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1 | INTRODUCTION

Zhangli Peng

Abstract

The nuclear lamina is widely recognized as the most crucial component in providing
mechanical stability to the nucleus. However, it is still a significant challenge to model
the mechanics of this multilayered protein network. We developed a constitutive
model of the nuclear lamina network based on its microstructure, which accounts for
the deformation phases at the dimer level, as well as the orientational arrangement
and density of lamin filaments. Instead of relying on homology modeling in the previ-
ous studies, we conducted molecular simulations to predict the force-extension
response of a highly accurate lamin dimer structure obtained through X-ray diffrac-
tion crystallography experimentation. Furthermore, we devised a semiflexible worm-
like chain extension-force model of lamin dimer as a substitute, incorporating phases
of initial stretching, uncoiling of the dimer coiled-coil, and transition of secondary
structures. Subsequently, we developed a 2D network continuum model for the
nuclear lamina by using our extension-force lamin dimer model and derived stress
resultants. By comparing with experimentally measured lamina modulus, we found
that the lamina network has sharp initial strain-hardening behavior. This also enabled
us to carry out finite element simulations of the entire nucleus with an accurate
microstructure-based nuclear lamina model. Finally, we conducted simulations of
transendothelial transmigration of a nucleus and investigated the impact of varying
network density and uncoiling constants on the critical force required for successful
transmigration. The model allows us to incorporate the microstructure characteristics
of the nuclear lamina into the nucleus model, thereby gaining insights into how lami-

nopathies and mutations affect nuclear mechanics.

KEYWORDS
finite element method, molecular dynamics, multiscale modeling, nucleoskeleton, statistical
mechanics

development, and transcriptional activities of the cell (Wong

et al., 2022). The constituents of the nuclear lamina are lamin fila-

The nuclear lamina is a random fibrous network of lamin protein fila-
ments that underlies the inner nuclear membrane and interfaces with
chromatin in most eukaryotic cell nuclei (Lodish et al., 2004). It has

long been studied for its key role in the mechanical stability,

ments, which are tetrameric assemblies of polymerized lamin isomers
(Turgay & Medalia, 2017) including lamin A (lamin A and C) and lamin
B types (lamin B1 and B2), encoded by the LMNA and LMNB gene

groups, respectively. Furthermore, studies have shown that lamin
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isomers form separate meshworks with unique functionalities and
organizational structures (Shimi et al., 2015). Research suggests that
the lamin A network, in particular, plays a critical role in maintaining
the mechanical integrity of the nucleus during deformation events
throughout its lifespan (Lammerding et al., 2006).

The nuclear lamina regulates and influences numerous critical bio-
logical events in cells. Therefore, structural malfunction of the nuclear
lamina can lead to or facilitate severe conditions that pose significant
risks, such as cancer and viral infections (Stiekema et al., 2020). Lami-
nopathies, which are attributed to such failures in the nuclear lamina,
encompass various types of muscular and skeletal dystrophies, dilated
cardiomyopathy, neuropathies, and other related conditions (Wor-
man, 2012). Additionally, it includes a rare yet complex premature
aging disorder known as Hutchinson-Gilford progeria syndrome
(HGPS) (Worman, 2012). Certain conditions are the result of disrupted
cellular proteostasis activity and the localization of mutant lamin iso-
mers in the nuclear lamina (Almendariz-Palacios et al., 2021). Muta-
tions in lamin A can alter its network-level assembly and behavior,
resulting in laminopathic and cancerous phenotypes (Chojnowski
et al., 2015). In the case of HGPS, a single-point mutation in the
LMNA gene leads to the transcription of progerin, a protein that
replaces lamin A in the nuclear lamina, and results in the formation of
dysfunctional networks (Dahl et al., 2006). In addition, it has been
observed that lamin A is either upregulated or downregulated in
various types of cancer (Irianto et al., 2016), contributing to the dete-
rioration of nuclear biophysics and mechanically over-softened or
over-stiffened response. These deviations significantly impact cell
vitality and activity during transmigration through confined spaces
(Bell et al., 2022; Cho et al., 2019; Elacqua et al., 2018; Harada
et al., 2014; Krause & Wolf, 2015), endothelial gaps (Manley
et al., 2018) and the bloodstream (Zhao et al., 2022). The significance
of these physical phenomena has sparked an interest in utilizing math-
ematical models and simulations to better comprehend nuclear defor-
mation during related processes.

Numerous efforts have been made to develop models that depict
the mechanical behavior of the nuclear lamina (Hobson & Ste-
phens, 2020). These models have been employed in standalone simu-
lations as well as in simulations of the entire nucleus and they
encompass a wide range of approaches, including continuum linear or
nonlinear shells and coarse-grained polymer models, with parameters
calibrated to experimental data. Research indicates that the nuclear
lamina is a hierarchical, multilayered protein network characterized by
its dynamic and composite assembly. Laminopathies affect cross-
sectional bonds and the local concentration of lamin is directly influ-
enced by both nuclear transcriptive health and the mechanical defor-
mations nucleus experiences (Nmezi et al., 2019). Consequently,
mathematical models that are suitable for geometrically or chemically
homogeneous structures may lack the flexibility required to investi-
gate the variable components of the lamin network microstructure,
which assertedly, are responsible for the physiological basis of
mechanical deviations observed in vivo. For this purpose, Qin and
Buehler (2011) developed a multi-linear relationship fitted to the in
silico force-extension response of a lamin dimer structure generated

from homology modeling and iteratively simulated a coarse-grained

rectangular arrangement of filaments to capture the strain-stiffening
and rupture point of the network. They later simulated the same fila-
ments in an electron-tomography image-based network assembly
(Sapra et al., 2020). These molecular dynamic simulations, aside from
being time costly, present challenges when it comes to integrating
with other cellular components for larger-scale simulations.

Cao et al. (2016) modeled tumor cell (TC) migration in microflui-
dics and included the nuclear envelope as an empirical hyperelastic
material and chromatin as an empirical poroelastic material. To con-
sider the external force applied on the nucleus, they applied a chemo-
mechanical model based on actin-fiber contraction. Recently, Arefi
et al. (2020) proposed a biomechanical model for the extravasation of
a TC through the endothelium of a blood vessel. They assume that
the TC extends a protrusion between adjacent endothelial cells (ECs)
that adhere to the basement membrane via focal adhesions (FAs). The
pulling force in the TC invadopodia is modeled by adopting models by
Deshpande et al. (2006, 2007, 2008) for the SFs and the FAs, both
controlled by biochemical signaling with a mechanical feedback. How-
ever, the nucleus was still modeled as a homogeneous solid using
empirical constitutive law, and the microstructures of the nuclear
envelope and chromatins were completely ignored. Therefore, a pref-
erable approach is to develop a model that takes into account the
hierarchical mechanics and arrangement of the nuclear lamina and is
responsive to its physical characteristics, while also leveraging the
convenience of continuum modeling. Such a model will contribute to
a more comprehensive understanding of the role of nucleus in trans-
migration mechanics.

In this study, we elucidate the importance of the experimentally
derived crystal structure used for our molecular dynamics
(MD) uniaxial stretching simulation. We propose a mathematical
force-extension model for the extension of a coiled-coil structure as a
function of the applied pulling force, which bridges the low-force and
high-force regimes in MD force-displacement data using a two-state
kinetic model. Subsequently, we develop a constitutive model that
integrates the coiled-coil force-extension model into a 2D continuous
network, enabling its implementation in finite element simulations.
Additionally, to estimate the initial shear modulus and the network
density, we utilize the developed coiled-coil model and cryogenic
electron tomography (cryo-ET) imaging analysis, respectively. Finally,
we compare the effect of various intrinsic parameters of the model in
the nuclear lamina mechanics and the computed critical force in the
finite element simulation of nucleus transmigration through endothe-
lial pores.

2 | MATHEMATICAL FORMULATION

2.1 | Lamin dimer structure

To investigate the mechanical behavior of the full-atom dimer struc-
ture, we conducted a uniaxial stretching MD simulation by applying a
constant velocity of 50 A/ps to the head end of the structure along
the direction of the helical axis and recorded the force-displacement
data associated with the stretching process throughout the simulation.
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In contrast to the previously employed homology-based predicted
structure of lamin A which has been used in past lamin mechanics-
related models (Qin & Buehler, 2011; Sapra et al., 2020), we utilized
the experimentally derived crystal structure obtained by Ahn et al.
They managed to determine the first 300 residues of the lamin A pro-
tein at a resolution of 3.2 A, enabling us to elucidate a substantial por-
tion of its three-dimensional structure (Figure 1a) (Ahn et al., 2019).
The studied domains, namely, begin with N-terminal head, followed
by coil 1a, L1 linker, coil 1b, L12 linker, and approximately half of coil
2, respectively. To analyze the full dimer organization, they integrated
their crystal configuration with previously reported fragments (com-
prising the remainder of coil 2 and the tail domain) obtained from the
literature. Their findings revealed that the primary composition of a
lamin dimer is predominantly comprised of coiled-coil superhelical
regions. Through lateral association, dimers align their coil 1b and coil
2 regions in an anti-parallel manner to form tetramers. These tetra-

mers then undergo polymerization to generate protofilaments, which

(a)

are considered the most stable fibers in the nuclear lamina network at
the highest level (Figure 1b) (Turgay & Medalia, 2017). The protofila-
ments overlap in apparently arbitrary alignments with respect to each
other to form the nuclear lamina meshwork, as depicted in the cryo-
ET image shown in Figure 1c. In Figure 1d, a schematic representation
of a representative volume element (RVE) of the nuclear lamina show-
cases a subsection of how these alignments appear. It is worth noting
that all lamin types share nearly identical structural motifs (Dittmer &
Misteli, 2011), and therefore, the model for a lamin A dimer can
essentially be applied to other types of lamins without a loss of
generality.

2.2 | Lamin dimer extension model

We developed a kinetic-based two-state formulation for a semiflexi-

ble filament, specifically tailored to model the extension behavior of
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FIGURE 1  Nuclear lamina hierarchical structure. (a) The crystal structure of the lamin dimer is depicted by ribbon model, accentuating
superhelical coil domains in red, linkers in blue, and head and tail residues enclosed within green boxes. This visualization clearly underscores that
the structural properties of lamin are predominantly regulated by its coiled-coil motifs. (b) The high-order protofilaments, formed through a
tetrameric arrangement of dimers in an anti-parallel head-to-tail configuration, are schematically demonstrated, with the C-terminal
immunoglobin-like domain denoted by green circles. (c) The cryo-ET image of the nuclear lamina meshwork reveals irregularly distributed and
randomly aligned lamin protofilaments, highlighted in gold, alongside nuclear pore complexes represented by red circles. (d) The crystal structure
of lamin dimers, their lateral and axial assembly pattern, and their interpreted organization within a network form the basis for the introduction of
microstructure-based model in this research describing the constitutive mechanics of the nuclear lamina. cryo-ET, cryogenic electron tomography.
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the coiled-coil proteins such as lamin dimer in response to stretching

ri_ 1+L 1— kBT E _ﬂzpckBT (1)
forces. We utilized the Blundell and Terentjev (BT) extension-force L. Lefoc aP(F+F) ) ¢ Lf '

equation in our modeling approach to capture the pre-uncoiling stiff-

ening behavior of the coiled-coil (Blundell & Terentjev, 2009)

(Figure 2a-1):
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FIGURE 2 Hierarchical modeling of lamin dimer MD force-extension curve and the nuclear lamina 2D network. (a) The figure illustrates lamin
dimer conformations during different deformation regimes. Initially, the dimer experiences stiffening as the coiled-coil region is stretched,
overcoming conformational entropy. Subsequently, uncoiling occurs at nearly constant force, followed by a final stiffening phase caused by the
transition from alpha helices to beta sheets. The initial and final stiffening regimes may signify a reinforced and stable natural state, along with
constrained softening behavior of the network. (b) Semiflexible coiled-coil model (Equation 3) is fitted to the MD data. Given ro = 460 A, the
parameters for Equation (1) were determined by fitting to the initial stiffening rise, resulting in L/ro ~ 1.06, P, ~ 160 nm, o ~ 5 x 10% pN/um.
For Equation (2), the fitting to the final stiffening rise yielded estimated values of L,/ro ~ 2.5, P, ~ 4 A Pou ~ 1.8 x 10°. Subsequently, based on
the previous estimates, AAx* = 3 A, and F,» = 290 pN were approximated for Equation (3). (c) The BT model incorporates two important
features: (1) it inherently considers the equilibrium length of the filament, and (2) it offers steeper stiffening behavior, resulting in a more stable
shear modulus in early deforming stages. (d) Membrane tension of the nuclear lamina network (Equation 14) with respect to principal stretches A,

and A,. BT, Blundell and Terentjev; MD, molecular dynamics.
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extensibility constant (o) are specifically defined for the coiled fila-
ment. F is the applied force, kg and T are Boltzmann constant and
temperature. To account for the behavior of highly flexible uncoiled
filaments in less entropic extended dimer, we employed Petrosyan
interpolation of the highly extended limit of worm-like chain (WLC)
model for flexible protein. This model effectively explained the
observed trend in the high-force regime (Petrosyan, 2017)

(Figure 2a-1ll):
no (4 4 10eVF L@ F
L |3 3vaF+1 \/5?(106\4/@71)2 3.55+3.8(aF)?2  Lufou )’
7Pu
" keT’

)

where subscript u in here indicates that variables P, L,, and o are
persistence length, contour length, and extensibility constant defined
for uncoiled dimer. A two-state transition kinetic model is used to
introduce the fraction of uncoiled over coiled length (¢,) under equi-
librium to integrate r./L. from Equation (1) and r,/L, from Equation (2)

and model the uncoiling process (Figure 2a-1l):

mew(@)@) @@ e

where rq is defined as the initial length of the dimer and equals 460 A
(end-to-end initial full length of lamin A dimer; Ahn et al., 2019). At
equilibrium, the coiling and uncoiling rates are equal, that is,
Icke .y =luky_c, where . and [, are length of coiled and uncoiled seg-
ments (r=I. +1,) and k._, and k,_. are constants for respective tran-
sition rates. The relationship between r. and I. is expressed as
le=(1-¢,)re, and ry is related to I, through I, = ¢,r,. Here, rc and r,
are based on whether the entire dimer follows the BT model for coiled
filaments or the Petrosyan interpolation for uncoiled filaments,
respectively. Subsequently, one can express ¢, using the Arrhenius
equation in terms of temperature and coiling and uncoiling Gibbs free
energies (AG._., and AG,_..):

kCA»u,O exp <7(AGCA>U *AGuﬁc)>

¢ _ ’u _ kc~»u _ ku~>c,0 kBT (4)
! ’c + ’u kc—»u + ku~c 1+ kfﬂu,O exp (_(AGC*W — AGU*>C)> '
ku~>c,0 kBT

The expression can be simplified by relating the difference in
transition Gibbs energies to applied force by introducing uncoiling
lengths AAx*, similar to other related studies (Lee & Discher, 2001):

AGe_y—AGy_c =F(AX;_, — AX;_.) =FAAX". (5)

c—u~ Slu—c

By solving ¢, = 0.5 for

ﬁci“g in terms of AAx* and uncoiling force
F1/2, which is the force required to uncoiled half of the coiled-coil
dimer, and replacing in Equation (4), the overall expression for ¢,

will be:

(F — "_;l/z)AAX’F
oo )

(F — F1/2)AAX*> '

b=

1+exp< keT
B

The Savitzky-Golay filter is employed to smoothen the raw
force-displacement data before applying the nonlinear least-squares
method to fit the parameters. In order to minimize the number of
independent variables in each fitting session, the data is segmented
into three batches. The first batch (initial stiffening regime) is fitted to
BT model (Figure 2c) for L, P, and o, while the last batch (final stiff-
ening regime) is fitted to the Petrosyan interpolated relationship for
Ly, Py, and fo,. Using the known coiled and uncoiled filament model
parameters as a reference, the uncoiling transition constants (AAx*
and Fy,,) are fitted to the entire dataset, thereby quantifying all the
model parameters (Figure 2b). A summary of all model parameters is

provided in Table 1.

2.3 | Nuclear lamina microstructure-based
constitutive model

Studies have demonstrated that the lamin A network exhibits a loose
but highly dense lamin meshwork, which responds viscously to
mechanical strain. On the other hand, the lamin B network forms a
less dense crosslinked structure, displaying elastic behavior (Nmezi
et al, 2019; Wintner et al., 2020). Consequently, in deformations
occurring over small timescales, the network's topology is not antici-
pated to undergo significant reorganization, and sliding effects are not

expected to dominate even at considerably high extensions of lamin

TABLE 1 Summary of model parameters.
Parameters Values
T 300K
P, 160 nm
P, 4A
ro 460 A
L 488 A
L, 1150 A
Boc 5 x 10* pN/um
Bou 1.8 x 10* pN/um
Fi/ 290 pN
AAX* 3A
Poe 1814 dimer/um?
6
R, 3 um
Re 3 um
Uy 500 Pa
Ue 5000 Pa
Kis 5 x 10° pN/um
D 0.2 pN um
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filaments (Sapra et al., 2020). Given the above considerations, it is rea-
sonable to assume that both lamin A and lamin B type networks
deform affinely under lower time scale biologically relevant deforma-
tions. Our model does not differentiate between different lamin
networks.

Under the affine assumption, the extension x of lamin dimer, ori-
ented at an angle 6 with respect to local coordinates, is related to
principal stretch ratios (A, and A,) of deforming plane that contains it

through following relation:

x:rL:\//hzcosZG-i-ﬁzzsin@. (7)

0

We deduced the structural properties of our network model,
including the total number of dimers, using cryo-ET image of nuclear
lamina as presented in the work by Turgay et al. (2017) and incorpo-
rated their analysis of filament lengths in our research. We selected
the image they provided (Figure 1c) as an RVE for the entire nuclear
lamina network and further deconstructed the structure into rigidly
attached dimers. Thus, the total network energy for an RVE of known

dimensions can be expressed as follows:
M
Erve = Z Ex, (8)
k=1

where M is the total number of dimers in the RVE. To calculate the
total energy, we organized the dimers into multiple sets based on spe-
cific characteristic orientations. Under the assumption of uniform ran-
domness in filament orientation in vivo, we assigned an equal number

of dimers to each set:

ERVE_ZZE Zm,E_ ZE,, 9)

i=1 k=

where n is the number of characteristic orientations and m; is the
number of dimers in the RVE with orientation i. The energy density
function of the RVE (Wryg) is determined by dividing the Egryg by its
rested area (Ap). By establishing a relationship with the initial network
density (po), we expressed the total number of dimers and RVE rested

area as follows:

Ao=

M
o (10)

The internal energy increment in a filament (dE) is equivalent to
the work needed to gradually stretch it (F.dr). Consequently, the stress
resultants of the RVE for two principal directions have been solved
analytically:

1‘9Wnet 1 1M 1 0 n or
o= /1b 1z ﬂ ‘Ao n’ Zaﬂa ,Ib‘n';’:'a/‘[a‘ (11)

where F is the force.

In an axisymmetric 2D scheme, a, b € {1, 2} and a # b, therefore:

M pofo ¢ 1 2

=== F.x *.cos“0;. 12
B ; (12)
/12 poro ZFX’1 sin? (13)

The membrane tension, shear stress resultant, and shear modulus

of the RVE are then derived respectively as:

o T1tT2 1  poro n
M= i n 2 (14)

i=1

-1 1
Tshear =— 7

Pofo -1 (42 2.
2 "2 ZFX .(Aicos 6 —23sin 9,), (15)

2Tshearj»l /12
M2 =22

HNL =

Polo - -1, ﬂ 2 -1
=MAy.—. F.x F.x"*.cos260
a2 (z )y

(16)

where py is the shear modulus of the nuclear lamina (NL).

Figure 2d graphs the membrane tension against the principal
stretch ratios A; and A, after substituting Equation (3) in
Equation (14).

3 | RESULTS

3.1 | Force-extension curve

The force-extension data of the lamin A dimer exhibits striking similar-
ities to those of macromolecules with common structural characteris-
tics, such as vimentin (Qin et al., 2009), myosin (Falkovich et al., 2010;
Root et al., 2006), and double-stranded DNA (Marko & Siggia, 1995),
which can be attributed to the presence of shared features, including
coiled-coils and extended helical repeats. On this account, all of these
molecules exhibit similar stretching regimes, characterized by an initial
rise, followed by a plateau, and concluding with a final rise (Figure 2a).
At the outset of stretching, the substantial amount of bending energy
stored in the coiled-coil structure transforms into mechanical work as
the molecule is further stretched. The conversion continues as the
entire backbone gradually aligns with the direction of the applied
force. At this point, the dimer begins to uncoil, a distinctive phase of
constant force deformation that is natural to coiled-coil setup (Goktas
et al., 2018). Following the uncoiling of the dimer into two monomeric
strands, the alpha helices undergo a secondary structure transition
into beta sheets (Qin & Buehler, 2010). As the backbone becomes
increasingly enthalpic, the required force for stretching it begins to
increase. Collectively, these processes constitute the final rise phase
(Root et al., 2006). Sapra et al. (2020) captured similar deformation
levels by performing atomic force microscopy indentation on single
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lamin filaments in situ, confirming the significance of coiled-coil com-
partment in lamin dimer.

Flexibility of protein conformations is compared by the ratio of
their contour length (L) and persistence length (P), which under Brow-
nian fluctuations is related to bending rigidity of the chain (B) by
P:kBiT, where kg is the Boltzmann constant and T is the absolute tem-
perature (Broedersz & MacKintosh, 2014). The comparable contour
and persistence length in undeformed lamin dimers guarantees just
enough bending rigidity to conserve rod-like structure (Schopferer
et al., 2009). Under a largely acceptable range, this state is known as
semi-flexibility (Kierfeld et al., 2008). Since beta-sheets are more flexi-
ble than alpha-helices (Emberly et al., 2003, 2004), as the protein
unfolds, the persistence length of filament falls drastically behind its
contour length and the whole protein destines to act flexible. WLC
model fits suitable to describe the mechanics of both semiflexible and
flexible filaments with finite bending rigidity. The model is a contin-
uum approach to evaluate the bending energy of a filament based on
local curvature under Brownian fluctuations, that is:

B L
Eb:—J ds, (17)
2)o

where k is local curvature at arc point s. Many solutions to the WLC
integral focus on the limiting behavior of highly extended polymers,
making them inadequate for describing the initial state of a semiflexi-
ble filament. BT successfully derived a physics-based free energy that
relates to the polymer extension over a wide range, leading to an
insightful force expression (BT model) for semiflexible polymers.

By fitting the BT model for semiflexible filaments to the initial
stiffening regime (Figure 2b), rather than relying on the linear behavior
typically described in the literature (Falkovich et al., 2010; Goktas
et al., 2018), we obtained a persistence length (P, ~ 160 nm) that falls
within the range reported in existing literature (Turgay et al., 2017). In
contrast to the flexible high-force limit solutions of the WLC model,
the BT force-extension model incorporates a natural equilibrium length
for the filament (set to ro = 460 A for lamin A dimer) and exhibits a
comparatively sharper stiffening response, which in turn provides net-
work a higher primary shear modulus (Figure 2c). Notably, the fitted
persistence length is larger than the contour length (L. ~ 50 nm), indi-
cating the semiflexible nature of this phase. The analysis of the fitted
persistence lengths reveals that the entropic coiled dimer exhibits a
substantially higher persistence length compared to the uncoiled
extended protein P, ~ 4 A, which also aligns with the persistence
length of a random coil (Zhou, 2004). The extensibility constant carries
distinct meanings for the coiled and uncoiled stiffening regimes. For
the former (8o =~ 50,000 pN/pm), it may represent the extension of
random coil regions, whereas for the latter (5o, ~ 18,000 pN/pm), it
characterizes the stretching of hydrogen bonds in beta-sheets.

3.2 | Orientation

Figure 3 illustrates the influence of the number of characteristic orien-
tations n on network membrane tension t,, (Equation 14) and shear

modulus pn. (Equation 16) for uniaxial straining scenario in principal
directions. Figure 3a serves as both a legend for the graphs and show-
case of the symbolic representations for different values of n. In all
the cases presented, except for the one with n = 3, a symmetric struc-
ture is observed. This asymmetry leads to a corresponding asymmetric
response between the principal stress resultants z1 and t,, as resur-
faced in the different membrane tension and shear modulus trends
between two uniaxial straining cases (Figure 3b-e). While the graphs
display a distinctive network response for a smaller number of charac-
teristic orientations, the effect rapidly converges as more orientations
are included, bringing the network closer to a continuum plane.
Super-resolution microscopy (Nmezi et al., 2019; Shimi et al., 2015)
shows that lamin filaments form polygon faces with mostly three or
four edges and junctions with three or more connectivity, thus, due to
structural randomness, we fixed n to be equal to 3 for consistency.
Dahl et al. (Kierfeld et al., 2008) measured the elastic modulus of
the nuclear lamina as 25 mN/m. Compared to this value, our model
prediction (Figure 3d,e) shows that the initial shear modulus might be
one order lower (~2 mN/m), but the shear modulus rises to about
25 mN/m with a slight deformation of 5% strain. This sharp initial
strain-hardening behavior can be explained by the semiflexible BT
model. As shown in Figure 2c, the equilibrium position (zero force) in
BT model is about x = 0.83, which is close to the contour length limit
so that its slope rises fast even if there is only 5% strain. For a semiflex-
ible polymer with a persistence length larger than its contour length,
such as the lamin dimer studied here, the corresponding BT model pre-
dicts a sharp strain-hardening behavior in the beginning of the defor-
mation, Since Dahl et al. (Kierfeld et al., 2008) applied micropipette
aspiration to measure the lamina modulus and its strain can be more
than 5%, the modulus they obtained is an apparent modulus averaged
over a range of deformation, as shown by our model predictions.
Notably, the initial rising phase of the lamin dimer, as represented
by the BT model, appears to offer a potential stability buffer for the
lamin network, as evident in the shear modulus response illustrated in
Figure 3d,e. This suggests a unique mechanism for preserving the geo-
metric shape of the network against typical cytoskeletal and inner-
nuclear forces. Alongside the stiffening regime of the dimer, this phe-

nomenon may indicate a permissible range for successful transmigration.

3.3 | Estimating initial network density

To estimate the density of lamin dimers in the nuclear lamina po, we
utilized the image analysis performed by Turgay et al. (2017) with
cryo-ET images of the nuclear lamina. Table 2 displays the distribution
of lamin filaments with different lengths, extracted from their imaging

data. Given the imaged area of 1.4 um x 1.4 um (Figure 1c):

12
2> (length(i)) x (frequency(i))
Total number of lamin dimers =

ro

Where factor 2 is to accommodate for tetrameric cross-section of
protofilaments. Consequently, the network density is estimated as:

=1 ~3557.

85UB017 SUOLULLIOD BAIESID 3|deoldde Bu3 Aq peusenob a/e S YO 88N JO S3|NJ 104 Afeiq 1 BUIIUO A3]IA UO (SUORIPUOD-PUR-SLUIBYWI0D A8 | M ARIq 1 BUT|UO//'SARY) SUORIPUOD PUe Swis | 8u) 835 *[7202/20/2T] uo Ariqiauliuo AB|IMm ‘sioul]l] JO AisRAIUN AQ SEBTZ WO/Z00T OT/I0P/W0D" A8 M ARIq 1 BUIIUO//SANY WOI4 papeo|uMoq ‘0 ‘Z65E6V6T



8 | Wl LEY—CYTOSKELETO N MOSTAFAZADEH and PENG

(@) (b)

—_
(2]
N

3 3
. 8><10 8><10
¢ g
5 c
o~ 6 S
5 E 2 =
[ 2]
n=2 [ = 4 Pg.
cz [T
g e Sa
e} =
£ 2 £
. "]
= s
n=3 0
1 1.1 1.2 13
M
(d) <104 (e)
4
n=4 B o
Z. Z.
= 3 = 3
D~ ? ~
27 3%
=] =
T g_ 2 T g_ 2
o O
n=6 52 T =3
3 1 3 1
= =
(/2] [72]
% 1.1 12 13 % 14 12 13
pyertd . . . . . .
A Lo

FIGURE 3 Analyzing the impact of the number of representative orientations (n) on membrane tension (Equation 14) and shear modulus
(Equation 16) during uniaxial stretching. (a) The figure depicts the symbolic representation of filaments within an RVE for different values of n,
where n € {2, 3, 4, 6, 12}. For simulating purposes, n = 6 was selected. (b) Membrane tension (Equation 14) is graphed with respect to A, with

Az = 1. (c) Membrane tension is graphed against A, while A; = 1. (d) Shear modulus (Equation 16) is graphed with respect to A4 with A, = 1.

(e) Shear modulus is graphed against A, while A1 = 1. It is worth noting that both the membrane tension and shear modulus curves exhibit distinct
trends during uniaxial stretching along the first and second principal directions when n = 3. This asymmetry in response is expected for all odd
values of n. Convergent behavior of both variables as a function of filament-selected representative orientation is evident. Moreover, the initial
stiff and entropic response observed in the semiflexible lamin dimer contributes significantly to the mechanics of the nuclear lamina, as it offers a
substantial stability buffer to tensile and shear stiffness of the network. This attribute highlights the superiority of the BT model over the worm-
like chain flexible model in predicting semiflexible behavior. BT, Blundell and Terentjev; RVE, representative volume element.

TABLE 2 Length distribution of lamin filaments from cryo-ET

image analysis (Turgay et al., 2017). Poe— Estimated total number of lamin dimers 3557 _ 1814dimers‘
’ Image area 1.42 pm?2
Lamin protofilament length (nm) Frequency of occurrence
200 10
250 36 34 | Finite element modeling
320 59
370 32 We constructed and simulated an axisymmetric finite element model
430 34 of a nucleus transmigrating through an endothelial pore using Aba-
490 22 qus/Explicit. In Figure 4a, the geometry used is depicted, with R,
550 12 representing the radius of the nucleus, R, being the radius of the EC,
610 5 and & denoting the radius of the pore. The EC is modeled as a rigid
670 4 structure; however, simulations are also conducted by assigning neo-
Hookean hyperelastic properties (shear modulus p, = 5000 Pa) to
730 ! ECs to verify the applicability of the model in more realistic environ-
790 1 ments (Figure 4b). The nucleus is characterized by a solid interior with
850 . neo-Hookean properties to represent the chromatin and nucleoplasm,
Abbreviation: cryo-ET, cryogenic electron tomography. where the shear modulus is p, = 500 Pa. Additionally, the nucleus is
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Finite element modeling of nucleus transmigration through endothelial pore. (a) This figure shows a schematic of pre-deformation

nucleus and endothelial cell (EC). The radius of both nucleus and EC were fixed at Ry = Re = 3 um. The pore radius & varies from 1 to 2.25 pum.
The nuclear lamina is modeled as a shell structure that encloses the interior chromatin solid. The EC is modeled both as a rigid structure and a
hyperelastic solid. (b) The figure showcases a post-deformation 3D cut of the nucleus passing through the endothelial pore, with maximum

principal nominal strain contoured for both the nucleus and EC.

covered by a shell representing both the lipid bilayer and the nuclear
lamina. The stiffness contribution of the lipid bilayer to the shell is
incorporated by introducing an additional membrane tension based on
the area modulus K, g = 500,000 pN/um and bending rigidity D = 0.2
pN um. The geometric and material values are adopted from Cao
et al. (2016). We integrated the Abaqus user material definition mod-
ule VUMAT to implement our model in Abaqus (Supporting Informa-
tion). A shear force is applied to the upper half of the nucleus, causing
it to push through the pore. The resistance force exerted on the EC is
then measured and recorded as the critical force required for success-
ful transmigration. Figure 4b shows the nucleus at its critical position
before passing through.

3.5 | Variable density

Figure 5 illustrates the impact of varying the network density po on
nucleus mechanics and the nuclear lamina membrane properties in
rigid gap transmigration simulations. In Figure 5a, it is evident that the
critical force F. required to pass through the endothelial pore
increases as the pore radius 6 tightens; however, the curve slope
starts to sharpen as the stiffening mechanism of dimers comes into
play at roughly 6 < 1 um. This may imply the limiting contribution of
the nuclear lamina to cell transmigration through narrow spaces. On
the other hand, elevation in lamin concentration within the nuclear
lamina can also be regarded as an active response to restrict
transmigration.

In Figure 5b, the average membrane tension z,, achieved at the
critical point (associated with emergence of critical force) is recorded
and graphed for variables pg and 6. Microstructural mechanics of lamin
dimers are evidently reflected in the membrane tension, for distinct
uncoiling and stiffening behaviors are produced for 6 less than and
more than 1 um, respectively. As indicated by the trend in F., mem-
brane tension curves are in direct influence of the network density.

Figure 5c illustrates that alterations in network density have a
notable impact on the maximum shear modulus (uy,) at the critical
point across the entire range of pore radii, maintaining a stable
value. However, the stable shear modulus levels, given a certain net-
work density po, is encompassed within an initial rise to that level
and a subsequent increase to larger shear moduli. As elaborated in
Section 3.2, the change in shear modulus due to the incorporation
of the BT model in the microstructure-based formulation highlights
the role of the nuclear lamina as a stabilizing buffer, preserving the
nucleus's stability in the face of minor mechanical fluctuations and
coincidental stresses.

Research indicates that under high curvature conditions, the
lamin B network undergoes a dilution process to accommodate and
facilitate greater deformations (Nmezi et al., 2019). During transmigra-
tion, the change in the network density of the lamin can act as a cru-
cial trigger, influencing whether the nucleus aims to prohibit or
facilitate the process; therefore, the network density parameter in our
microstructure-based model can serve as a valuable modeling parame-

ter in cell mechanics simulations.

3.6 | Variable F,/, and AAx*

Figure 6a,c,e demonstrates how the reduction in the uncoiling force
(F1/2) can facilitate the transmigration of the nucleus. Similarly,
Figure 6b,d,f shows that reducing the uncoiling length (AAx*) has a
similar effect on transmigration, although reducing this parameter by
the same factor as F4,, results in a smaller change in the mechanics of
the nucleus. Studies have revealed that tetrameric interactions, such
as A1l and eA22, play a crucial role in stabilizing the coiled-coil
domains in the dimer. Mutations in these interactions, observed in
certain laminopathies, can lead to the destabilization of the lamin
dimer, resulting in either softening or stiffening effects (Ahn
et al., 2020). By considering the uncoiling parameters, F,,» and AAx*,
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FIGURE 5 Effect of network density po in nucleus mechanics examined at the critical point of rigid gap transmigration finite element
simulation. All other parameters are fixed at their fitting values. The three markers on top (circle, triangle, and square) indicate the deformation
regime of the filament with maximum extension. The nucleus radius is fixed at R,, = 3 um and network densities employed for simulations are all
ratios of pg .. (a) The graph depicts the critical force necessary for the nucleus to squeeze F, as a function of pore radius 6. When examining larger
pores, the impact of density on transmigration becomes more discernible, but as the pore constricts, network density significantly affects nucleus
mechanics. Furthermore, the sharp rise in critical force for § smaller than 1 um underscores the macroscopic consequences of microstructural
behavior. (b) The graph illustrates the average membrane tension z,,, within nuclear lamina shell elements, plotted against 6. As the density
decreases, the nuclear lamina necessitates less tension to undergo the same strain, resulting in a reduction in the maximum membrane tension it
experiences. The distinct extension phases of the lamin dimer are evident in the slope of membrane tension curve, with 6§ less than 1 um showing
a sharp growth. (c) This graph displays the maximum shear modulus of the nuclear lamina network iy, at the critical point of transmigration,
plotted against 6. Similar to membrane tension, the shear modulus during nucleus transmigration is highly dependent on the density of the
nuclear lamina. There is a nearly constant maximum shear modulus with respect to the pore size given certain network density, which lies within a
stability buffer at very large pore radii, and the final stiffening phase of constituent lamin filaments. This figure provides clear evidence that our
model predicts the capacity of nuclear lamina to support nucleus transmigration while also maintaining the shape of nucleus by absorbing minor
external forces, as well as protecting the chromatin from damaging strains.

the impact of these mutations on nucleus-related phenomena can be provided us with the force-extension response of the dimer. We char-

studied through finite element simulations. acterized the deformation phases of the lamin dimer and employed a
physics-based semiflexible model to describe the pre-uncoiling
mechanical behavior. For the post-uncoiling response, we fitted the
4 | DISCUSSION AND CONCLUSION

data to a flexible WLC interpolation model. To model the uncoiling

process, we incorporated a two-state kinetic transition fraction and

We utilized a lamin A dimer structure based on x-ray diffraction crys-

tallography to conduct an MD simulation of protein stretching which

combined Equations (1) and (2) to create a comprehensive coiled-coil

equation, describing the extension as a function of the pulling force.
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FIGURE 6 The effect of lamin dimer uncoiling factors F;,, and AAx* in nucleus mechanics examined at the critical point of rigid gap
transmigration finite element simulation. All other parameters are fixed at their fitting values, the nucleus radius is fixed at R, = 3 um and density is
set at pg. Figures (a) and (b) display the critical transmigration force (F.) plotted against pore radius, with one factor reduced at a time: (a) shows the
effect of reducing F4,,, and (b) represents the effect of reducing AAx*. Although both factors lead to a decrease in the critical force, compared to
uncoiling length AAx*, reducing the uncoiling force (F4,,) has a more significant effect in facilitating the transmigration process. The impact of
filament stiffening is evident in both cases, particularly for smaller values of F4,,, where uncoiling occurs at lower strains. Figures (c) and (d) depict
the maximum membrane tension at the critical point plotted against pore radius, considering the same parameter changes as shown in (a) and (b),
respectively. The maximum membrane tension decreases significantly more when reducing F,,» compared to reducing AAx*. The mechanical
behavior of filaments is clearly reflected in the tension over the nuclear lamina. Figures (e) and (f) demonstrate the trend of maximum shear modulus
as a function of pore size, considering the same parameter changes as shown in (a) and (b), respectively. Reducing F;,, has a more pronounced
impact, leading to more frequent uncoiling and consequent disappearance of the nuclear lamina mechanical contribution on nucleus stiffness.
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After developing expressions for the stress resultants of a 2D mem-
brane containing lamin filaments, we derived equations for the
membrane tension and the shear modulus of the nuclear lamina as a
function of coiled-coil model parameters, filament characteristic orien-
tations, and network density. We approximated the initial shear mod-
ulus of the network and estimated the network density using available
cryo-ET image analysis data. Subsequently, we investigated the
impact of the number of characteristic orientations on the mechanics
of the nuclear lamina. Finally, we constructed a finite element model
to simulate nucleus transmigration through an endothelial pore. In this
model, we examined the influence of varying network density, uncoil-
ing force, and uncoiling length across a range of pore radii on the
mechanics of the nuclear lamina and the minimum force required for a
successful transmigration.

Our model comprehensively integrates the microstructure and
network properties of the nuclear lamina, which is the most critical
mechanical component of the nucleus, which enables us to study
nucleus-related phenomena in greater detail. Incorporating BT model
introduced a stability buffer in the definition of shear modulus which
postulates the possible role of nuclear lamina in maintaining the shape
of the nucleus under various micro-tensions. Also, the uncoiling mech-
anism introduces a permissible deformability limit for the nucleus in
order to protect it during high-deformation incidents, asserting that
nuclear lamina acts as a shock absorber for the nucleus (Dahl
et al., 2004). Given the absence of experimental data for direct com-
parison with the in vitro response of the nucleus, it remains challeng-
ing to assess our model. However, through a parametric study, we
demonstrated that our model has the capability to delineate the
mechanics of the nuclear lamina network not through ideal constitu-
tive models (like linear elastic or hyperelastic assumptions) but rather
by its inherent physical properties.

In the future, this model holds the potential to enhance our
understanding of the interplay between chromatin and the nuclear
lamina in nucleus mechanics, allowing us to investigate the extent to
which each component governs specific stages of nuclear mechanical
response. Additionally, it can be used to investigate the effects of vari-
ous nucleus abnormalities, such as the distinct mechanical response of
progerin compared to lamin dimer and the upregulation or downregu-

lation of lamin in different cancers, on cell mechanical function.
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