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ABSTRACT
The microtubule self-assembly process involves the basic building blocks, alpha and beta
tubulins which spontaneously bind to one another through polymerization and under controlled intracellular conditions form protofilaments which in turn assemble into microtubules. The mechanical properties of the self-assembled protofilaments play an important
role in formation of the microtubules. In this study, we investigate the mechanical properties of the experimentally self-assembled protofilaments (straight and curved) for under
different loadings through 3D finite element analysis. Results of force-deformation and
stiffness values obtained from the finite element analysis are presented. The results indicate
that the stiffness and maximum stress properties change with varying protofilamant curvature. These force-deformation behaviors and stress distributions should help further understand the contribution of protofilaments mechanical properties in forming self-assembled
microtubules.

1. INTRODUCTION
Microtubules (MT) can be found in all eukaryotic cells. Microtubules are filamentous intracellular
structures (25 nm in diameter and quite long) that are responsible for various kinds of movements and are
responsible for cell division, organization of intracellular structure, and intracellular transport, as well as
ciliary and flagellar motility [1-3]. The MT self-assembly process involves the basic building blocks, “tubulin monomers” (alpha and beta) with slightly different properties. Both alpha and beta tubulins spontaneously bind one another through polymerization to form a function subunit called a “hetrodimer”. These
tubulin hetrodimers assemble into linear “protofilaments” under controlled intracellular conditions. Protofilaments in turn assemble into microtubules. Within microtubules, individual tubulins may exist in different states, which can change on various time scales, thus exhibiting different properties.
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Janosi et al. [4] observed from their study of microtubules with electron micrographs, that they were
made of 10 to 16 protofilaments, with either 13 or 14 protofilaments in 90% of the cases in their study.
They also noted that slight bending of the protofilament at the ends allows the release of some built-in
stress. They observed that the change in the lateral bond strength between protofilaments plays a role in
the polymerizing and deploymerizing of the MTs and also, that there is a particular correlation between
protofilament number and curvature at the MT tips [5].
Kis et al. [6] investigated the anisotropic properties of MTs by using an AFM (Atomic force microscope) on a perforated surface. They believed that the protofilaments of an MT are analogous to ropes of
single walled carbon nanotubes and determined a relation between the Young’s modulus and shear modulus. Experiments were conducted by Shi et al. [7] on a single microtubule where they observed the link
between flexural rigidity and the MT length using a laser trapping technique and dark-field microscopy.
An atomic resolution model of an MT was built to determine stress-strain dependence on extension and
compression, thereby obtaining values of the Young’s modulus which was comparable to previously published data [8]. A coarse-grained model of the MT was developed to study the mechanical properties of the
MTs by assuming different types of lateral bonding between adjacent protofilaments [9]. Donhauser et al.
developed a finite element model to evaluate the effect of radial deformation on various MT types and
found that the orientation of the protofilament does not have any effect on the radial stiffness of the MT
[10].
The mechanics of individual MTs have been extensively studied, specifically the molecular mechanisms controlling microtubule rigidity. Motamedi and Mashhadi [11] studied the bond interactions within
each of the tubulin dimers using Molecular Dynamics (MD) simulations, and determined the Young’s
modulus and other mechanical properties of the MTs using a finite element model. They assumed each
tubulin monomer to be a sphere with a nonlinear spring connecting them to achieve their results. Kasas et
al. used a finite element model [12] assuming tubulin dimensions to determine the mechanical properties.
α- and β-tubulins were assumed to be the same, structurally for their model. Civalek and Demir [13] proposed a nonlocal finite element model based on the Euler-Bernoulli beam model to analyze the effect of
buckling on MTs. They applied the Winkler spring model to the elastic matrix surrounding the microtubule and noticed an increase in the buckling loads with an increase in the elastic matrix parameter. Shahinnejad et al. [14] developed a 3D finite element model and investigated the mechanical properties of
axonal microtubule bundles by studying the strain-stiffening behavior of these bundles under uniaxial tension and torsional loading. Kim et al. [15] developed a finite element model of straight protofilaments and
investigated the effects of their mechanical behavior under different loadings. They found that protofilament behaves non-linearly under tension and torsion but linearly under bending. Due to the important
role played by curved protofilaments in MT self-assembly process, it is important to further investigate
their mechanical behavior under multiple loadings.
In this study, we investigated the mechanical properties of the experimentally self-assembled protofilaments (straight and curved) for through 3D finite element analysis. After creating the protofilaments
geometry and assigning the properties, multiple analyses were carried out under tension, bending and torsional loadings. The results of force-deformation and stiffness/stress distributions obtained from the finite
element analysis are presented and discussed.

2. COMPUTATIONAL ANALYSIS
2.1. Geometry and Dimensions
The basic unit of a microtubule is the tubulin dimer which bonds longitudinally to other dimers thereby forming protofilaments. We assume the tubulin monomer to be spherical in shape for developing the
computational analysis using 3D finite element method. Chr’etien et al. [16] observed that the number of
protofilaments varied from twelve to seventeen, with sixteen and seventeen protofilaments being in the
minority and thirteen being the majority population. In our study, we developed a protofilament model
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consisting of 12 tubulin units modeled as spheres of diameter 4.05 µm and the entire protofilament measured up to 48.6 µm with a volume of 417.42 µm3. The tubulins are connected to each other by means of a
beam of circular cross-section of radius 0.2025 µm. The beam material is the same as that of the tubulin
material. All the tubulins are bonded to each other and any sliding or separation between edges of the
spheres is not allowed.
The geometry for the protofilament is modeled in the ANSYS Design Modeler software in which 2D
geometry can be created, edited and converted to 3D models. It is assumed that the protofilament is fixed
at one end, while free at the other end, where the load is applied. Figure 1 shows the protofilament model
considered for computations in this study.
Based on the experimental observations [17], self-assembled curved protofilaments were grouped into
low and high curvature as shown in Figure 2. For finite element analysis, it is assumed that all tubulins
have a Young’s modulus of 1.85 GPa and a poission’s ratio of 0.3. Three different loadings were considered, which include tensile load (force varying between 0.01 µN and 15 µN), bending (force varying between 0.01 µN and 10 µN) and torsion (torsional moment varying between 0.01 µN∙µm and 20 µN∙µm).
These configurations were analyzed under different loadings to estimate their mechanical behavior. All
simulations were performed using the software ANSYS 19.1 (ANSYS Inc., Canonsburg, PA, USA) Mechanical package.
2.2. Convergence Study and Validation
A mesh convergence was carried to determine the level of elements required for accurate deformation
and stress results. We used the proximity and curvature size function to generate the mesh for the model,
with a minimum element size of 0.4 µm. The smaller the element size for the mesh, the higher is the accuracy of the results. This was confirmed by conducting a mesh convergence study: first for a cantilever
beam, and then for the straight protofilament model as shown in Figure 3. The number of finite elements
varied from 3000 to 56,000 tetrahedral elements. The converged mesh includes about 56,198 elements
which were used in obtaining the results.
In order to validate our 3D finite element analysis results, a beam element solution was conducted
under tension and bending loadings for the model shown in Figure 3. The results of bending deflection at
the free end obtained from beam model were compared to those obtained from analytical solution and a
good agreement was found. The tip defection under tensile load obtained from analytical solution 25.946
µm closely matches to those obtained from finite element analysis of 25.839 µm. Similarly, the bending
defection obtained from analytical solution 0.1494 m closely matches to those obtained from finite element
analysis of 0.1491 m. Overall, the results of tip deflections at the free end obtained from beam model compares well with those obtained from analytical solution, thus validating the finite element model in this
study.

3. RESULTS AND DISCUSSION
3.1. Load – Deformation Behavior
The force-displacement responses from the computational simulations under tensile, bending and
torsion are presented in Figures 4-6, respectively. It can be seen in Figure 4 that the deformation due to
Dia 4.05 μm

Beam contact

Figure 1. Protofilament model considered for computational analysis.
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Figure 2. Curved protofilament models considered for computational analysis.

FEA model

Figure 3. Finite element model for straight protofilament considered.

Figure 4. Load-deformation behavior of curved protofilaments under tensile loading.
tension for the straight protofilament configuration is the least in comparison to curved protofilaments.
For the two curved (low and high) protofilament configurations considered, low curvature protofilaments
exhibits stiffer behavior than high curvature protofilaments. Also, the deformation is higher for high curvature protofilaments in comparison to low curvature protofilaments. There is an inverse relation between
the slope of the force-deformation curves and the rate of change in the deformation, which means that as
https://doi.org/10.4236/jbise.2020.133003
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the slope of the protofilament configuration decreases, the deformation due to tension also increases
non-linearly.
It can be seen from Figure 5 that the deformation due to bending varies from high, straight and low
curvature protofilament configurations, especially at higher loads. Also, it can be observed that at small
bending loads, the initial deformation is almost about the same for all three protofilaments configurations.
All three protofilament configurations follow a similar non-linear behavior.
The torsional load deformation behavior presented in Figure 6 shows that with increasing protofilament curvature, the deformation increases. It can be seen from Figure 6 that at small torsional loads, the
initial deformation is almost about the same for all three protofilaments configurations, and then changes
with increasing load. Also, it can be observed that all three protofilament configurations exhibit non-linear
behavior and vary with increasing loads, especially at higher torsional loads. The force-deformation behavior trend under bending and torsion for straight protofilament qualitatively matches to those obtained by
Kim et al. [15]. Overall, it can be seen from Figures 4-6 that curved protofilaments exhibit a different
non-linear behavior under different loads, leading to different mechanical behavior.
3.2. Stress Distributions
The von-Mises stress distributions for the three protofilament configurations (straight, low and high
curvatures) under tensile, bending and torsional loadings are presented in Figure 7. It can be seen in Figure 7 that the stress magnitudes and distributions vary considerably with protofilament curvatures. Also,
the stress results vary with the applied loadings, especially the interface stresses between tubulins for both
straight and curved protofilaments. In order to estimate the maximum stresses under different loadings,
Figure 8 shows how the curvature affects the stresses under different loadings.
It can be seen from Figure 8 that the stresses are higher in tension for straight protofilament compared to curved protofilaments. For bending loading, high curvature protofilament stress is lower than
straight protofilament. Similarly, under torsional loading, low curvature protofilament configuration has
high stress. Overall the results presented in Figure 8 demonstrate that both curvature and loading greatly
affect the mechanical behavior of protofilaments.

Figure 5. Load-deformation behavior of curved protofilaments under bending.
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Figure 6. Load-deformation behavior of curved protofilaments under torsion.
Straight Protofilament
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Figure 7. Von-Mises stress distributions for straight and curved protofilaments under
different loadings.

4. CONCLUSIONS
In this study, we investigated the mechanical properties of the experimentally self-assembled protofilaments (straight and curved) under different loadings through 3D finite element analysis. An investigation of straight and curved protofilaments with α and β tubulins as building blocks of microtubules was
carried out to estimate their mechanical behavior under different loadings. Geometric models were built
from experimentally self-assembled protofilaments (straight and curved) and analyzed using a 3D finite
element analysis. Results of load-deformation, stiffness and stress values obtained from the finite element
https://doi.org/10.4236/jbise.2020.133003
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Figure 8. Maximum von-Mises stresses for curved protofilaments under different
loadings.
analysis are presented. The results indicate that both load-deformation behavior and stress distributions
vary non-linearly with increasing protofilamant curvature and also with applied loadings. These findings
should help further understand the contribution of protofilaments mechanical properties in forming
self-assembled microtubules.
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