Garcia et al., 2016; Jamali et al.,

2011 ). The nuclear basket ultrastructure functions as a docking site for messenger ribonucleoprotein and reduces chromatin

crowding around the central transport channel. The nuclear basket is generally depicted as a relatively rigid structure of

eight protein filaments that protrude into the nucleoplasm and converge in the distal ring ( Fig. 1 ). This distal ring is be-

lieved to serve as the primary gatekeeper for mRNA, silencing factors, and cell cycle regulators ( Gallardo et al., 2017 ). The

relationship between the morphology and function of NPCs has largely been studied through an axisymmetric model of

the nuclear basket ( Ma and Lippincott-Schwartz, 2010; Moussavibaygi et al., 2011; Rout and Aitchison, 2001; Solmaz et al.,

2011 ). Fluctuations of the iris-like (rotationally symmetric) distal ring are believed to control transport of large molecules

( Arlucea et al., 1998; Kramer et al., 2008; Sakiyama et al., 2017 ) in a way that is dependent on calcium ions ( Panté and Aebi,

1996; Stoffler et al., 1999a ). Torsional (rotationally symmetric) conformations of the nuclear basket have been identified as

affecting function in models and experiment ( Akey and Radermacher, 1993; Garcia et al., 2016; Rout and Aitchison, 2001;

Yang et al., 1998 ). 

However, the transport of larger molecules cannot be explained by the distal ring model alone, and the mechanisms of

stress-dependent entry of YAP through NPCs remains a mystery. Cargo-receptor-gold complexes with diameters as large as

39 nm – 33% larger than the largest distal ring observed – have been observed passing through NPCs ( Panté and Kann, 2002 ).

The static view of the nuclear basket might be an oversimplification in light of observations of multiple filament conforma-

tions under identical electromechanical conditions ( Arlucea et al., 1998 ), and of a range of observed NPC deformation modes

( Wolf and Mofrad, 2008 ). 

Forces on the nuclear pore basket arise from chemical bonding, mechanical forces arising from Brownian motion, and

electrostatic forces. We focused on relatively short-range electrostatic forces arising from charge condensation because scal-

ing arguments described in the methods section indicated that these would be significant, and because other forces could be

ruled out for the following reasons. First, experimental observations reveal that the nuclear pore basket represents a loose

structure whose shape could transform via mechanisms consistent with a space truss ( Panté and Aebi, 1996; Stoffler et al.,

1999a ), ruling out an important role for relatively strong, short-range forces such as covalent, ionic, and hydrogen bonds. At
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the other extreme, Brownian forces are negligible because the filaments are short ( ∼100 nm) compared to their persistence

length ( E f I / k b T ≈ 3 μm). 

Translocation through the negatively charged arms of the nuclear pore baskets is regulated by electrostatics

( Colwell et al., 2010 ), with time-lapse AFM revealing that the distal ring rotates in response to changes of calcium ion

concentration ( Panté and Aebi, 1996; Stoffler et al., 1999a ). A potential driving force for nuclear basket conformations is

therefore the interaction of the cloud of positively charged counter-ions with the spatially distributed electrostatic charges

on nuclear basket filament proteins ( Zhao et al., 2014 ) and with NPC proteins such as phenylalanine-glycine nucleoporin

( Peyro et al., 2015a, b ). We therefore hypothesized that the coiled filamentous structure of the nuclear basket, with its large

( ∼200 kDa) and charged protein arms ( Mario et al., 2013; Strambio-De-Castillia et al., 1999 ), may provide a hypersensi-

tive mechanosensitive gating mechanism for transport of molecules. We asked, what is the selective gating mechanism for

transport of large molecules through NPCs, and can stretching of the nuclear envelope affect this? 

2. Methods 

As NPCs are one of the largest protein complexes within the cell ( Apelt et al., 2016; Lim et al., 2006 ), its dynamics is

not well suited to present molecular dynamics simulation techniques. We therefore developed continuum approaches to

simulate NPC gated nucleocytoplasmic transport. 

2.1. Nuclear membrane mechanics 

The nuclear membrane is elastic over the micro- to millisecond timescales of the nuclear basket dynamics and molecular

gating, but viscous over the 10-minute and greater timescales of the viscoelastic lamina ( Deviri et al., 2017; Kim et al., 2015;

Swift et al., 2013b ). The boundary conditions on the nuclear membrane insertion of the pore are thus sensitive to the state

of stress in the nuclear membrane, and, for sustained loadings such as hypertension, to the history of the state of stress.

Because the radius of curvature of the membrane ( ∼microns) is large compared to the diameter of the nuclear basket ( ∼tens

of nanometers), the nuclear membrane was treated as a thin, flat annulus subjected to an equibiaxial stress σ 0 within its

plane; its upper and lower surfaces were free of mechanical traction. The nuclear membrane insertion of the nuclear basket

was thus displaced from its reference state with radius of nuclear pore a 0 and far field stress σ 0 by an amount ( Deviri et al.,

2017 ): 

u r ( r = a 0 ) = 2 a 0 
σ − σ0 

E 
− ( 1 + ν) 

T − T 0 
E 

(1)

where σ is the far field stress; T is the resultant of line tension (force per unit length) and interaction forces among proteins

at the nuclear membrane insertion of the NPC; T 0 is the initial line tension; E (1–150 kPa ( Cao et al., 2013 )) is the elastic

modulus of the nuclear membrane; ν ( ∼0.4 ( Chen et al., 2008; Wagner et al., 1999; Wolf and Mofrad, 2008; Zhu et al.,

2016 )) is its Poisson ratio; ε = ( 1 − ν) σ/E is the far-field strain. 

2.2. Nuclear basket filament kinematics 

Nuclear basket filaments were modeled as pinned at the nucleoplasmic and distal rings of NPC ( Fig. 1 and Fig. S1). In

our coarse-grained simulations, we tracked the sizes of the inter-filament gaps x ij between the midpoints of every pair of

filaments i and j . Filaments were treated as inextensible and of length l. The maximum spacing between midpoints was

found from the case of fully stretched nuclear basket, with x max 
i j 

= ( a + b ) sin 

π
8 ( Fig. 1 f) and the minimum was found from

the case of a rotation of the basket to the point of steric hindrance, x min 
i j 

= ( a − b ) sin 

π
8 ( Fig. 1 f), where a is the radius of

nucleoplasmic ring (and hence nuclear pore) and b is the radius of distal ring. All other conformations had spacings between

these two extremes. 

2.3. Nuclear basket and nuclear membrane mechanics 

The NPC was coarse-grained into an elastic network with conformations dominated by electrostatic interactions. This is

appropriate because the persistence length (quantifying the stiffness of a polymer) of the nuclear basket filaments was an

order of magnitude longer than the filament length, meaning that enthalpic terms dominate and a linear elastic formulation

is appropriate. The persistence length ( E f I / k b T ( Gittes et al., 1993 )) of a nuclear basket filaments was on the order of 3 μm,

where E f ≈ 1 GPa is the effective elastic modulus of a filament protein, I = πd 4 / 64 ≈ 1 . 3 × 10 −35 m 

4 is the second moment

of the area of a filament of radius d, k B is Boltzmann’s constant, and T is absolute temperature. Thus the persistence length

was far larger than the length of a nuclear basket filament. 

Estimation of mechanical fields was performed using commercial 3D modeling and stress analysis software (Autodesk In-

ventor 2017, AutoDesk, USA; and Abaqus 6.14, Dassault, France) using NPC morphology reported in the literature ( Kowalczyk

et al., 2011; Rout and Aitchison, 2001 ) ( Fig. 1 , Table 1 ) along with reported values of the effective elastic modulus ( ∼100 kPa)

and Poisson ratio ( ∼ 0.4) ( Chen et al., 2008; Wagner et al., 1999; Wolf and Mofrad, 2008; Zhu et al., 2016 ) of nuclear basket
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Table 1 

Physical parameters used in simulations. 

Physical parameter Baseline Value References 

Radius of nuclear pore/nucleoplasmic 

ring ( a o ) 

30 nm 35 nm Based on 

Moussavibaygi et al. (2011) 

∼35 nm Based on Rout and 

Aitchison (2001) 

60 nm Based on Adams and 

Wente (2013) 

Radius of distal ring ( b ) 5 nm ∼10 nm Based on Rout and 

Aitchison (2001) 

15 nm Based on Adams and 

Wente (2013) 

Length of filaments ( l ) 60 nm 75 nm Based on 

Moussavibaygi et al. (2011) 

∼90 nm Based on Adams and 

Wente (2013) 

Inter-filament gap ( x ) 20 nm ( Xenopus ) Based on Rout and 

Aitchison (2001) 

Diameter of filaments ( d ) 4 nm 4nm ( Xenopus ) Based on Rout and 

Aitchison (2001) 

Young’s modulus of filaments ( E ) Rigid 2.2 GPa (by measuring wave 

speed through actin) 

Wolf and Mofrad (2008) , 

Zhu et al. (2016) 

10–69 GPa (equivalent 

frequency estimate) 

Relative dielectric constant of bulk 

solvent ( ɛ ) 
80 80 At room temperature; varies little 

except at non-physiologically high 

salt concentration. 

Dielectric permittivity in vacuum ( ɛ 0 ) 8 . 85 × 10 −12 F / m 8 . 85 × 10 −12 F / m 

Boltzmann constant ( k B ) 1 . 38 × 10 −23 J / K 1 . 38 × 10 −23 J / K 

Protonic charge ( q ) 1 . 602 × 10 −19 C 1 . 602 × 10 −19 C 

Ionic number density ( ρ∞ ) 1 mM 1 mM Low salt buffer (1 mM KCl and 

10 mM Hepes) ( Jarnik and Aebi, 

1991; Reichelt et al., 1990; Stoffler 

et al., 1999b ) 

Mass of one nuclear basket filament 

(m) 

100 kDa ∼ 100 kDa Davis (1995) 

= 1 × 10 5 g/mol = 1 × 10 5 g/mol 

= 6.02 ×10 −21 kg = 6.02 ×10 −21 kg 

 

 

 

 

 

 

 

 

 

 

 

 

proteins. Quadratic interpolation finite element analysis was performed, and refinement studies showed numerical conver- 

gence with 42,0 0 0 nodes and 24,0 0 0 10-node quadratic tetrahedral (C3D10) and 8-node linear brick (C3D8R) elements.

Simulations were performed on a HP Z820 workstation with 2.6 GHz CPUs and 64 GB RAM. 

2.4. Electrostatic interactions of nuclear basket filaments 

Electrostatic interactions between nuclear basket filaments were approximated with Ray-Manning type charge conden- 

sation ( Fig. 1 d)( Ray and Manning, 20 0 0 ). Although many other approaches are reasonable, this is a reasonable model be-

cause two conditions are satisfied. The first condition is that electrostatic interactions must be significant over length scales

relevant to NPCs. The Bjerrum length estimates the distance between two elementary charges at which the electrostatic

interaction is comparable to thermal motion and it is well-known that the Bjerrum length between two elementary charge

is 0.7 nm in water. Adopting the idea from Bjerrum and given that the proteins is charged with ∼20 electrons ( Filoti et al.,

2015 ), the length ( λB ) for neighboring filaments at which electrostatic interaction is comparable to thermal motion was

estimated as ( Ray and Manning, 20 0 0 ): 

λB = 

z 2 q 2 

4 πε ε 0 k B T 
≈ 280 nm (2) 

Low salt buffer (1 mM KCl and 10 mM Hepes) is widely used to keep the Xenopus nuclei intact ( Jarnik and Aebi, 1991;

Reichelt et al., 1990; Stoffler et al., 1999b ). For 1 mM KCl, ρ∞ 

i 
= 1 × 10 −3 mol / L × 6 . 02 × 10 23 , q = e , z 1 = 1 , z 2 = −1 , ɛ ≈ 80,

k B = 1 . 38 × 10 −23 J / K , T = 300K . The Debye screening length was estimated as ( Fisher and Levin, 1993; Ray and Manning,

20 0 0 ): 

λD = 

( ∑ 

i 

ρ∞ 

i 
q 2 z 2 

i 

ε ε 0 k B T 

) −1 / 2 

≈ 10 nm (3) 

where ρ∞ 

i 
is the number density in the bulk solution of ion species i with valence z i ; q is the charge of an electron; ɛ 0 is

the dielectric permittivity in a vacuum; and ɛ is the relative permittivity. We note that the Debye screening length could
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vary significantly with cellular microenvironment, and is sufficiently sensitive to ionic concentrations that it could be used

to actively control NPC opening. A physiological range of 0.7–20 nm has been reported in the literature. Ray and Manning

estimated the Debye screening length as 3 nm for 10 −2 M NaCl and 9.6 nm for 10 −3 M NaCl ( Ray and Manning, 20 0 0 );

Aleksandar et al. estimated the Debye screening length of physiological buffer as ∼3–20 nm ( Aleksandar et al., 2011 ); Stern

et al. estimated the Debye screening length of PBS solution as 0.7–7.3 nm ( Stern et al., 2007 ). Thus, our estimation of the

Debye screening length is within this physiological range. 

Both the scale of nuclear basket and the Debye screening length ( λD ) are smaller than the length ( λB ) for neighboring

filaments at which electrostatic interaction is comparable to thermal motion, indicating that it is important to consider the

effects of electrostatic interactions. Because the Debye screening length is comparable to the size of nuclear basket, charge

condensation could affect nuclear basket filament interactions. 

The second condition is related to the response time of nuclear basket filaments. The response time related to the rate

at which a filament of effective mass m can cross an energy barrier � associated with conformational changes, and can

be estimated using the impulse momentum relation p = 

√ 

2 m � = κ�t c , where κ = λ−1 
D 

is the Debye screening parameter.

Noting that � = 

λB 
λD 

k B T yields: 

t c = λD 

√ 

λD 2 m 

λB k B T 
≈ 3 ns (4)

This is far smaller than the millisecond timescale of NPC transport ( Moussavibaygi et al., 2011 ), implying that conforma-

tional changes of the nuclear basket are significant on the timescale of transport. 

Because of the size difference between the nuclear basket filaments and NPC rings and because of the absence of evi-

dence of high charge density on the rings, our coarse-grained electrostatic model focused on the nuclear basket filaments.

The electrostatic energetic state of a configuration was asummed from the interaction energies of each pair of filaments: 

U = 

1 

2 

7 ∑ 

i =1 

8 ∑ 

j= i +1 

W 

(
x i j 

)
(5)

where W ( x ij ) represents the interaction energy between a pair of poly-ions i and j of filaments separated by distance x ij . The

Ray-Manning form for W ( x ij ) is well approximated by ( Fig. 1 d, Supplemental Methods): 

W ( x ) ≈

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

E A 
c − K 0 ( κx ) 

c − K 0 ( 1 /e ) 
, κx ≤ 1 /e 

E R − ( E R − E A ) 
1 − κx 

1 − 1 /e 
, 1 /e < κx ≤ 1 

E R 
K 0 ( κx ) 

K 0 ( 1 ) 
, κx > 1 

(6)

where E A is the depth of the attraction potential well, E R is the height of the energy barrier for charge condensation, c

describes the close-proximity repulsion, and K 0 is the zeroeth order Bessel function of the second kind. The Ray-Manning

solution provides estimates of the parameters for lines of charge, as described in the Supplemental Methods. We emphasize

that we apply the model phenomenologically, and that effects of molecular orientation on the potential function would

likely introduce further nonlinearity. 

3. Results and discussion 

Simulations revealed that nuclear basket filaments could rearrange into configurations with openings them that were

sufficiently large to allow passage of proteins whose mean radius exceeds the radius of the distal ring ( Fig. 3 ). The expan-

sion mode, in which the filaments were radial, represented the upper limit for interaction energy. The torsional mode, with

filaments slightly inclined, corresponded to attractive filament interactions. Cross and spiral modes corresponded to lower

limits of interaction energies. In the cross mode, the filaments were perpendicular to both rings and crossed at an intersec-

tion point. In the spiral mode, the nuclear basket stretched to a planar configuration with a spiral as filaments attracted one

other. Bi-stability was possible between the expansion mode and the three other modes. 

The five factors that defined the gating function of the nuclear basket were the Debye screening length 1/ κ; the radius

a of the nucleoplasmic ring; the radius b of the distal ring; and the length l and diameter d of the nuclear basket filaments.

The Debye screening length 1/ κ was used to normalize all other parameters ( a, b, l and d ) in the figures. We chose a

as the independent variable for Figs. 4 , because the radius a of the nucleoplasmic ring bridged the membrane strain and

the geometrical factors ( cf. Fig. 2 ). d had only minor influence on the results (see Supplementary Material), but varying the

parameters l and b gave rise to a variety of patterns ( Figs. 5 and 6 ). Simulations revealed that nuclear basket filaments could

rearrange into configurations with openings that were sufficiently large to allow passage of proteins whose mean radius

exceeds the radius of the distal ring. To estimate the size of a protein that could pass through these “transverse pores” (see

supplementary materials), we calculated the radius r of the largest sphere that could pass through each configuration of

nuclear basket filaments ( cf. Fig. 1 f). 
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Fig. 2. The nuclear basket responded to nuclear membrane strain by untwisting. Mechanical analysis of a fictional nuclear basket having no electrostatic 

interactions showed that this torsional opening enabled increasingly large spheres (molecules) to pass through transverse pores that opened between the 

nuclear basket filaments. 

Fig. 3. Four classes of opening modes were observed in the nuclear basket. The expansion mode, in which the filaments were radial, represented the upper 

limit for interaction energy. The torsional mode, with filaments slightly inclined, corresponded to attractive filament interactions. Cross and spiral modes 

corresponded to lower limits of interaction energies. In the cross mode, the filaments were perpendicular to both rings and crossed at an intersection 

point. In the spiral mode, the nuclear basket stretched to a planar configuration with a spiral as filaments attracted one other. Bi-stability was possible 

between the expansion mode and the three other modes. 

 

 

 

 

 

 

3.1. Stretching of the nuclear membrane tends to untwist the nuclear basket and widen transverse nuclear basket pores 

We first studied a fictional nuclear basket having no electrostatic interactions between the basket filaments (inset, Fig. 2 ).

To assess both the structural resistance of the NPC relative to the nuclear membrane and the degree to which the filaments

could be modeled as rigid rods, the entire basket structure was treated as linear and isotropic. As the nuclear membrane

stretched, the basket filaments untwisted (Supplemental Video S1), consistent with the proposed iris-like diaphragm model

of opening ( Stoffler et al., 1999a ). This opening enabled increasingly large spheres ( i.e. , molecules) to pass through the trans-

verse pores ( Fig. 2 ), consistent with observations that gaps between filaments can exceed the diameter of the distal ring

under certain conditions ( Arlucea et al., 1998; Lim et al., 2006 ). 
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Fig. 4. Electrostatic interactions enabled mechanosensitive transitions of nuclear basket conformations. Nuclear membrane stretch was modeled by varying 

the dimensionless nucleoplasmic ring radius, κa , while maintaining all other parameters at the levels appropriate for the Xenopus nuclear basket ( b = 

5 nm , l = 60 nm , d = 4 nm , Table 1 ). Conformations and the transitions between them were governed by κa (Video S2). (a) For 1/ κ = 10 nm, the normalized 

radius of transverse pore ( κr ) increased with the normalized radius ( κa ) of the nuclear pore. (b) For 1 /κ = 40 nm , representing a change in electrostatic 

environment, the bi-stable region evident in (a) vanished, comfirming the importance of electrostatic regulation on nuclear basket conformations. Blue 

dash lines represent radius of the normalized radius of distal ring κb . (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

The membrane insertion and nuclear basket filaments deformed extensively in response to membrane stretch, but the

weak flexural resistance of the filaments transferred little stress to the distal ring, which remained relatively rigid (Fig.

S2). NPCs provided little resistance to the expansion of nuclear pore except at very high levels of strain (Fig. S3). Thus,

membrane stretch could be approximated as producing a radial displacement of the nucleoplasmic ring in the subsequent

simulations, and the long nuclear basket filaments could be approximated as rigid, hinged rods connecting to a rigid distal

ring. 

3.2. Electrostatic interactions are a dominant force driving NPC basket filament conformations 

Although deformation of the membrane dominated the distortion of the nucleoplasmic ring, electrostatic interactions

amongst nuclear basket filaments dominated the conformations of nuclear basket filaments between the nucleoplasmic ring

and the distal ring. The transformations between these conformations were governed by the dimensionless ratio κa of

the nuleoplasmic ring radius a to the Debye screening length 1/ κ . The Debye screening parameter κ varies with the ionic

strength of the nucleoplasm. 

In Fig. 4 , plotted for Xenopus , nuclear membrane stretch was modeled by varying the nucleoplasmic ring radius a as

an independent variable, while maintaining the distal ring radius b , the filament length l and the diameter d . To model

responses to changes in ionic strength, two different values of the Debye screening length 1/ κ were studied, with κ in

Fig. 4 (b) 1/4 of that in Fig. 4 (a). The Debye screening length, is influenced by the number density of ions in the bulk
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Fig. 5. Phase diagram of nuclear basket conformations. The phase space constitutes the normalized lower (horizontal axis) and upper (vertical axis) limits 

of center-to-center spacings between nuclear basket filaments. Torsion-expansion, spiral-expansion and cross-expansion modes were bi-stable combinations 

of two modes. Note that the locations of dashed lines β5 and β6 vary with κ . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

solution ( Fisher and Levin, 1993; Ray and Manning, 20 0 0 ), and indeed nuclear basket conformations have been reported to

change in response to Ca 2 + changes ( Panté and Aebi, 1996; Stoffler et al., 1999a ). The bi-stable region vanished in Fig. 4 (b),

comfirming the importance of electrostatic regulation on nuclear basket conformations. 

With large κa ( Fig. 4 a), as occurs with relatively weak electrostatic interactions, the nuclear basket adopted the torsional

opening mode seen in our full continuum simulations with no electrostatic interactions ( cf. Fig. 2 ). This enabled the largest

molecules to pass through the putative transverse pore of the NPC. With κa decreasing to the range of 2.1 ≤κa ≤ 3.1, elec-

trostatic attraction increased and a bifurcated region developed, with two configurations of equal energy, i.e. , a torsional

opening mode and a crossed configuration. The crossed configuration closed the channel that transports molecules through

the distal ring, and slightly decreased the size of the molecule that could traverse the transverse pore. Below κa = 2.1, only

the crossed configuration was favored energetically, and below κa ≈1.5, the maximum hard sphere radius of a molecule that

could cross the transverse pore dropped below the radius of the distal ring. The size range of molecules that could be trans-

ported through the NPC was up to ∼25–50 nm in diameter, comparable to observations of transported cargo-receptor-gold

complexes ( Panté and Kann, 2002 ). 

It should be noted that the Debye screening length could vary significantly with cellular microenvironment. In Fig. 4 (b), κ
is reduced to one fourth of those in Fig. 4 (a), which could be interpreted as the change in electrostatic environment. General

trends remained the same, but the bifurcated region was lost ( Fig. 4 ). Fig. 4 (b) could also be considered as a hypothetical

nuclear basket with filaments that were one fourth the length but had identical slenderness ratios. Because the diversity of

diameters and lengths of nuclear basket filaments is unknown, it could also show how variations to filament dimensions af-

fect gating. Increasing only the thickness of the filaments provided steric restriction against the passage of larger molecules,

but again retained the general trends (Fig. S4a). The exception was that sufficiently thick filaments precluded the existence

of the bifurcated region of κa . Further variations of parameters enabled extension of the bifurcated region of κa , and also

introduced a family of new bifurcations (Fig. S4b). 

Bifurcation was possible when the interactions could switch from attractive to repulsive for configurations within the

steric limits: i.e. κ( a − b ) sin 

π
8 < 1 < κ( a + b ) sin 

π
8 ( Fig. 5 ) . In such a case, both the upper and lower limits were stable.

These bifurcations could act as a switch for the central portal through the nuclear basket. Electrostatic interactions in such

a state could therefore cause the nuclear basket to function as a bi-stable switch. 

While in the state in which the nuclear basket could serve as a bi-stable switch for the central portal, the transverse

pore size changed relatively little. For a typical Xenopus nuclear basket, with geometrical parameters listed in Table 1 , the

gap was roughly 1.2 nm. This was in contrast to other regions of phase space, in which the transverse pore was sufficiently

large to facilitate the translocation of large molecule. For a typical Xenopus nuclear basket, the transverse pore could be two

times larger than the central portal ( Fig. 4 ). 
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3.3. Membrane mechanics, ionic concentrations, and geometrical factors collectively control the mechanosenstivity of NPC gating 

Our analyses revealed that nuclear basket conformations were controlled by both mechanical and ionic factors. The me-

chanical factors entered the model through the radius of the nucleoplasmic ring, a , which increased with increasing nuclear

membrane tension. The ionic factors entered the model through the Debye screening length, 1/ κ , which decreased with

increasing ionic concentrations. These factors, combined with the geometrical structure of the NPC baskets, led to certain

NPC configurations favored under specific mechanical and ionic conditions. 

We began by studying the two governing dimensionless parameters that emerged from the solution: x̄ min ≡ κ( a − b ) sin 

π
8 

and x̄ max ≡ κ( a + b ) sin 

π
8 ( Fig. 5 ). x̄ min corresponded to the minimum geometrically allowable center-to-center spacing of

nuclear basket filaments, normalized by κ , and x̄ max corresponded to the maximum. When x̄ max and x̄ min were both small

( < 1/e) or both large ( > 1), the nuclear basket responded to stretch via pure expansion ( Fig. 5 ). When x̄ min was small ( < 1/e)

and x̄ max was intermediate (1/e ≤ x̄ max ≤ 1), the torsional opening mode representative of weak electrostatic interactions

dominated. As x̄ max became large when x̄ min was small, expansion became another stable state besides torsion as the mem-

brane stretched. Intermediate levels of x̄ min gave rise to the greatest diversity of opening modes (middle row, Fig. 5 ). 

Switching amongst the states in Fig. 5 exhibited mechanosensitivity and ionic sensitivity. As will be discussed below,

the greatest mechanosensitivity arose for intermediate values of x̄ min . For large x̄ max within this range, mechanosensitivity

was achieved through transition from spiral to expansion modes (for a + b > l), or from transition from crossed-filament

to expansion modes ( a + b < l) ( Fig. 5 ). For intermediate x̄ min and x̄ max , mechanosensitivity was achieved through transition

from crossed-filament to spiral modes with increasing nuclear membrane stretch. 

To further explore how changes to mechanics and ionic concentrations affected NPC gating, we plotted these states and

the size of the transverse pore as a function of the normalized sizes of the nucleoplasmic ( κa ) and distal ( κb ) pores ( Fig. 6 ).

Mechanical effects were evident as horizontal shifts in Fig. 6 (changes to κa ), and ionic effects were evident as diagonal

shifts associated with changes to the Debye screening parameter, κ . The phase boundaries of Fig. 5 mapped onto the κa -

κb phase diagram of Fig. 6 a as a series of diagonal lines. Sharp jumps in the size of the transverse pore were evident

at these boundaries, and, for intermediate values of κa , bifurcation-based gating cycles were possible, in which relatively

small changes to nuclear membrane stretch could increase the transverse pore size by an order of magnitude. These regions

indicated sets of mechanical and ionic conditions for which the NPC configurations could be expected to be highly sensitive

to mechanical perturbations. 

Because the variability of the size and shape of nuclear baskets is not yet known either within a single cell or across

cell types or species, we next asked how differences in the length l of nuclear basket filaments might affect conformations

and their sensitivity to their ionic environment. These were studied through a phase diagram analogous to that of Fig. 6 a,

but now with and the dimensionless filament length κ l on the vertical axis ( Fig. 6 b). Bifurcation-based gating cycles were

possible as the nuclear basket shifted from the crossed-filament configuration to the torsional configuration (Supplemental

Movies 1 and 2) in the bifurcation zone of the phase diagram (bounded by lines β3 and β5). The size of the transverse pore

was relatively independent of κ l beyond a threshold (line β6 in Fig. 5 ). Similar trends were evident on a phase diagram of

κd and κa (Fig. S6). 

The predicted conformational bifurcations provided a mechanism by which small perturbations to ionic concentrations

and membrane tension could be amplified into significant changes in gating behavior. These regions were evident in Figs. 5,

6 a,b and 7 as sudden changes in transverse pore size associated with bistability of the pores, and arose when electrostatic

interactions could switch from attractive to repulsive for configurations within the steric limits: i.e. κ( a − b ) sin 

π
8 < 1 <

κ( a + b ) sin 

π
8 . In such cases, both the upper and lower limits were stable, and hypersensitivity to membrane tension could

enable switching between the two limits. 

The physics underlying these switching behaviors was an interplay between the electrostatic energy potential and the

geometry, especially the steric limits. This gave rise to transformations of stable states, including bifurcations (Supplemental

Video S1). Bifurcations arose when the minimum energy configuration ( cf. Fig. 1 d) would fall outside of the steric limits if

those were possible. In these conditions, stable states existed on either side of the minimum energy configuration, leading to

bifurcated regimes of two kinds. In the first, the Debye screening length was small compared to the geometrical dimensions.

In this case, configurations corresponding to the energy well and the energy barrier ( Fig. 1 d) were possible within the steric

limits, and the “closed” torsional mode, in which the nuclear basket arms had center-to-center spacing near 1/ κe, had

energy very near that the “open” expansion mode, in which the nuclear basket arms were spread far apart ( Fig. 5 , Torsion-

Expansion mode). 

In the second case, the Debye screening length was large compared to the geometrical dimensions. In this case, a bi-

stable state existed in which configurations associated with the energy barrier were within the steric limit. Here, both the

shortest and the longest distance between filaments could be favored energetically ( Fig. 5 , Cross-Expansion mode and Spiral-

Expansion mode). 

In both cases, because the two stable configurations were separated by an energy barrier, bi-stable switching could occur.

The previous history of mechanical loading is important, because energy must be available to enable a NPC to transition from

an initial configuration to the alternative configuration, leading to a transformational directionality. For example ( Fig. 4 ), as

the cytoplasmic ring enlarged, transforming from the torsion mode to the cross mode and then further into the cross-

expansion regime, the cross mode would be expected to be favored initially, and snap-through to expansion mode would

be expected when the cross mode passed out of the steric limits. Similarly, a subsequent reduction in membrane tension
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Fig. 6. Local ionic concentrations, represented by the Debye screening parameter, κ , and the membrane tension, represented by the tension-dependent 

nucleoplasmic ring radius, a , combined with geometrical parameters of the nuclear basket determine switching behavior and the size of the transverse 

pore. (a) For all plausible radii of the distal ring, b , the minimum energy NPC configurations could vary with the degree to which the nucleoplasmic ring 

was stretched by membrane tension. For certain values of κb , bifurcation-based gating cycles were possible, in which relatively small changes to nuclear 

membrane stretch could increase the transverse pore size by an order of magnitude. This occurred as the nuclear basket shifted from the crossed-filament 

configuration to the torsional configuration. Note that this phase diagram is symmetrical with respect to the line a = b, but solutions with b > a (gray 

region) are not meaningful. (b) Different bifurcation-based gating cycles were possible for nuclear baskets with arms of different lengths l , suggesting that 

further tuning of NPC mechanoresponsiveness would be possible for nuclear baskets of different size. In panel (b), only cases of a < l were considered. In 

both panels, the boundary lines are the following: β1: κ( a + b ) sin π
8 

= 1 / e ; β2: κ( a − b ) sin π
8 

= 1 / e ; β3: κ( a + b ) sin π
8 

= 1 ; β4: κ( a − b ) sin π
8 

= 1 ; β5: 

a + b = l; β6: a − b = l. These boundaries correspond to those in Fig. 5 . 

 

 

 

 

 

 

 

 

 

 

 

and cytoplasmic ring radius would initially favor expansion mode, and until the expansion mode was no longer within the

steric limits. 

3.4. Model predictions unify the range of available observations 

Most descriptions of the nuclear basket report axisymmetric deformation ( Ma and Lippincott-Schwartz, 2010; Moussav-

ibaygi et al., 2011; Rout and Aitchison, 2001; Solmaz et al., 2011 ), which is consistent with the expansion mode we observed

here. However, rotationally symmetrical nuclear basket motions have been observed ( Akey and Radermacher, 1993; Garcia

et al., 2016; Rout and Aitchison, 2001; Yang et al., 1998 ), consistent with the torsional mode we observed here. Calcium-

dependent, “iris-like” (rotationally symmetric) distal ring opening and closure observed by time-lapse AFM ( Panté and Aebi,

1996; Stoffler et al., 1999a ) is consistent with closure mode we observed here in which charge condensation induced cross-

ing of the nuclear basket filaments. The crossed-filament to expansion mode transition was predicted in our simulations

to occur near κa = 3. Both of these conformations have been observed simultaneously in a Xenopus oocyte nucleus ( Arlucea

et al., 1998; Stoffler et al., 1999a ), consistent with our observation that a bifurcation is possible under certain conditions of

membrane stretch and Debye screening ( Figs. 4–6 ). Using this as a guide, we predict that the Debye screening length of a
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Fig. 7. Nuclear ionic concentrations and membrane tension governed nuclear basket configurations. Here, d = 4 nm , b = 5 nm , l = 60 nm and a = 30 nm 

when the membrane was in the reference state with stress σ 0 . In calculating the Debye screening length, ions were treated as be monovalent. Boundaries 

β1 − 4 were as in Figs. 5 and 6 . β5 − 6 were not plotted because they were not within the physiological range for the specific parameters chosen. In the 

case of bi-stable states, the background shading patches represented the radius of the smaller of the two possible transverse pore sizes. The sharp change 

of transverse pore size indicated the mechanosensitivity of gating. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nuclear basket filament is on the order of 1/ κ ∼ 20nm for a 60 nm nucleoplasmic ring, which is a reasonable value ( Ray and

Manning, 20 0 0 ). 

Given these observations, we return to the question of how large molecules might pass through the NPC. The domi-

nant hypothesis is that the distal ring of the nuclear basket must stretch to accommodate large molecules ( Arlucea et al.,

1998; Kramer et al., 2008; Sakiyama et al., 2017 ), but our continuum simulations suggest that this is unlikely. Instead,

our simulations suggest that the distal ring is relatively stiff, and that the combination of membrane kinematics and

electrostatically-driven conformational dynamics enables large molecule transport through a mechanosensitive transverse

pore. 

The simulations showed several modes of deformation that have not yet been observed, but these provide targets for

future experimental searches for mechanically-driven responses under conditions of large nuclear envelope strain. 

3.5. The proposed transverse NPC ports provide a possible mechanism for nuclear mechanotransduction 

When applied to a specific cell, e.g. , a Xenopus oocyte, without normalization by the Debye screening parameter, the

boundaries between modes of opening seen in Figs. 5 and 6 became curved ( Fig. 7 ). Here, the effect of ionic concentration

was represented by the charge (horizontal axis), and the effects of membrane stress were represented by an effective strain

that was linearly proportional to membrane stress (vertical axis). Although the rupture strain of a Xenopus oocyte nucleus

is not known, data for osmotic rupture of the entire oocyte suggest that a strain of 10–20% might be a reasonable range

( Preston et al., 1992 ). Because this range could extend dramatically with wrinkling of the membrane, a larger range of strains

were included on the vertical axis. Across the entire range of cation concentrations, mechanosensitivity was enabled. Around

∼1 mEq/L (to the right of line β3), mechanosensitivity was enhanced by bistable switching. 

A key question in mechanotransduction is whether deformation of the nucleus can affect gene expression and protein

translation. Our results predicted that the membrane stretch can change the radius of the nucleoplasmic ring of NPCs,

and that electrostatic can change nuclear basket conformations. These conformational changes can fully block the cen-

tral nuclear pore channel, or open transverse pores that enable passage of molecules larger than the diameter of the

NPC distal ring. Although these potential pathways are not required for proteins such as YAP and TAZ in the hippo path-

way, which are sufficiently small to pass through the distal ring, they provide a potential mechanism for increased rates

of translocation and for translocation of larger molecules. This mechanism for larger molecule transport might relate to

observations of how lamin-B elasticity affects nuclear transport, and also of how long-term deformation of viscoelastic

lamin-A might enable nuclear mechanotransduction of long-term mechanical loads such as those associated with hyper-

tension ( Bhattacharjee et al., 2013; Buxboim et al., 2017; Dahl et al., 2004; Swift et al., 2013a ). The presence of large

reservoirs of calcium ions in the endoplasmic reticulum surrounding NPCs suggests a mechanism by which the Debye

screening length could be modified in the vicinity of an NPC, further enhancing mechanosensitivity. The existence of

bi-stable switching over certain conditions provides a possible mechanism for hyper-sensitivity of NPCs to mechanical

stretch. 
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4. Conclusions 

Our simulations suggested two mechanisms for mechanosensitive, gated transport through the NPCs. Both were activated

by membrane stretch in conjunction with electrostatic interactions between nuclear basket filaments. The first involved

transport through the distal ring, transport that could be obstructed by electrostatic closure of nuclear basket filaments.

The second involved transport through the nuclear basket itself, enabling transport of large molecules through pores that

arose between the nuclear basket filaments. Through a trade-off between membrane stretch and electrostatic attraction, 

the sizes and presumably electrostatic landscape of these transverse pores were highly sensitive to the mechanical state

of the nucleus. Under certain conditions NPCs could act as bi-stable switches. Our results suggested a selective transport

mechanism that arose from coupled effects of mechanical stretch and electrostatic force. As the cytoplasmic ring radius a

changed in response to mechanical stretch of the nuclear membrane, conformations could change in a way that depended

upon the electrostatic environment, as quantified by the Debye screening parameter, κ . Changes to either of these could

change NPC gating, and furthermore tune the gates to become hypersensitive to membrane stretch through configurational

bifurcations. 
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