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ABSTRACT 

NANOSCALE MECHANICS OF DISORDERED BIOMOLECULES IN BRAIN 

 

Md Ishak Khan, Ph.D. 

The University of Texas at Arlington, 2020 

 

Supervising Professor: Ashfaq Adnan 

 

The long-term objective of this dissertation is to link blast-induced traumatic brain injury (TBI) with 

multiscale, multiphysics damage evolution in the brain using experimentally verifiable computations and 

simulations. The short-term goal is to conduct modeling and simulation to correlate dynamic mechanical 

loading to damage in sub-axonal components. It is known that the interior of the brain at the macroscale 

(10-1 m) is composed of two distinct components, the grey matter, and the white matter. Within the cortex, 

the grey matter primarily takes the form of cortical columns (mesoscale: 10-3 m), which are six layered 

structures, each composed of 8-10 thousand neurons with unmyelinated axons. White matter, on the other 

hand, consists of the myelinated axons structured as fiber tracts, whose cell bodies are in the grey matter. 

Structurally, a single neuron (microscale: 10-6 m) is composed of a soft cell body (soma), fibrous dendrite 

branches, and an axon fiber. Both axons and dendrites are supported by the cytoskeleton (nanoscale: 10-9 

m), which is primarily composed of neurofilaments, microfilaments, tau proteins and microtubules. As 

such, strain rate dependent studies are particularly important for characterizing cytoskeletal components 

and hence obtaining molecular level insight on neurological disorder and/or damage, such as Traumatic 

Brain Injury (TBI). Of all the elements of the cytoskeleton, tau protein and NF lacks understanding due to 

presence of unstructured portions in the structure. Due to the length scale of cytoskeletal components, they 
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are suitable for molecular level computational studies. In this thesis, we have developed reliable predicted 

structures for the disordered molecules such as tau protein and neurofilaments. Then we have captured the 

stress-strain response of tau protein, neurofilaments, actin, spectrin, and actin-spectrin interaction model 

under different mechano-biological scenario. 

In the first study, we have shown the effect of strain rate on single tau, dimerized tau, and tau-MT interface 

interaction. In the second study, we have incorporated domain and residue focused phosphorylation in tau. 

Therefore, this study addresses the behavior of tau according to the phosphorylated state and attempts to 

find out the effect of this post-translational modification. The first and second studies have successfully 

provided crucial insights regarding rate dependent aspects of tau, and structural and chemical response of 

this cytoskeletal component. In the third study, we have performed similar strain rate dependent tests on 

the sidearms of NF isoforms. The fourth study has taken tau and NF studies further and characterized tau 

and NF behavior by fitting their relaxation data to established viscoelastic models. In the fifth study, high 

strain rate response of actin, spectrin, and actin-spectrin interaction model have been determined.  

Based on the five studies performed, we have particularly enhanced the existent computational model, 

which does not include all elements of axon such as tau protein and NFs. Furthermore, we have also aided 

the finite element modeling of axon model, as due to the inclusion of the insight and deformation aspects 

of tau protein and NFs it will be more realistic and comprehensive. Therefore, our study is impactful in the 

sense is that it will pave the pathway to develop a bottom up approach of computational axon modeling.  
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CHAPTER 1 

INTRODUCTION, BACKGROUND, MOTIVATION, AND SCIENTIFIC IMPACT 

 

1.1 Introduction: Biopolymers and Traumatic Brain Injury 

Neural cytoskeletal components are essentially polymers of protein, and therefore, they can be classified as 

biopolymers. Biopolymers, due to their sustainability, are considered highly important and versatile 

ingredients, and they have multi-dimensional applications, from structural to biomedical. The studies 

included in this thesis will be limited to the structural aspects of axonal cytoskeletal components.   

 

 

 

 

 

 

 

Figure 1.1: A simplified classification of biopolymers (Ekiert et al., 2015). The natural biopolymers include 

proteins, which is the type of cytoskeletal components (MT, Tau protein, MF, NF, etc.). 

 

In order to determine the mechanical properties and behavior of proteins, molecular level strain rate 

dependent tests play important role. In many cases, there is drastic change of damage and deformation 

aspects of biomolecules according to the applied strain rate. And therefore, computational studies which 

are performed to determine the mechanical properties of such biomolecules generally include mechanical 
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tests emphasized on strain rate. Characterizing deformation and damage criteria for all the cytoskeletal 

components is particularly important, as they provide crucial insight on traumatic brain injury (TBI) and 

other neurological disorders. It is relevant to mention that when mentioning neuronal cytoskeleton, we are 

interested in both ordered and disordered protein structures. Fig. 1.2 clarifies the position of cytoskeletal 

components in the protein family.  

 

 

 

 

 

 

Figure 1.2: Protein types in cytoskeletal components. The major component MT is a specifically defined 

and conserved protein, while tau protein and NF contain disordered portions in the structure.  
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TBI has been a familiar topic of research for the last few decades, because due to use of improvised 

explosive devices (IED) and frequent impact injuries, soldiers and athletes are affected on a regular basis. 

The post-traumatic stress disorder (PTSD) affected soldiers are thousands in numbers and attempts to 

manufacture superior battlefront gear and sports gear have been rampant. Quantification of the threshold of 

damage in brain, which can be considered as significant, requires the quantification of damage in 

cytoskeletal components. Therefore, we can take a bottom-up approach to develop a computational model 

of axon, before which we have to obtain sufficient insight on cytoskeletal components themselves. This 

thesis first takes a deep dive into the current scenario and recent advancements on modeling cytoskeletal 

components to justify the approach. Then we point out four different questions which have not been 

answered from the computational perspective over the years and solve them one by one in four independent 

studies. Finally, we propose the possibility of development of a holistic axon model, after justifying the 

scientific impact of such approach. The following discussion is the comprehensive literature review we 

have performed on computational approaches on cytoskeletal components.  

The principal component of axonal cytoskeleton is MT, and therefore, there have been numerous 

computational approaches for holistic axon modeling and explaining their stiffness and damage, focusing 

on microtubule polymerization and cross-link dynamics by analyzing response under different stretches 

and stretch rates (de Rooij and Kuhl, 2018). Such studies show the importance of molecular level 

mechanisms which affect cellular level force and respective component properties, such as stiffness and 

damage criteria when they are under the application of loading. Many a study have analyzed by focusing 

on solely on MTs while taking a reasonable conjecture of the mechanical properties of the cross-link and 

other elements, and some studies have attempted finding out the properties and behavior on individual 

component level, which will be discussed in the later part of the manuscript.  

In order to approach the modeling axon and cytoskeletal components by using MD simulations, many force 

field potentials have been developed and used, such as CHARMM (Brooks et al., 2009), DREIDING (Mayo 

et al., 1990), AMBER (Wang et al., 2004), OPLS (Damm et al., 1997), etc. However, selection of a 
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particular force field for a specific set of simulation depends on several parameters, such as overall 

biomolecule system, required calculation involved, user experience, available resources, and convenience. 

Similar considerations are also existent in case of Finite Element Methods (FEM), and the usable interfaces 

or software can vary from user to user. Currently for continuum scale computational studies of relevant 

systems use software such as ANSYS (Stolarski et al., 2018), ABAQUS (Wu et al., 1997), etc.   

We will discuss in detail on computational approaches on MTs, tau proteins, NFs, and MFs. At the end, we 

will provide a brief and organized summary of the advancements the computational studies have made, and 

an exemplary table summarizing our stiffness-focused literature review. It is to be mentioned that for the 

continuum level modeling (such as FEM modeling), theoretical constitutive relations are used. In order to 

maintain relevance and find the interrelation convenient, we have mentioned the theoretical works as well.   

 

1.2 Axonal Cytoskeletal Components of Neuron 

Eukaryotic neurons contain elaborate cytoskeleton in the cytoplasm. There are three major components of 

"neural" cytoskeleton: i. microtubules (MT), ii. a subset of intermediate filaments (IF) which is called 

neurofilaments (NF), and iii. microfilaments (MF). The crosslinks between MT bundles (majorly 

microtubule associated protein tau) are highly significant to determine the stability of MT, and eventually, 

the entire cytoskeleton. Therefore, our discussion will contain a brief yet separate section about tau protein.  

The principal component of axonal cytoskeleton is microtubule (MT), and therefore, there have been 

numerous computational approaches for holistic axon modeling and explaining their stiffness and damage, 

focusing on microtubule polymerization and cross-link dynamics by analyzing response under different 

stretches and stretch rates (de Rooij and Kuhl, 2018). Such studies show the importance of molecular level 

mechanisms which affect cellular level force and respective component properties, such as stiffness and 

damage criteria when they are under the application of loading. Many a study have analyzed by focusing 

on solely on MTs while taking a reasonable conjecture of the mechanical properties of the cross-link and 
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other elements, and some studies have attempted finding out the properties and behavior on individual 

component level, which will be discussed in the later part of the manuscript.  

Our discussion will be heavily focused on molecular level simulations, as they have been particularly 

convenient in determining the component level behavior and properties of neural cytoskeletal components. 

In order to approach the modeling axon and cytoskeletal components by using MD simulations, many force 

field potentials have been developed and used, such as CHARMM (Brooks et al., 2009), DREIDING (Mayo 

et al., 1990), AMBER (Wang et al., 2004), OPLS (Damm et al., 1997), etc. Each one of the force field 

potentials have improved themselves in their consecutive versions, e.g. all atom CHARMM22 has been 

improved by deriving its dihedral potential corrected variation, namely CHARMM22/CMAP (Mackerell Jr 

et al., 2004). In short, the earlier versions of the potentials covered basic bond and angle interactions, but 

the later versions have facilitated capturing the realistic structural behavior by incorporating backbone 

orientation, dihedral mapping, etc.  

However, selection of a force field for a specific set of simulation depends on several parameters, such as 

overall biomolecule system, required calculation involved, user experience, available resources, and 

convenience. Similar considerations are also existent in case of Finite Element Methods (FEM), and the 

usable interfaces or software can vary from user to user. Currently for continuum scale computational 

studies of relevant systems use software such as ANSYS (Stolarski et al., 2018), ABAQUS (Wu et al., 

1997), etc. We admit the specific limitations of such software due to the nuances of element definition and 

meshing maneuvers irrespective of their diversity. However, capturing the realistic continuum phenomena 

and characterizing material behavior is possible for neural cytoskeletal components in some cases by using 

such FEM approaches. In both approaches (molecular and continuum), the computational capability has 

increased significantly, facilitating the capture of more detailed, smaller length scale, and higher time scale 

phenomena.    

We will discuss in detail on computational approaches on MTs, tau proteins, NFs, and MFs. At the end, we 

will provide a brief and organized summary of the advancements the computational studies have made, and 
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an exemplary table summarizing our stiffness-focused literature review. It is to be mentioned that for the 

continuum level modeling (such as FEM modeling), theoretical constitutive relations are used. To maintain 

relevance, we have mentioned the works heavily focused on theory of constitutive modeling in appropriate 

cases. The purpose of this review is two-fold: a) obtaining insight on the accomplishments of computational 

approaches to model neural cytoskeletal components, b) pinpointing the limitations of the existent studies 

in order to set possible future works, which will facilitate a comprehensive set of information on these 

components.   

 

1.3 Modeling Axonal Cytoskeletal Components of Neuron 

1.3.1 Microtubules  

 

 

 

 

 

 

 

 

Figure 1.3: MT structure showing helically arranged repetitive α and β-tubulin subunits. Reference: Adnan 

et al (2018) (Adnan et al., 2018). 
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As it is the largest component of axonal cytoskeleton formed by repetitive helical arrangement of α and β-

tubulin subunits (Fig. 1.3), MT is the most convenient one to study, and therefore, there have been numerous 

computational approaches to determine its properties and behavior using MD simulation, CG modeling, 

and FEA approach. This section contains the recent studies of such nature.  

Molecular level modeling of MT has not always been performed by fully atomistic simulation, and the 

approaches have been diverse. For example, approaches for determining MT Young’s modulus have 

yielded results which differ by several orders of magnitude, and the approaches can differ from structural 

mechanics modeling (Zhang and Wang, 2014) to MD simulation (Wells and Aksimentiev, 2010), CG 

modeling (Feng and Liang, 2012), FEM approach (Barreto et al., 2013), etc.   

MD simulation has been particularly successful to determine MT properties and behavior. One of the 

reasons is that although it is the largest cytoskeletal component, it is convenient to model in the length scale 

appropriate for MD simulation. Therefore, in independent MD studies, MT properties are revealed by 

performing allostery, bending, tension, twisting, energetics of inter-protofilament interaction study, etc. on 

atomistic MD model (Enemark et al., 2008; Gebremichael et al., 2008; Mitra and Sept, 2008; Sept et al., 

2003; SONCINI et al., 2009; Wells and Aksimentiev, 2010; Zeiger and Layton, 2008). Such models have 

been applied in an extended fashion in later MD works to analyze different deformation modes such as 

dilation, stretching, bending, etc. on MT, and finding the MT rigidity (Dima and Joshi, 2008; Grafmüller 

and Voth, 2011; Wu and Adnan, 2018). Properties of MT subunits are also determined by MD simulation 

studies, such as axial and circumferential elastic moduli, in-depth analysis of atomistic to supramolecular 

properties of tubulin, study on effect of MT stabilizing drug on the structure, GTP hydrolysis on intrinsic 

dimer bending, etc. (Carpenter et al., 2006; Deriu et al., 2007; Gebremichael et al., 2008; Kerssemakers et 

al., 2006; Mitra and Sept, 2008; Zeiger and Layton, 2008), and overcome the limitations of earlier 

continuum level studies, which attempted to capture tubulin and MT dynamics and behavior (Tuszyński et 

al., 2005a, 2005b). Moreover, Amyloid fibril, the structure of which is very relatable to MTs, has also been 
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mechanically characterized by MD simulation (Yoon et al., 2011). The mechanics of the molecular level 

structure has been captured by diverse approaches, such as Brownian motion study (Zakharov et al., 2015).  

From a simplified point of view, MTs can be considered as nano-fibrous structure, with tau protein as their 

crosslinks, and therefore, they can be designed as nanofiber reinforced nanocomposites using atomistic 

based continuum model (Adnan et al., 2018). This study reveals unique viscoelastic nature of axon, and the 

effect of their behavior during traumatic brain injury (TBI). Such computational studies are, as a result, 

important regarding determination of axon response for brain injury and neuropathology. The collaboration 

between continuum scale and atomistic based studies is that such concoction can overcome the limitations 

of both approaches (lacking finer scale details, and scale limitations along with computational expense, 

respectively) (Xiang and Liew, 2012), by using different techniques at disposal, such as interatomic 

potentials and continuum homogenization. This study has determined the viscoelastic nature, and Young’s 

modulus for MTs, which agrees with prior studies. In a separate study, the same group has developed a 

shear lag model by considering both MT and tau proteins as viscoelastic materials, and used atomistic based 

calculations to develop continuum scale model (ADNAN et al., 2015). Such study is inspired by earlier 

approaches, which used atomistic based continuum approach to predict elastic modulus of MT, as well as 

other mechanical response, such as transverse compression, orthotropic elastic properties, and other 

dynamic responses (Jiang et al., 2008; Liew et al., 2011; Sept and MacKintosh, 2010; Vogt, 2008; Xiang 

and Liew, 2013). However, the exclusivity of this study is that they have been able to develop a phase 

diagram for quantification of damage criteria, by considering both MT failure at high strain rate, and MT 

sliding at low strain rate. It is worth to mention that such shear lag model is strengthened by earlier studies, 

which suggested that viscoelasticity (and dynamic binding) of (or between) tau proteins leads to the unique 

strain rate dependent failure of MT (Ahmadzadeh et al., 2015, 2014). In other words, at lower strain rate, 

MTs (eventually, axon) can be stretched reversibly, while at higher strain rate, their stretch can lead to axon 

failure. By using MD simulations, not only structure level properties of MT are determined, but also subunit 
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level aspects are investigated (Enemark et al., 2008). Such studies bolster the usage of molecular level 

studies, as they agree with previous experimental data on MT stiffness.    

The frequent trade-off between MD simulation modeling of MT and continuum level study is that 

continuum level study can capture larger length scale and time scale behavior, but lacks atomistic details, 

as reflected over and over again in recent studies (ADNAN et al., 2015; An and Gao, 2010; Sim and Sept, 

2013). The promising aspect of MD simulation advancement is that, although it is computationally 

demanding, the fully atomistic simulation of 13 helically aligned repeating subunits of MT protofilament 

has been performed, which has been considered the pathway for similar studies (Wells and Aksimentiev, 

2010). In order to overcome the limitations of MD simulation and normal mode analysis (NMR), multiscale 

modeling (Hemmat et al., 2018) by using several approaches, such as anisotropic elastic network modeling 

(ENM) has been found to be convenient (Deriu et al., 2010), as such approach can handle the entire MT 

level phenomena. Furthermore, they have been able to find stretching and bending properties, using the 

entire MT model developed by CG simulation, which is detailed to several hundreds of nanometers, which 

can be directly compared to existent experimental data. Coarsening of MT structure has also been utilized 

in other studies, which attempted to determine MT properties such as elastic modulus, and tension, 

compression, or torsion properties (Feng and Liang, 2012; Lazarus et al., 2015). CG mechanochemical 

models, in separate studies, have been utilized to find out the dynamic behavior of MT (Ji and Feng, 2011; 

Peter and Mofrad, 2012), such as characterization of sheet-ended MTs, analysis of distribution of interaction 

energy, and finding out radial indentation process of MT, along with the assembly, growth, structure, and 

deformation mechanics of such biomolecule. Multiscale modeling of MT has also been applied to 

investigate diverse phenomena, such as electric field effect on MT (Setayandeh and Lohrasebi, 2016).  

CG modeling has been particularly useful to determine specific MT behavior and dynamics, such as their 

severing mechanism, nano mechanics, and bending behavior (Theisen et al., 2013, 2012). This has been 

possible because unlike fully atomistic MD simulation, they can account for large number of atoms and 

eventually, can address holistic properties. This approach facilitates to observe certain MT phenomena 
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which was otherwise impossible to observe except by experimental techniques, as such biological 

phenomena are driven by enzymes and mechano-chemical activities. The properties that have been 

determined for MT by using MD simulations (such as elastic properties, mechanical deformation, force 

generation at shrinkage of filament, length dependence on persistence length, collapse and catastrophe of 

the MT structure, etc.), have also been calculated and analyzed in depth by CG simulations, a handful of 

which have considered plasticity explicitly (Ding and Xu, 2011; Gardel et al., 2004; Mahadevan and 

Mitchison, 2005; Molodtsov et al., 2005; VanBuren et al., 2005; Wu et al., 2009).    

Aside from the MD and CG approaches, continuum level models have also been developed for cytoskeletal 

components, keeping in consideration that MT contributes most in the tensile and compressive properties 

of axon, using FEA (Barreto et al., 2013; Sandor Kasas et al., 2004). FEM has been particularly successful 

to account for the nanometer-level structure, deformation, instability, indentation response, elastic response, 

oscillation modes, and collapse of MT (de Pablo et al., 2003; S Kasas et al., 2004; Sandor Kasas et al., 

2004; Kis et al., 2002; Schaap et al., 2006). Numerous continuum level models have been developed for 

MT to capture the mechanical response. Some of the models have attempted to relate the MT response with 

beam theory, while others focused on specific responses, such as buckling, bending, torsion, transverse 

compression, lateral interaction, shear response, rotation response, vibration, orthotropic elastic properties, 

or other dynamic phenomena on MT (Civalek and Demir, 2011; Demir and Civalek, 2013; Gu et al., 2009; 

Hawkins et al., 2010; S Kasas et al., 2004; Li et al., 2006; Li, 2008; Liew et al., 2015; Nishimura et al., 

2006; Qian et al., 2007; Shen, 2010a, 2010b, 2010c; Shi et al., 2008; Wada and Netz, 2006; Wang et al., 

2006b, 2006a; Wang and Zhang, 2008; Wu et al., 2012) (N.B. such studies have been performed since 

1990’s, but we have only cited the studies which were published recently in order to signify the impact of 

the recent approaches, considering that the computational capability and efficiency have been manifold 

since 2000’s). Such approaches have facilitated the development of single cell model for force induced 

interactions in cytoskeletal components. These studies are particularly important because they have been 

able to include component level and holistic level properties in the modeling, which is necessary to obtain 
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insight on the components. FEA studies have also been performed by focusing on specific response of MTs, 

such as buckling parameters and bending stiffness, by using nonlocal beam model of MT protein (Civalek 

and Demir, 2016), and multiscale CG model of MT (Deriu et al., 2012a). These studies are significant 

because they give us crucial insight on the effect of the length scale of MTs on buckling response, and they 

have found that the buckling loads increase markedly with the increase of elastic matrix parameter for all 

type boundary conditions and microtubule types. Actually, buckling has been studied in depth by FEM 

approaches, for example by taking their individual state and bundled state into consideration (Soheilypour 

et al., 2015). In other studies on MT in continuum scale (such as anisotropic FEM shell modeling), specific 

parameters such as persistence length, tension and torsion behavior, modulus of rigidity, etc. (Shahinnejad 

et al., 2013), along with the dependence of persistence length on contour length has been computationally 

determined (Gao et al., 2010). Moreover, viscoelasticity of MT has also been taken into consideration by 

modeling MT as standard linear solid model to capture axonal MT rupture in recent FEM study (Shamloo 

et al., 2015). By considering the diversity and success of determination of mechanical properties of MT by 

FEM approach, we can assert that such approach is no less important than MD simulation and CG modeling.  

 

1.3.2 Insights on MT Mechanical Properties:  

1. Being the largest component of cytoskeleton, MT length scale is convenient for computational 

studies, and it has been subjected to numerous analyses. The studies are not only limited to MT 

properties, but also extended to interactions with other components.  

2. Different approaches to determine mechanical properties of MT has generated results which vary 

by several orders.  

3. Atomistic simulation studies have been able to address particular dynamic behavior of MT, such 

as stretching, tension, bending, twisting, etc. Also, they have determined elastic properties of MT 
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in both atomic and supramolecular level. Despite being computationally expensive, full MT 

modeling has been possible due to computational advances.  

4. Atomistic based continuum level studies have addressed the particular limitations of both 

continuum level and fully atomistic level studies.  

5. CG studies have been able to characterize dynamic behavior of MTs. Furthermore, they have 

determined the interaction energy properties and molecular level deformation mechanics, including 

severing mechanism of MTs.  

6. Mechanical properties, such as tensile and compression properties, as well as viscoelastic behavior 

of MT have been determined by FEM studies, too. They have been particularly successful to 

address the bundled behavior of MT due to convenience of length scale.  

 

1.3.3 Tau Proteins 

 

 

 

 

 

 

Figure 1.4: Tau protein interacting with MT. Reference: Kolarova et al (2012) (Kolarova et al., 2012). 
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Tau protein, as a structural element of neuronal cytoskeleton, provides support for MTs. As a protein, it 

does not stay on its own, rather it creates electrostatically bonded dimers. Mainly it contains three domains: 

projection domain, MT binding repeats, and tail. The dimers are obtained by the electrostatic “zipper” 

bonding or overlapping between the projection domains of two adjacent tau proteins. Surface force 

apparatus experimentation by Rosenberg et al depicts the tau-MT interaction in detail (Rosenberg et al., 

2008), where quantification of binding interaction is obtained by comparing adhesion energies for bare 

mica surface to tau protein covered surface vs tau protein covered surface to tau protein covered surface.  

As a biomarker of Alzheimer’s disease (AD) and several other neuropathology, tau protein is an important 

cytoskeletal component. Furthermore, it determines the stability of MTs, which further signifies the 

importance of tau property studies. Due to existence of disordered portions in the structure of tau protein, 

it has been less studied, and the behavior as well as properties lack sufficient validation. This section will, 

therefore, will be a concise one, discussing the recent computational approaches on tau protein.  

One unique aspect of tau protein is its intrinsic disorder. In other words, lack of specific 3D conformation 

makes it difficult to find its properties and behavior experimentally. One way to address this dilemma is to 

use a combination of microscopic studies along with molecular dynamics simulation. For example, protein 

folding and unfolding has been studied and validated by using a combination of atomic force microscopy 

(AFM) and steered molecular dynamics (SMD) approach (Isralewitz et al., 2001). Similarly, neutron 

scattering approach can use molecular dynamics simulations as a supplement to find out intrinsically 

disordered protein (IDP) behavior, such as of tau (Fichou et al., 2015). It is to be noted for the relevance of 

tau protein and NFs that a wide range of predictors are available to predict IDP structures with a certain 

level of confidence (Li et al., 2015), and some of them have been used for quite a few years in a large span 

of computational works (Kelley et al., 2015; Zhang, 2008), but the detail discussion on their algorithms and 

the reliability of the predicted structures are out of the scope of this manuscript.  

However, as taus are crosslinks for the MTs (see Fig. 1.4), some mathematical modeling of MT have used 

tau protein data obtained from single cell spectroscopy study and viscoelastic insight on tau – leading to 
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modeling MT as elastic element and tau as viscoelastic element (Ahmadzadeh et al., 2014). Our earlier 

studies essentially address the lack of computational tau study by using molecular dynamics simulation, 

and specifically determines strain rate effect on tau and phosphorylation effect – both domain focused and 

residue focused. Furthermore, these studies also determine the tau-MT interface interaction, and their 

accumulation tendency with respect to phosphorylation state, which gives us important insight on tau 

modeling. It is important to note that most of the computational work on tau protein is functionality focused, 

not structure, and therefore, structural modeling of tau protein is still non-existent in literature.  

As a highly solvable protein, tau protein is hypothesized to have dominant tau-water interface interaction 

which determines its characteristics, and comparison of neutron scattering study with MD simulation of 

powder-formed intrinsically disordered protein (IDP) tau which quantifies protein hydration rate, 

strengthens this finding (Fichou et al., 2015).  Although such studies have been performed earlier on several 

other proteins such as lysozyme and green-fluorescent proteins, such study on an IDP is of its first kind, 

making MD simulation very promising in this area, by a. addressing the challenging task of modeling an 

IDP which has several conformation in solvated state, and b. raising the possibility of extending such study 

for other IDPs. Some standalone studies, however, focused on specific parameters, such as possibility of 

formation of tau protein fibril at high temperature, experimental validation of which bolsters the findings 

(Luo et al., 2013). However, from total mechanical standpoint, the authors have not found any 

computational studies on tau protein properties, although it has been asserted in early experimental works 

(Wegmann et al., 2011), and used in later computational modeling of MT (Ahmadzadeh et al., 2014). In 

continuum level MT modeling studies, tau protein is modeled as crosslinks, and in some cases the 

attachment and detachment of tau to MT surface is expressed as thermally activated phenomenon (de Rooij 

and Kuhl, 2018), while in other cases its viscoelasticity is pronounced (Ahmadzadeh et al., 2014).  

In numerous studies regarding tau, phosphorylation is an important phenomenon, as it is hypothesized that 

it manipulates the ability of tau protein to affect the MT stability, including Monte Carlo simulation of tau 

which specifically analyzes the effect of phosphorylation, dephosphorylation and moderate 
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phosphorylation on separation and accumulation of tau, or maintaining tau-tau equilibrium distance(Jho et 

al., 2010). This diverse study facilitates the reader to obtain insight on tau protein behavior on MT surface 

attached state and free (dissolved in water) state. Furthermore, hyperphosphorylation has been found to be 

related with paired helical filament (PHF) and neurofibrillary tangle (NFT) formation, which is a certain 

marker of neuropathology, and this specific aspect has been addressed in some MD simulation studies 

(Lyons et al., 2014), by analyzing the phosphorylation effect on peptide fragment of tau, which found that 

all phosphorylation patterns disrupted the structure of tau protein.  

Finally, using of predicted structure to analyze IDPs has observed significant improvement over the last 

two decades, and might be considered as a work-around procedure to circumvent the limitations of 

experimental approaches on IDPs. For example, in a separate study, MD simulation on predicted structure 

of tau (predicted by i-TASSER) was performed to determine the electrostatic behavior, which corresponds 

to experimental results, such as tau preferring a contracted conformation in fluid, and an extended 

conformation while interacting with MT (Castro et al., 2019). Also, in some cases in some cases the 

formation of reliable predicted structure is obtained by obeying the stereochemical compatibility (used i-

TASSER to predict tau structure) (Battisti and Tenenbaum, 2012), and and can be implemented in tau 

aggregation studies (Dułak et al., 2018).   

From this section it is evident that although there are numerous computational studies on tau, they have 

been mostly focusing on the hydrophobic surface effect or charged portion effect of tau domains, and there 

are very few computational studies on tau protein addressing mechanical properties, and many aspects of 

this cytoskeletal component is still unknown. Some studies have focused on phosphorylation, but they have 

been inconclusive on how it affects the mechanical properties. However, our group have performed MD 

simulation studies specifically to address this shortcoming, and determined the strain rate effect on tau (and 

NF), domain-focused and residue-focused phosphorylation effect on tau, and viscoelastic modeling of tau 

protein (and NF) by relaxation simulation.  
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1.3.4 Insights on Tau Mechanical Properties:  

1. As a biological marker of neurological diseases and structural crosslinks of MTs, tau is an important 

cytoskeletal component, but it is not studied in a comprehensive manner, and their properties and 

behavior are not existent in literature due to being an intrinsically disordered protein.  

2. Due to them being IDP, tau proteins are mostly studied based on their functionality, not structure.  

3. There is very few structural modeling of tau-MT interface, and viscoelasticity of tau is hypothesized 

as the dominant parameter to alter MT behavior.  

4. Phosphorylation has been conjectured as a very important parameter to control the dynamics of tau, 

but further studies revealed that multiple parameters have significant role to determine overall tau 

behavior.  

5. Therefore, computational studies can be a convenient way to determine specific mechanical 

properties of tau, such as rate-dependent properties, and effect of phosphorylation on mechanical 

properties of tau.  

6. In order to obtain effective solutions to the aspects mentioned in point 5 above, using reliable 

predicted structures might be a good approach in appropriate tau protein studies.  

 

1.3.5 Neurofilaments 
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Figure 1.5: Neurofilament isoforms, highlighting the extent of the tail region of the structure. Reference: 

Jayanthi et al (2014) (Jayanthi, 2014).  

 

Neurofilaments (NFs) are major cytoskeletal components of vertebrate myelinated axons. The three 

isoforms of NFs have C-terminal disordered sidearms (or tails) which dictate the disruption of NF network 

and eventually (Fig. 1.5 shows structural representation of the isoforms), the propagation of motor neuron 

disorders. Modeling of NFs have been performed extensively from experimental point of view, especially 

using X-ray scattering and various microscopy techniques, and most of them have established the 

bottlebrush modeling scheme for NFs (Beck et al., 2012). This section will be discussing on computational 

studies on NFs and will be a brief one like the section on tau protein.  

There have been detailed molecular level modeling studies on NF, which address specific aspects of NF 

properties, such as phosphorylation effect on sidearms (Adiga and Brenner, 2010), finding out 

conformational properties of NF by using Monte Carlo simulation (Jayanthi et al., 2013; Stevenson et al., 

2011), effect of hydrophobic interactions and cations on NF structure (Lee et al., 2013), atomistic level 

modeling of NF isoform, etc. (Jayanthi, 2014). 

Sequence based CG modeling of NFs also strengthens the bottlebrush modeling, for which essentially the 

physical structure and the effect of charged portions in the sidearms play the major role defining the model 

(Chang et al., 2009). This study analyzes the phosphorylation effect on all three isoforms of NF and finds 

that not only the length of the sidearm dictates the mechanical properties of NFs (in other words, number 

of phosphorylation sites is not the only parameter defining NF properties). The bottlebrush modeling that 

has been mentioned above is particularly important on NF structure studies, because not only it describes 

the NF network, but also NF-NF interaction, which is further asserted in other studies which concocted MC 

simulation and micrography results (Kumar et al., 2002). There have been similar approaches, such as bead-

spring modeling of NF (CG modeling)  to determine their conformational dynamics (Stevens and Hoh, 
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2010). These studies have suggested that conformation within the brush is important irrespective of filament 

length and plays an important role in all isoforms. In most of such conformational studies, it has been 

suggested that the interaction in the sidearm region dictates the overall behavior of NF, due to presence of 

charged portion in the sidearms, and their net effect on the attraction and repulsion within the network. NF-

NF interaction study, which has attempted to analyze the “opposite brush interaction” and “inside brush 

interaction” between charged portions, has also strengthened such viewpoint, as such study has found that 

the net repulsion dictates sidearm spacing (Stevens and Hoh, 2011).   

Going through the recent literatures on NF properties and behaviors, it has become clear that stoichiometric 

studies on NF are highly facilitated by Monte Carlo simulations, especially using CG models of NF 

structures (Kim et al., 2011). These studies have strongly suggested that NF has a self-sufficient and stable 

in-vivo structure, which means large changes in NF stoichiometry has little effect on the stability. CG 

modeling has also addressed several other aspects regarding NF structure and network, such as effect of 

ionic strength and pH on segment rearrangement upon phosphorylation (Zhulina and Leermakers, 2007a), 

determination of equilibrium structure of NF using self-consistent field analysis and CG modeling of NF 

tail (Zhulina and Leermakers, 2007b), effect of protein composition (Zhulina and Leermakers, 2010), etc.  

The use of established CG models in different simulation studies shows the diverse applicability of such 

models in determining their properties and behavior using molecular studies.   

 

1.3.6 Insights on NF Mechanical Properties:  

1. Molecular level studies on NF has been able to find out post-translational modification effect on 

sidearms, conformational properties, isoform-specific behavior, interaction with water, etc.  

2. CG modeling have strengthened the viewpoint that the effect of charged portion in the sidearms on 

NF isoforms play a dominant role to determine their behavior. They have also been able to address 
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specific structural and network aspects of NFs, such as effect of composition, ionic strength, and 

pH on segment rearrangement, and so on.  

3. NF network modeling studies have given insight when the micrography studies are combined with 

Monte Carlo (MC) simulation. MC simulation has been successful to determine stoichiometric 

properties of NF.  

 

1.3.7 Microfilaments 

 

 

 

 

 

 

 

Figure 1.6: Globular actin (G-actin), which is the structural unit of MF, and the filamentous actin (F-actin) 

which is formed by polymerization of G-actin. Reference: Kumar et al (2017) (Kumar and Mansson, 2017).  
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Figure 1.7: Atomic model of filamentous actin (F-actin) which is developed from the Holmes model (left) 

(Splettstoesser et al., 2011). The CG representation is also shown (right). Reference: Chu et al (2006) (Chu 

and Voth, 2006).  

 

Microfilament (MF) contains very less disordered portion, and therefore, it has been studied thoroughly. 

The building block of MF is a globular actin (G-actin), polymerization of which leads to the filamentous 

version of the protein (F-actin), which is the functional block of MF. This section will be discussing recent 

advancements on MF and MF subunit studies by computational approaches. Fig. 1.6 shows a generic 

structural representation of MF, and Fig. 1.7 shows the model developed by atomistic level study.  

There have been extremely structure-focused all-atom studies on microfilaments, which use familiar Oda 

(Oda et al., 2009) or Holmes (Dominguez and Holmes, 2011) model for atomistic studies on Actin, 

including their polymerization and depolymerization (Pfaendtner et al., 2010b, 2010a). However, due to 

the scale limitation, there has been multiscale approach (multiscale serial bead model) to model 
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microfilament networks (Li et al., 2013), through which we can obtain insight on biological mechanics to 

few micrometer length scale. This study is validated by previous experimental repertoires on single actin 

transverse vibration and axial tension analysis, and facilitates finding out mechanical behavior of actin 

filaments, as well as the importance of crosslinking in their structure and network behaviors (T Kim et al., 

2009), and effect of actin binding proteins on the stiffness (Claessens et al., 2006). Actin dynamics and 

conformational structure depends on several parameters such as nucleotide state, and the specific effect of 

these diverse mechano-chemical effects and phenomena are studied in separate studies by molecular studies 

(Dalhaimer et al., 2008; Lee et al., 2011; Pfaendtner et al., 2009; Zheng et al., 2007). Moreover, some 

models have incorporated viscoelasticity in the atomistic actin network model. Not only such studies show 

the applicability of MD simulation on such structures, but also the evolution of the capability of structural 

modeling via this approach over the last two decades (Splettstoesser et al., 2011).  

All-atom MD simulations have various approaches towards modeling large biopolymers such as actin to 

find out various mechanical properties, such as extensional and torsional stiffness (Matsushita et al., 2012, 

2010), and in various occasions, steered molecular dynamics (SMD) has been particularly effective finding 

out mechanical properties of actin. For example, Kim et al has shown that SMD can demonstrate the effect 

of cofilin (an actin regulatory protein) on increasing the flexibility of actin filament (Kim et al., 2016), by 

performing tensile tests on various models of actin and actin-cofilactin model.  

As a common remedy to the scale limitation to the all-atom modeling of the microfilament networks, coarse 

grained (CG) modeling has been found as a reliable approach (Jeon et al., 2008; Ming et al., 2003; Saunders 

and Voth, 2012). Therefore, there has been study which models microfilament network in CG approach, 

using MD simulation results (Chu and Voth, 2006). The methodology here is to model each sub-domain as 

a CG site, resulting in four sites per G-actin monomer, and design the filament using the average internal 

coordinates obtained from fully atomistic MD simulation – an approach which is particularly useful to find 

out the behavior of actin filament under different loading condition.  
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In order to simplify and utilize the results of all-atom MD simulations, CG technique has been found to be 

very promising, because study on actin filaments shown that the statistical distance between group of atoms 

in all-atom simulation can very well be used to parameterize the force field, and eventually, characterize 

the dynamics of protein via Brownian dynamics simulations (Deriu et al., 2012b). The coarsening of the 

model facilitates to run the simulation for a higher time scale, and therefore, these results can be extended 

to other subcellular structures. This study particularly analyses the effect of number of CG beads on the 

estimated persistence length of actin filament, which is determined by different approaches in other studies, 

as an important mechanical property.  

CG modeling not only provides the insight on certain mechanical properties such as torsional rigidity and 

persistence length, but also gives important information about the filament heterogeneity and distinct 

conformations of actin filaments, which is otherwise not extractable by experimental maneuvers (Fan et al., 

2012). This study essentially strengthens the reliability of MD and CG simulations on large biopolymers, 

as the results obtained on mechanical properties are consistent with experimental results. Some studies have 

also provided stochastic insight on the structure as well as mechanical deformation via CG modeling, which 

demonstrates the diversified scope of this approach (Yogurtcu et al., 2012). In separate study, both MD and 

CG approaches have been utilized to find out structural and mechanical properties of actin monomer, which 

further reveals the actin dynamics (Chu and Voth, 2005).  

Continuum mechanics has played a major role for modeling actin networks in continuum domains, as a 

result of which, diverse models have populated in recent years, such as affine continuum mechanical model 

of F actin network with crosslinking and linker proteins (Holzapfel et al., 2014), multi-scale continuum 

analysis and computational model (Unterberger et al., 2013a), and study facilitating the vibrational data 

obtained from molecular characterization, eventually using it for continuum level modeling (Li, 2015). 

These types of models give further insights of experimental results by analyzing shear response of network 

models, and as mentioned earlier, motives of such study are to find out the applicability to other subcellular 

structures, and scope of cross-scale modeling of biopolymers. Viscoelasticity of cross-linked actin networks 
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has also been analyzed by performing finite element method (FEM) modeling, based on continuum-scale 

theoretical study (Unterberger et al., 2013b).   

 

1.3.8 Insights on MF Mechanical Properties:  

1. Due to having less disordered portion in the structure, MF model has been established with 

confidence, and molecular level studies have addressed the structure and network aspects, 

polymerization behavior, etc.  

2. One particularly important aspect, that is, effect of actin binding protein on the behavior is studied 

thoroughly by computational studies on MF.  

3. Load-dependent properties of MF has been determined by CG studies. However, they are also 

dependent on the molecular level studies.  

4. Mechanical modeling by studying loading response of MF is studied by continuum scale modeling. 

Therefore, it can be stated that computational studies have facilitated thorough characterization of 

MF.   

 

1.4 Stiffness of Axonal Cytoskeletal Components of Neuron 

To characterize the neural cytoskeleton from the material perspective, it is important to determine the 

component level properties and behavior. Different approaches can be undertaken to characterize the 

components of a mechanical body, and several parameters can play significant role in defining certain 

behavior. However, tensile stiffness is an important mechanical parameter while defining the neural 

cytoskeletal component behavior.   
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We have performed a property-focused literature review to tabulate the properties (mostly stiffness values) 

that have been determined by several approaches earlier, along with the comprehensive review on 

cytoskeletal components. We have already mentioned that due to the convenience of the length scale of 

microtubule, properties are calculated for this structure to great extent in numerous literatures. Also, due to 

lack of disorder in MF structure, it has also been studied considerably. On the other hand, due to existence 

of disordered portion in the structure and extremely small length scale, tau protein and NF lack literature 

on their properties and behavior, which bolsters the importance on further computational investigations on 

them. Table 1.1 summarizes our property-focused review as an example and gives a glimpse on 

experimental validation of computational studies, which makes the computational approach more 

promising. It also strengthens our prior statement that the mechanical properties may vary by several orders.  

 

Table 1.1: Exemplary Finding: Stiffness of Axonal Cytoskeletal Components from Current Literature 

Cytoskeletal 

Component 

Stiffness  

(Young’s 

Modulus) 

Reference 

No.  

Comment 

Microtubule 1.9 GPa (Ahmadzadeh 

et al., 2014) 

Electron Micrography studies, FEM 

1.5 GPa (Peter and 

Mofrad, 

2012) 

From experiment 

1.9 GPa (Suresh, 

2007) 

Information obtained from several references 

in this paper 
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1.2 GPa (Gittes et al., 

1993) 

For homogeneous and isotropic MT 

2 GPa (ADNAN et 

al., 2015) 

Viscoelastic shear lag model 

Tau protein 5 MPa (Peter and 

Mofrad, 

2012; 

Shahinnejad 

et al., 2013) 

Cross linking Tau Protein’s Young’s modulus 

from experiment, FEM 

10 MPa (Wegmann et 

al., 2011) 

Atomic Force Microscopy (AFM) 

Neurofilaments 1-15 Pa (Yao et al., 

2010) 

Linear elastic modulus of NF network as a 

function of concentration of NF and 

concentration of Mg.  

>100 Pa (Leterrier et 

al., 1996) 

Fluorescence and microscopy studies 

300-400 MPa (Wagner et 

al., 2007) 

For Intermediate Filaments (IF), not just NFs.  

1-5 GPa (Suresh, 

2007) 

For Intermediate Filaments (IF), not just NFs. 

Microfilaments 1.3-2.5 GPa (Suresh, 

2007) 

This reference has used different works to 

validate the parameters used in their  
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400 MPa-2.5 GPa (Kim et al., 

2015) 

Steered Molecular Dynamics (SMD) 

simulation. 

 

 

1.5 Conclusion 

In this study, we have reviewed the current scenario and recent advancements on studies on cytoskeletal 

components which used computational approaches such as MD simulation, CG simulation, FEA analyses, 

etc. From our comprehensive literature review, the major findings can be summarized as shown below. It 

is to be noted that due to very conserved structure and lack of disorder in MT and MF structure respectively, 

they have been extensively studied, while due to being intrinsically disordered protein, and presence of 

disordered portion in isoforms, tau protein and NFs still lack comprehensive studies.   

For all the cytoskeletal components, molecular level simulations can capture atomistic details, while 

continuum level studies can capture holistic structural dynamics. Therefore, this tradeoff will always be 

present, despite extreme advancement in computational capabilities over the recent years. We admit the 

necessity of experimental validation of such studies (which actually are present for numerous studies we 

have mentioned, and made clear by Table 1.1), and assert that in particular circumstances, computational 

repertoires provide certain convenience, and their impact on giving insight on dynamics, properties, and 

behavior of cytoskeletal components cannot be ignored. The parameters, properties or aspects that have 

been determined, analyzed, or extended through computational approaches are shown in the brief points in 

this section.  

 

Behaviors, properties, or aspects studied/determined by using computational approaches on cytoskeletal 

components are summarized in Table 1.2. 
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Table 1.2: Behaviors, Properties, or Aspects Studied/Determined by Using Computational Approaches 

on Cytoskeletal Components 

Cytoskeletal 

Component 

Behavior, Property, or Aspect Studied Reference (Last Name of the First Author, 

Publication Year, and Reference No.) 

MT Young’s modulus Zhang 2014(Zhang and Wang, 2014), 

Wells 2010(Wells and Aksimentiev, 2010), 

Feng 2012(Feng and Liang, 2012), Barreto 

2013 (Barreto et al., 2013) 

Axial and circumferential moduli Mitra 2008(Mitra and Sept, 2008), 

Gebremichael 2008(Gebremichael et al., 

2008), Zeiger 2008(Zeiger and Layton, 

2008), Deriu 2007(Deriu et al., 2007), 

Carpenter 2006(Carpenter et al., 2006), 

Kerssemarkers 2006(Kerssemakers et al., 

2006) 

Orthotropic elastic properties Jiang 2008(Jiang et al., 2008), Vogt 

2008(Vogt, 2008), Sept 2010(Sept and 

MacKintosh, 2010), Xiang 2013(Xiang 

and Liew, 2013), Liew 2011(Liew et al., 

2011) 

Physical response to mechanical loading and 

energetics of inter-protofilament interaction 

Wells 2010(Wells and Aksimentiev, 2010), 

Feng 2012(Feng and Liang, 2012), Mitra 
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2008(Mitra and Sept, 2008), Gebremichael 

2008(Gebremichael et al., 2008), Enemark 

2008(Enemark et al., 2008), Soncini 

2009(SONCINI et al., 2009), Sept 

2003(Sept et al., 2003), Zeiger 

2008(Zeiger and Layton, 2008), Lazarus 

2015(Lazarus et al., 2015) 

Deformation modes, rigidity Wu 2018(Wu and Adnan, 2018), Dima 

2008(Dima and Joshi, 2008), Grafmuller 

2011(Grafmüller and Voth, 2011) 

Subunit behavior Mitra 2008(Mitra and Sept, 2008), 

Gebremichael 2008(Gebremichael et al., 

2008), Zeiger 2018(Zeiger and Layton, 

2008), Deriu 2007(Deriu et al., 2007), 

Carpenter 2006(Carpenter et al., 2006), 

Kerssemakers 2006(Kerssemakers et al., 

2006) 

Dynamic response Jiang 2008(Jiang et al., 2008), Vogt 

2008(Vogt, 2008), Sept 2010(Sept and 

MacKintosh, 2010), Xiang 2013(Xiang 

and Liew, 2013), Liew(Liew et al., 2011) 
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Strain rate dependent failure mechanism Ahmadzadeh 2014(Ahmadzadeh et al., 

2014), Ahmadzadeh 2015(Ahmadzadeh et 

al., 2015) 

Severing mechanism Theisen 2013(Theisen et al., 2013), 

Theisen 2012(Theisen et al., 2012) 

Oscillation modes and collapse, structure 

instability 

Kasas 2004(Sandor Kasas et al., 2004), Kis 

2002(Kis et al., 2002), Pablo 2003(de 

Pablo et al., 2003), Schaap 2006(Schaap et 

al., 2006), Kasas 2004(S Kasas et al., 

2004) 

Viscoelastic response Xiang 2012(Xiang and Liew, 2012), 

Adnan 2015(ADNAN et al., 2015), 

Ahmadzadeh 2014(Ahmadzadeh et al., 

2014), Ahmadzadeh 2015(Ahmadzadeh et 

al., 2015), Shamloo 2015(Shamloo et al., 

2015) 

Tau Protein Tau-water interaction Fichou 2015(Fichou et al., 2015) 

Phosphorylation effect on mechanical behavior Jho 2010(Jho et al., 2010), Lyons 

2014(Lyons et al., 2014) 

Electrostatic properties Rosenberg 2008(Rosenberg et al., 2008), 

Castro 2019(Castro et al., 2019), Battisti 

2012(Battisti et al., 2012; Battisti and 

Tenenbaum, 2012) 
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Aggregation behavior Dulak 2018(Dułak et al., 2018) 

NF Phosphorylation effect on sidearms Adiga 2010(Adiga and Brenner, 2010), 

Jayanthi 2013(Jayanthi et al., 2013), 

Stevenson 2011(Stevenson et al., 2011) 

Conformational properties and dynamic 

behavior 

Stevens 2010(Stevens and Hoh, 2010), 

Stevens 2011(Stevens and Hoh, 2011) 

Effect of charged portion in structure and 

sidearm-sidearm interaction 

Chang 2009(Chang et al., 2009), Kumar 

2002(Kumar et al., 2002), Stevens 

2011(Stevens and Hoh, 2011) 

Effect of ionic strength and pH Zhulina 2007(Zhulina and Leermakers, 

2007a) 

Effect of protein composition Zhulina 2010(Zhulina and Leermakers, 

2010) 

MF Extensional and torsional stiffness Matsushita 2012(Matsushita et al., 2012), 

Matsushita 2010(Matsushita et al., 2010) 

Torsional rigidity, Persistence length Fan 2012(Fan et al., 2012) 

Importance of crosslinks on structure and 

network behavior 

Kim 2009(T Kim et al., 2009), Holzapfel 

2014(Holzapfel et al., 2014), Unterberger 

2013(Unterberger et al., 2013a) 

Effect of actin binding and severing on 

stiffness and flexibility 

Claessens 2006(Claessens et al., 2006) 
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Nucleotide state effect on conformational 

structure 

Zheng 2007(Zheng et al., 2007), 

Pfaendtner 2009(Pfaendtner et al., 2009), 

Dalhaimer 2008(Dalhaimer et al., 2008), 

Lee 2011(Lee et al., 2011) 

Characterization of dynamics by behavior Deriu 2012(Deriu et al., 2012b) 

Filament heterogeneity Fan 2012(Fan et al., 2012) 

Mechanical deformation Yogurtcu 2012(Yogurtcu et al., 2012) 

Vibration and shear response Kim 2009(T Kim et al., 2009), Li 2015(Li, 

2015) 

Viscoelastic behavior Unterberger 2013(Unterberger et al., 

2013b) 

 

 

From Table 1.2 it is evident that studies on MT and MF are comprehensive. However, the specific aspects 

which have not been studied in detail, but possible by using computational maneuver are:  

a. Tau: Rate-dependent mechanical properties, domain focused and residue focused phosphorylation 

effect on stiffness, strain rate effect, and viscoelastic behavior.   

b. NF: Rate-dependent mechanical properties, viscoelastic characterization.  

Therefore, it can be asserted computational approaches will be promising to address the limitations in such 

areas. We can also argue that the purposes mentioned in the introduction section of this manuscript is 

fulfilled in the sense that we have particularly found out the current standings and accomplishments of the 
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existent works on neural cytoskeletal components, and determined two areas of limitations which might be 

addressed by using computational (specifically molecular level simulation studies) approach.  

 

1.6 Studies Performed to Address Current Limitations  

The comprehensive literature review should be sufficient for the reader to be convinced that computational 

study is a reasonable way to handle the cytoskeleton problems, and that we require further insight on tau 

protein and NF. We have completed four studies and shown them in the following chapters as an attempt 

to address the lacking in our understanding on tau protein, NF, and actin-spectrin structure in the axonal 

cytoskeleton of neuron. The studies we have undertaken are:  

1. Strain rate effect on tau,  

2. Phosphorylation effect on tau,  

3. Strain rate effect on NF, and  

4. Viscoelastic modeling of tau and NF,  

5. Mechanical behavior of actin-spectrin structure.  

Completion of these studies, to the best knowledge of the author, has answered several unanswered 

questions regarding the structural behavior and response of tau, NF, and periodic axonal cytoskeleton 

lattice. From a broader perspective, these studies have provided important insight on mechanical behavior 

of the major axonal cytoskeletal components of neuron, paved the pathway for bottom-up axon modeling, 

and overall mechanical aspect of the cytoskeleton.  
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CHAPTER 2 

EFFECT OF STRAIN RATE ON TAU PROTEIN 

 

2.1 Introduction 

Blast-induced TBI has been considered highly significant on the battlefield and in sports (Okie, 2005; 

Taylor and Ford, 2009). Numerous studies have been performed to address this injury mechanism and 

consequences from different perspectives, such as post-traumatic stress disorder, aggregation of 

neurological disorders, damage threshold of cytoskeletal components, etc. When head is impacted by blast-

like mechanical force, the resulting pressure wave transmits to the interior of the brain. A major part of 

brain’s interior is built on over 100 billion of neuron cells and its surrounding extra-cellular matrices. 

Structurally, a single neuron is composed of a soft cell body (soma), fibrous dendrite branches, and an axon 

fiber. Both axons and dendrites are supported by the cytoskeleton, which is primarily composed of 

neurofilaments, microfilaments, tau proteins and microtubules. Of these, the mechanical behavior of 

microfilaments and microtubules have been studied in depth, and of neurofilaments has been studied 

partially in the past. However, mechanical response of tau protein and its interaction with MT have not 

been studied in detail. One reason is the structural disorder in tau protein. It is known as an intrinsically 

disordered protein implying a definitive structural conformation of this protein is unavailable. As such, 

fundamental understandings of the responses of single tau protein, polymerized tau protein and tau-

microtubule interfaces under high-rate mechanical forces are very important. Yet, comprehensive 

mechanical behavior of tau protein and tau-MT interaction are not available in the literature.  

As tau protein is an intrinsically disordered protein (IDP), a brief introduction on IDP is relevant for this 

study. Intrinsically disordered proteins (IDP) are special proteins involved in many different cell-signaling 

pathways within the cell.  They have unique capabilities of performing different functions based on 

conformations that occur due to different post-translational modifications, different binding substrates 
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(proteins, nucleic acids, fibers, etc.) and fewer of the order-promoting amino acids found within 

hydrophobic cores of proteins. These include tryptophan, cysteine, tyrosine, leucine, phenylalanine, 

isoleucine, and valine. On the other hand, the amino acid make-up of an IDP commonly includes an 

abundance of amino acids associated with disorder, including alanine, arginine, glycine, glutamine, serine, 

proline, glutamate, and lysine (Jorda et al., 2010). In recent years, IDPs have been more prominent in 

biomedical research in an effort to understand their variable roles. This paper discusses tau, which is heavily 

involved in Alzheimer’s Disease (AD), but Parkinson’s disease (alpha-synuclein), Amyotrophic Lateral 

Sclerosis (superoxide dismutase-1), and Huntington’s Disease (poly-glutamine gene products) are also 

caused by IDPs (Uversky, 2010). Without stable conformations and singular, defined functions, IDPs are 

prone to aggregation and once aggregated, burden the cell’s degradation machinery. 

After clarification on IDPs, we can move on to the specific introduction on their deformation characteristics 

and mechanical behavior. Some recent works seek to obtain mechanical properties of MT or analyze the 

mechanism of damage and failure of axonal microtubules (Wells and Aksimentiev, 2010; Wu and Adnan, 

2018). The structural unit of MT (the αβ-tubulin) has been determined earlier by electron crystallography 

(Nogales et al., 1998). Further studies have shown that there are two distinct sites at the C-terminal on each 

subunit, to which tau protein can be attached. One of them is the C terminal site, which contains the C-

terminal 12 amino acids of MT, and another one is the internal site, which is situated at the last 1-3rd of C-

terminal excluding the last 12 amino acids. Tau interacts with the C-terminal site by R1 or R1-R2 

interrepeat, and with the internal site by the rest of the MT binding sites (R2-R4). It has also been proposed 

that tau-MT interaction can take place in two manners: i. tau may interact with only α or β subunit of an 

MT by the mechanism above or ii. tau may interact with both portions of α and β subunits (one with R1 or 

R1-R2 interrepeat, another with R2-R4) (Chau et al., 1998). Further studies on localization of tubulin 

binding sites for tau protein (Maccioni et al., 1988; SERRANO et al., 1985) strengthened the finding of 

Chau et al. As important is MT as an individual cytoskeletal component, so are the crosslinks between 

them, which are denoted by microtubule associated proteins (MAP), mainly tau. Tau is an intrinsically 
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disordered protein (IDP), and has no defined secondary structure (Rosenberg et al., 2008). However, there 

are numerous predictor software for obtaining secondary structures of proteins, such as i-TASSER (Zhang, 

2008),  Phyre2 (Kelley et al., 2015), etc. which can predict the structures of IDPs with a certain level of 

confidence. The details of the mechanism of predicting secondary structures is out of the scope of this 

manuscript, although relevant discussion is presented in the supplementary material.   

Numerous studies regarding tau specifically discuss on phosphorylation and hyperphosphorylation, which 

are post-translational modifications. There have been separate studies on tau structure, which suggest that 

phosphorylation level plays a critical role to distinguish healthy tau from pathological tau (Becker and 

Przybylski, 2007), and it also has been hypothesized to alter the ability of tau to bind MTs as well as other 

functionalities (Hanger et al., 2009). Earlier Monte Carlo simulation study that has attempted to find out 

the threshold of tau pathology suggested that numerous candidate amino acids can be phosphorylated, but 

under pathological conditions around 7 of them are actually phosphorylated (Jho et al., 2010). The 

abnormally phosphorylated tau proteins are 3-4 times more phosphorylated than the normal ones, and ~2 

sites per mole of tau protein can be phosphorylated in normal condition (Kenessey and Yen, 1993). 

Recently, cryo-EM technology has been able to obtain 3-4Å resolution image of paired helical filaments 

(PHF) in AD affected brains (Fitzpatrick et al., 2017), which is directly related to abnormal phosphorylation 

in tau.  

Not only phosphorylation and dephosphorylation are relevant, but also the strain rate dependent structural 

response of tau regarding this study. In some simulation studies of microtubule bundles cross-linked with 

tau protein, the response under different levels of uniaxial tension for different distributions of cross-links 

and discontinuities have been observed, and the estimated Young’s modulus used for calculation was 5MPa 

(Peter and Mofrad, 2012), although they have admitted that it is decidedly approximate, and tau-tau, tau-

MT, etc. interactions are important candidates to determine the mechanical behavior. Their model showed 

that bundle failure occurred due to failure of cross-links. Tau proteins, through complementary dimerization 

with other tau proteins, form bridges to nearby microtubules to form bundles (Mandelkow et al., 1995). The 
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tau proteins have edge-to-edge distance of 20nm and hexagonal packing (Chen et al., 1992). Furthermore, 

computational models have been built to study the behavior of cytoskeletal filaments (Chandran and 

Mofrad, 2009; Mofrad, 2008) and cross-linked networks have also been investigated (Claessens et al., 2006; 

Taeyoon Kim et al., 2009; Silber et al., 2004). Earlier computational and theoretical models have shown 

that shear resistance provided by the cross-linked network greatly increases MT bending stiffness (Tolomeo 

and Holley, 1997), and found bundle stiffness regime (Bathe et al., 2008). Discrete bead-spring models 

have been widely used to build filament and network structure (Rodney et al., 2005; Sandersius and 

Newman, 2008). In another finite element analysis, the Young’s Modulus of tau protein was assumed to be 

5MPa (Shahinnejad et al., 2013), but elevated to 62.5 MPa in order to reduce the flexural behavior so that 

the spring constant can be the same as Peter et al (Peter and Mofrad, 2012). The tensile test results 

reasonably agree with that of Peter et al., and it also analyzed the behavior of bundle under torsion. Prior 

continuum and computational axon modeling gives us useful insights on tau protein, such as viscoelastic 

shear lag model (Ahmadzadeh et al., 2014), failure mechanism of axon study (de Rooij and Kuhl, 2018), 

and so on. The computational continuum models and rate-dependent tests can determine the properties of 

the cytoskeletal components such as microtubules, and therefore are relevant to the current study. 

The structure and phosphorylation studies cannot depict the complete structural and functional scenario of 

tau, because another critical aspect of tau protein is the MT binding region, which can work as a backbone 

of the structure and from which the projection domain can spread around (Lee et al., 1989). Some recent 

studies have further clarified the position and structure of MT binding sites in tau, such as Rosenberg et al 

(Rosenberg et al., 2008). Each of the four binding regions of tau is around 18 amino acids (AA) long, 

separated by interrepeats of 13-14 AA length. The positively charged repeat or interrepeat region is believed 

to facilitate electrostatic interactions between tau and negatively charged surface of MT (Chau et al., 1998; 

SERRANO et al., 1985; Silber et al., 2004). In the N-terminal of the MT binding region, there is a positively 

charged and proline-rich region, which has phosphorylation sites responsible for the regulation of MT 

association to taus (Goode et al., 1997; Trinczek et al., 1995). The other portions of tau protein have 
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significant functionalities as well, such as the N-terminal region, which can contain zero to two negatively 

charged inserts (each 29AA long). The N terminus and proline-rich region make up the projection domain 

of tau protein, which extends outward from the MT surface and determines inter-MT distance in MT 

bundles (Chen et al., 1992). Other studies show that MT binding with tau is very fast, does not depend on 

the MT location in the axonal shaft and varies with MT curvature (Samsonov et al., 2004). Study of 

intrinsically disordered tau protein folding on MT shows that tau locally folds into a stable structure upon 

binding (Trinczek et al., 1995).  

Aside from studying standalone tau protein response, our interest is to obtain insight on tau-MT interaction. 

Tau protein organization on MT can be described as a coating or surface decoration, as suggested by some 

works (Santarella et al., 2004). The mode of tau protein binding with MT has been studied, and it suggests 

that tau protein binds along as well as across protofilaments (Al-Bassam et al., 2002).  

Now, while considering a feasible approach to computationally determine single tau, dimerized tau, and 

tau-MT behavior, we must consider the earlier studies that have been performed on intrinsically disordered 

proteins (IDPs). Therefore, by focusing on computational studies on IDPs (especially on tau proteins), we 

have found that recent years have observed significant improvement in computational studies by using 

predicted structure. Notable examples are electrostatic study (Castro et al., 2019). and aggregation behavior 

study on tau (Battisti et al., 2012). However, studies focusing on mechanical response of tau are still non-

existent.    

Based on the existing literature as discussed above, there are certain parameters yet undetermined, such as 

stiffness of single tau filament, required stretching for separation of dimerized tau proteins, tau-MT binding 

strength and whether MT subunit binding between themselves is stronger than tau-MT bond, etc. This study 

attempts to address these specific questions using atomistic computational method called molecular 

dynamics (MD). The rationale behind choosing this tool are twofold: 1) reliable experimentation at this 

length scale is rare and 2) MD is an appropriate tool to capture the molecular details of the elements 

involved. Specifically, for the single tau, we have obtained the secondary structure from i-TASSER 
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predictor software (Zhang, 2008). For dimerized tau, we have made the model with overlapped projection 

domain as depicted by Rosenberg et al (Rosenberg et al., 2008). For tau-MT interaction, we have used Chau 

et al proposals of interaction, where tau can interact with one or both subunits of MT (Chau et al., 1998). 

The effects of high strain rate on the deformation mechanism of single tau, dimerized tau and tau-MT 

interface are studied.  

 

2.2 Method 

The tau protein structure is obtained from the i-TASSER predictor software (Zhang, 2008). We have used 

the model with the C score of 1.06 (the C score is determined based on significance of threading template 

alignments and the convergence parameters of the structure assembly simulations) which we have assumed 

satisfactory for an IDP. For single tau protein, we have solvated the obtained structure with TIP3P water 

using CHARMM-GUI (Jo et al., 2008) solvator and quick-MD simulator modules. Required number of 

0.15M KCl ions were added to obtain charge neutralization for explicit solvent simulations. The dimerized 

model was created by using UCSF Chimera (Pettersen et al., 2004), in which we have overlapped the 

projection domains of two identical tau proteins. We have used implicit solvent technique of CHARMM 

(Best et al., 2012) in LAMMPS (Plimpton, 1995) (pair_style lj/charmm/coul/charmm/implicit command) 

for dimerized tau, which facilitates a bigger box size, faster calculation and convenient observation of two 

tau system. The implicit solvent computes with a modification of adding an extra r-1 term for Coulombic 

energy calculation and skipping long range Coulombic energy calculations.  

The MT structure is obtained from the existing model built by Wells et al (Wells and Aksimentiev, 2010), 

each subunit of which has one GTP or a GDP, along with one Mg2+ ion in the junction. By repeating the 

helically arranged 13 subunits periodically along the length direction, we have created a virtually infinite 

MT (similar methodology has been followed in the work of Wu et al for MT study (Wu and Adnan, 2018)). 

The tau-MT interaction system was created by placing the tau binding sites in close proximity to the MT 
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binding sites as proposed by Chau et al (Chau et al., 1998). We have used the implicit solvent technique for 

tau-MT as described above for dimerized tau.   

With periodic boundary conditions in all three directions, we have equilibrated the structures for all cases 

(single tau, dimerized tau and tau-MT) for 100ps to minimize the potential energy at a targeted temperature 

of 310K. Single tau, dimerized tau and tau-MT contained 6424, 12848 and 33292 atoms respectively. The 

LJ potentials are used with inner and outer cutoff of 10Å and 12Å, respectively. Long range coulombic 

interactions are computed by pppm style, facilitating a particle-particle particle-mesh solver with a 3d mesh.  

We have used CHARMM36 (Best et al., 2012; Brooks et al., 2009; MacKerell et al., 1998) potential 

parameters with appropriate CMAP corrections (Best et al., 2012) for all the simulations. Potentials for 

GDP and GTP are taken from that of ADP and ATP respectively (Wells and Aksimentiev, 2010). The 

equilibration was performed in NVT canonical ensemble, with the temperature damping parameter of 100fs.  

In single tau protein tensile tests, we have fixed the MT binding domain and pulled the projection domain 

at different strain rates (108-2x109 s-1) along x axis. For dimerized tau, we have fixed the MT binding domain 

of one protein and pulled away another binding domain along x axis (109 s-1and 2x109 s-1). For tau-MT, 

While keeping the upper and lower few layers of atoms fixed of the MT, the tau protein was pulled away 

by few atoms of the projection domain (strain rate: 109 s-1 and 2x109 s-1). For the relevance of the simulations 

with explicit water molecules as solvent vs implicit water molecules, readers may refer to the supplementary 

materials of Wu et al (Wu and Adnan, 2018). Although biomolecule simulations are more realistic with 

explicit solvation, we have adopted implicit technique for dimerized tau and tau-MT due to the high box 

size required for the high stretch, and for convenient observation of unfolding, stretching and separation.     

The stress-strain plots are obtained by the per-atom stress calculation and summation in LAMMPS. 

However, as the output is in (pressure x volume) unit, we must divide the obtained stress value by the 

volume of the protein (or certain portion of the protein). The general formulation used by stress per atom 

command is P = (Pxx+Pyy+Pzz)/ (3xV), where Pxx, Pyy and Pzz are the summations of stress/atom values for 
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all atoms in x, y, and z direction respectively, and V is the summation of volume of the atoms of the protein 

being considered. The approximated volume was obtained by Voronoi cell approximation, adapted from 

LAMMPS voro++ package (Rycroft, 2009). The strain is simply obtained by the displacement of the atoms 

from the initial position. All the tensile tests are performed in NVT ensemble, with 100fs temperature 

damping parameter. The visualizations of the tensile tests are carried out by OVITO software (Stukowski, 

2010).   

All of the simulations were carried out by the STAMPEDE2 supercomputer of Texas Advanced Computing 

Center (TACC).  

 

2.3 Results 

2.3.1 Single Tau Deformation  

For the single tau model, we have performed the tensile tests at four different strain rates: 108, 5 ×108, 109 

and 2 ×109 s-1. The MT binding region atoms are fixed, and first few atoms of the projection domain are 

pulled at –x direction. The calculated stress-strain graphs are shown in Fig. 2.1.  

It can be observed that the stress-strain response of a single tau can be divided into two regions - the 

“unfolding” and “stretching” regions. It is known that a typical tau protein has a tertiary “folded” structure, 

that is, a stable conformation of the filament with multiple folds in the structure. When the mechanical load 

is applied, first the folds disappear one after another because of breaking of the electrostatic and van der 

Waals forces between the folded portions of the filament (this phenomenon will be called as “unfolding” 

onwards in this manuscript). However, the mentioned forces are relatively weaker than chemical bonds, as 

they are merely the result of proximity and positioning (3D confirmation of the structural portions in space). 

Therefore, during the unfolding region (see Fig. 2.1) no significant rise of stiffness is observed. However, 

after the filament is free of the folded regions, the structurally linear filament will be deformed against the 

relatively stronger covalent bonds (this phenomenon will be called as “stretching” onwards in this study). 
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Therefore, in this region there will be higher stress developed and significant rise in stiffness will be 

observed, as shown in the “stretching region” in Fig. 2.1. The unfolding and stretching phenomena are 

clarified by simplified schematic in Fig. 2.2 as well.  

In Fig. 2.1, multiple distinct slopes can be observed that reflect the stiffnesses of tau protein at different 

strain-states. Up to ~200% tensile strain, the slope is very small implying a relatively low unfolding stiffness 

of tau. After the unfolding is complete, we can observe pure stretching of the covalent bonds. Unfolding 

stiffness obtained from the strain of 0%-150%, while stretching stiffness is obtained from the strain of 

200%-300% where another distinct change of slope is observed. Fig. 2.2 shows the unfolding and stretching 

snapshots. The unfolding stiffness and pure stretching stiffness values are shown in Table 2.1. According 

to Table 2.1 and Fig. 2.1, it can be inferred that a single tau exhibits viscoelastic behavior to some extent, 

and that its stiffness is strongly dependent on strain rate. With the increment of strain rate, tau acts as a 

stiffer material in both the unfolding and stretching zone, which is expected for viscoelastic soft biomaterial. 

The slope is in the Mega Pascal range: 0.5GPa or ~500MPa. From the existent literature we have not found 

any validated estimate of the stiffness of the projection domain of tau, but we have detail information 

regarding the stiffness of other cytoskeletal components, such as MT and microfilaments. Deformation 

studies and viscoelastic shear lag models of MT show that the MT stiffness can be in the giga pascal range 

(Ahmadzadeh et al., 2014; Peter and Mofrad, 2012). Studies on microfilament show that their stiffness can 

vary from few mega pascals to >2GPa (Higuchi et al., 1995a; Huxley et al., 1994a; Kim et al., 2015; Kojima 

et al., 1994a; Wakabayashi et al., 1994a). Therefore, we can assume that our results obtained for the tau 

protein stiffness, both in unfolding and stretching region, are reasonable.   

 

 

Table 2.1: Unfolding stiffness and stretching stiffness of the projection domain of single tau 
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Strain Rate  

(s-1) 

Unfolding Stiffness 

(MPa) 

Stretching Stiffness (GPa) 

108 50.1 0.076 

5x108 129 0.549 

109 284.9 1.198 

2x109 500.5 2.399 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Stress vs strain plot of single tau projection domain. Up to ~200% strain, the protein keeps 

unfolding, and after that a sharp rise in the slope is observed, suggesting the pure stretching of covalent 

bonds. Unfolding and stretching zones are shown by rectangular boxes.  

 

Snapshot 
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                        Initial                                    Unfolding                                 Stretching 

a. Simplified schematic for protein unfolding and stretching 

 

                                                                                                                                                                                               

 

 

 

                 

 

 

               b. εxx = 0%                                                        c. εxx = 36%                                                                                                                                                                                                                                               

 

 

 

                                                                       d. εxx = 206% 

Figure 2.2: a. Simplified schematic for tau protein unfolding and stretching. Initially, there are multiple 

folding (which are distinct from each other). When loading is applied, the van der Waals force and 

electrostatic force between the folded portions are broken, and therefore the structure unfolds. At extreme 

50Å 
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strain, the structure becomes free of all the folds, and stretch to a relatively linear filament. b. Initial single 

tau structure (strain = 0%), c. tau protein being unfolded due to pulling at 109 s-1 (strain = 36%), d. tau 

protein being stretched (strain = 206%, only the projection domain is shown for the convenience of 

visualization). Color legends: green: projection domain, red: MT binding region, blue: N terminus or tail, 

white and the rest: interrepeats between the MT binding regions. The enlarged snapshots are for the first 

~1100 atoms for convenient visualization. Water molecules are not shown.  

 

2.3.2 Dimerized Tau Deformation  

The dimerized tau model was similar to the single tau, except that we have fixed the MT binding site of one 

tau and pulled away the binding site of another tau to observe the developed stress and possible sliding out 

of tau projection domain at extreme strain. We have plotted the stress-strain curves (calculation procedure 

was similar to single tau) for the projection domain of the tau protein that has been pulled at the x direction, 

at the strain rate of 109 s-1 and 2x109 s-1. The implicit-solvent dimerized tau model shows several stages of 

tension during the test. We are referring to the protein with fixed MT binding region as protein 1, and the 

protein being pulled as protein 2. The stages observed are (for the strain rate of 2x109 s-1): i. Unfolding of 

protein 2 (up to 163% strain), ii. Stretching of protein 2 (up to 257% strain), iii. Unfolding of protein 1 (up 

to 334% strain), iv. Stretching of protein 1 (up to 395% strain), v. Disentanglement of the overlapped 

projection domains of the tau proteins (up to 721% strain), vi. Sliding out or projection domain along with 

stretching (very fast, occurs at around 722% to 758% strain region), and vii. Separation of proteins (~758% 

strain). For strain rate of 109 s-1, the separation occurs just above the stretch of ~800%. Therefore, the 

observations imply that the separation of dimer also depends on the strain rate, and at a certain high strain 

rate, the separation occurs significantly early, although the stretch following the unfolding seems the same 

for both strain rates.  It is to be noted that the separation stretch that are mentioned here are the percentage 

of strain at which the two dimers are visibly separated from each other, although the pulling away of one 
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tau from another starts earlier (around 30% of strain earlier), and before complete separation there are sub-

stages of untangling of the overlapped projection domains of the two tau proteins.   

Fig. 2.3a shows the stress-strain curves of the projection domain of protein 2 and Fig. 2.4 shows snapshots 

of the stages observed. The single tau study on this paper already shows that tau is highly stretchable. 

Therefore, when we are considering dimerized protein model, it is expected for both proteins to be highly 

stretched before the observation of sliding out of one projection domain out of another. This set of 

simulation provides new insight about shear mechanism and sliding threshold of dimerized tau, which is 

yet non-existent in literature. Fig. 2.3b shows the potential energy trend, and how the potential energy 

decreases drastically at the separation, irrespective of applied strain rate.  
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Figure 2.3: a. Stress-strain plot of protein 2 projection domain for two different strain rates. At lower strain 

rate, we observe development of stress at higher value and delayed separation, and vice versa. b. Potential 

energy vs time plot for the system.  
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               d. εxx=325%                                   e. εxx=345%                                           f. εxx=430% 

 

 

                     g. εxx=676%                                    h. εxx=750%                                  i. εxx=758%   

 

Figure 2.4: Stages observed during the pull of one protein in the dimerized tau model (for the strain rate of 

2x109 s-1). a. Initial stage (strain: 0%), b. Unfolding of protein 2 (strain: 135%), c. Stretching of protein 2 

(strain: 177%), d. Unfolding of protein 1 (strain: 325%), e. stretching of protein 1 (strain: 345%), f. 

Disentanglement of the overlapped projection domains of the tau proteins (strain: 430%), g. Continued 

disentanglement (strain: 676%), h. Sliding out of projection domain (strain: 750%), i. Separation of proteins 

(strain: 758%). Color legends: Green: Projection domain of protein 2, Blue: projection domain of protein 

1, Red: MT binding region (including the interrepeats) for protein 1 and 2, Yellow: N terminal tails of 

protein 1 and 2.  

 

2.3.3 Tau-MT Interaction  

In order to determine the nature of single tau-MT interaction, one N-system MT adopted from Wells et al 

(Wells and Aksimentiev, 2010) was used. One tau protein MT binding site was attached to the surface of 

the MT. The tensile test results were quite straight-forward: the stretching is followed by unfolding in the 

projection domain of the tau structure, and even at these extreme strain rates, tau had to be stretched for 

>11 times of its initial length before getting completely separated from MT. The unfolding and stretching 

manners are similar to the single and dimerized tau tests, that is, projection domain gets unfolded for a long 

time, then gets significantly stretched, leading to eventual separation from the MT surface. As we have seen 

in case of the dimerized tau models, we observe earlier separation at higher strain rate and vice versa for 
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tau-MT models. We can conclude from the two strain rate results that at a certain strain rate range, the tau 

can be stretched significantly while still being attached to the MT surface. On the other hand, at higher 

strain rate, it is not allowed to be stretched in that manner, depicting the effect of strain rate. In the dimerized 

tau, we have observed development of higher stress in tau before final separation for lower strain rate. 

However, in tau-MT interaction, we have not observed any significant difference in the stress-strain trend 

for the two different strain rates, rather only in the separation stretch. The untangling sub-stages also take 

place before separation, as we have observed in dimerized tau. Fig. 2.5a shows stress-strain graphs for the 

applied strain rates, and Fig. 2.5b shows the potential energy graph, which suggests that potential energy 

decreases significantly at separation, for both cases. Fig. 2.6 shows various significant stages during pulling 

of single tau away from MT surface.  

Lastly, we are also interested to find out the strain rate dependent nature of dimerized tau-MT interaction. 

We have attached a dimerized tau on the surface of MT in a similar way of single tau-MT model, and 

applied high strain rate. This simulation was to compare the relative strength of tau-MT bond to tau-tau 

bond, and as the simulation shows, tau-tau bond is much stronger than tau-MT bond, because although the 

pulled tau was stretched significantly at the higher strain rate (~360% before separation from MT surface), 

it did not disentangle from the other tau. Rather, the entire dimerized structure got separated from MT 

surface, suggesting that tau-tau bond is stronger than tau-MT bond. For the lower strain rate, the dimerized 

tau subunits got significant sliding over each other, but eventually got separated from the MT surface before 

getting entirely separated from each other (~825% before separation). Fig. 2.7 shows that potential energy 

significantly reduces at separation, and Fig. 2.8 shows different significant stages up to and at separation.  
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Figure 2.5: a. Stress vs Strain graph for the projection domain of tau during the pulling at different strain 

rates. The stress-strain trends are similar for both the strain rates, although the separation occurs at different 

strain. b. Potential energy vs time plot for the single tau-MT system.  
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                                      c. εxx=698%                                                     d. εxx=968% 

 

 

 

                             e. εxx=1108%                                                               f. εxx=1128% 

Figure 2.6: Observation during the pulling of single tau towards the -x direction (strain rate: 2x109 s-1) 

away from MT surface. a. Initial stage (strain: 0%), b. unfolding of tau projection domain (strain: 409%), 

c. stretching of tau projection domain (strain: 698%), d. stretching of MT binding region (strain: 968%), e. 

onset of separation (strain: 1108%), f. after complete separation (strain: 1128%). Color legends: Red, blue, 

green and yellow: repeating helical units of MT, maroon: projection domain of tau, orange: MT binding 

site atoms of tau (including the interrepeats), white: N terminus tail of tau.   
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Figure 2.7: a. Stress vs Strain graph for the projection domain of tau during the pulling at different strain 

rates. The separation occurs early for higher strain rate (~360%), and much later for lower strain rate 

(~825%). b. Potential energy vs time plot for the dimerized tau-MT system. As expected, potential energy 

drastically reduces at separation (~360% strain for 2x109 s-1, ~825% strain for 1x109 s-1). For both cases, 

tau-tau bond is stronger than tau-MT bond.  

 

 

 

 

 

 

Dimerized Tau            MT 50Å 



 

54 
 

                                       a. εxx=0%                                                                  b. εxx=250% 

 

 

 

                                         c. εxx=350%                                                          d. εxx=354% 

 

Figure 2.8: Observation during the dimerized tau pulling away from the MT surface (-x direction, strain 

rate: 2x109 s-1).  a. Initial stage (strain: 0%), b. unfolding and stretching of tau (strain: 250%), c. onset of 

separation (strain: 350%), d. after separation (strain: ~354%). Color legends: Red, blue, green and yellow: 

repeating helical units of MT, maroon: projection domain of tau 1, orange: MT binding site atoms of tau 

1(including the interrepeats), light green: tail domain of tau 1, purple: projection domain of tau 2, light blue: 

MT binding site atoms of tau 2(including the interrepeats), black: tail domain of tau 2.   

 

2.4 Discussion 

In this study, we have analyzed the response of tau protein and tau-MT interaction from a strictly 

mechanical point of view. We have performed tensile tests on a predicted structure of tau protein to 

determine the single tau projection domain stiffness, dimerized tau separation stretch, tau-MT separation 

stretch, and comparison between tau-tau vs tau-MT bond. For a disordered protein, the confidence score 

(C-score) of -0.03 has been assumed as reliable in our simulation. The detail of quantification of the 

reliability for a protein structure predicted by i-TASSER (Zhang, 2008) is discussed in the supplementary 

material of this manuscript.  

Admittedly, the strain rates that we have applied fall into high to very high range, but it facilitates us to 

obtain an insight of sub-axonal level response of this particular neural cytoskeletal component. In reality, 
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the tissue level loading might be lower than the cellular level stress, meaning moderate level blow on the 

head may lead to high level tissue deformation, which eventually leads to extreme level of stress and failure 

in sub-axonal level components, supported by recent finite element method (FEM) studies on axon (Cloots 

et al., 2011, 2010). These studies show that axonal level anisotropy and cellular level heterogeneity might 

play instrumental role to determine failure criteria of the components, and injury level. Also, this level of 

strain rate is justified in the scenario of cavitation bubble collapse or blast wave exposure, which leads to 

intensely high stress in sub-axonal component (Wu and Adnan, 2018).  

Earlier studies which modeled MT response under mechanical loading did not incorporate tau protein with 

detail mechanical properties, rather studied MT protofibril response where tau protein is considered as a 

viscoelastic spring (Ahmadzadeh et al., 2014), the properties of which were adapted from earlier 

characterization of pro- and anti-aggregant conformations of tau protein obtained by single molecule force 

spectroscopy (SMFS) (Wegmann et al., 2011). However, this study characterizes the response of only 

mutant conformation of the “repeat domain of tau”, not the projection domain which is susceptible to 

unfolding and stretching under the application of high strain rate. Therefore, the current study is an effective 

extension of previous SMFS study with more comprehensive insight. In general, SMFS studies show the 

stretch of a molecule from force vs displacement perspective focusing on the detachment peak force at the 

contour length of the molecule used, but in TBI scenario, a more relevant representation is using directional 

stress vs strain which can perfectly differentiate between the unfolding and stretching region of a protein 

under pure mechanical loading.   

For dimerized tau, we have re-generated the dimerized tau structure with overlapped projection domains 

depicted in the study of Rosenberg et al (Rosenberg et al., 2008). This study particularly established the 

importance of projection domain which determines the inter-MT distance in axonal bundle, as the tau-tau 

interaction is dependent on the length of projection domain, and interaction with a surface can be adhesive 

to repulsive (or a combination of both) based on the configuration. This study highlighted on the tau-tau 

interaction and tau-mica interaction, and substantiated that the interaction force is a function of projection 
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domain length. The current study undertakes the missing aspect of the study: effect of shear that the 

dimerized conformation is susceptible to when undergoing through a high mechanical stress. Essentially 

our study shows that the projection domains of dimerized tau proteins are strong against shear and sliding 

force, and that the scenario it undergoes in strictly mechanical loading is highly dynamic, consisting both 

unfolding and stretching of both proteins. It further fortifies the observation that proline-rich region and N 

terminus combination, which is the projection domain, is highly stretchable while in the dimerized 

conformation, although the individual tau proteins might reach the failure region earlier. This specific 

observation shows that mere electrostatic and van der Waals bonds between the negatively charged N 

terminal region of one tau protein and positively charged prolin-rich region of another tau protein are 

sufficient to withstand mechanical loading to significant extent. This mechanical behavior of tau is also 

highlighted in the MT modeling work performed earlier, where one of the key prediction is that tau protein 

may elongate differently, and according to the position along the MT bundle (Ahmadzadeh et al., 2015, 

2014). This high ability of tau protein to stretch aligns with another prediction of the study, that is, tau 

elongation facilitates the sliding of MT. The increased rigidity of the prolin-rich region can also be held 

responsible for the particular behavior of tau projection domain as suggested by NMR spectroscopy studies 

(Mukrasch et al., 2007).  

The tau-MT model in the current study is developed as per the proposal of Chau et al, which shows specific 

MT binding sites on tau can facilitate bonding with tau binding sites on MT (Chau et al., 1998; Nogales et 

al., 1998). The proposal suggests that tau-MT interaction is highly dynamic, and that one MT binding region 

can interact with one or both subunits of MT (α and β). In our model, the tau protein has been attached to 

the specific location of the helically arranged protofibril to ensure that tau interacts with the C-terminal site 

by only R1 or R1-R2 interrepeat, and with the internal site by the rest of the MT binding sites (R2-R4), 

which was the scheme suggested by Chau et al. This is a relevant representation of a TBI scenario, where 

the sub-axonal level stretch on the cytoskeletal component is high for a significant timespan, but tau-MT 

bond is sufficiently strong to withstand mechanical load as long as the entire projection domain is not 
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stretched. As stretching does not occur before unfolding of all the conformed portions of the projection 

domain, the MT structure instability is not invoked before the directional stress is developed in the MT 

binding region. The “jaw interaction” between the flanking domain of tau protein and acidic outside of MT 

surface is also responsible for such strong affinity, as seen between the projection domain and MT 

(partially), tail domain and MT (fully), suggesting that tau-MT bond is strong irrespective of the 

intervention of MT binding sites, which is proposed by earlier NMR studies (Mukrasch et al., 2007). 

However, in our case, both the intervention of flanking region and MT binding region are present, which 

facilitates stronger bond, as suggested by separate study (Preuss et al., 1997). Similar to dimerized tau 

system, this set of simulations shows that the interaction between charged portions (MT binding sites of tau 

and C-terminal as well as last 1/3rd portion of the C-terminal region excluding the terminal 12 amino acids) 

provides significant mechanical strength, even when susceptible to high to very high strain rate.  

Finally, the dimerized tau-MT interaction system was a representation of more comprehensive scenario of 

TBI, in which there is a competition between the mechanical strength of tau-tau and tau-MT bond. As all 

of the involved regions in this case are charged (prolin-rich region of tau, negatively charged N-terminus 

region of tau, negatively charged outside surface of MT, etc.), we can assume that electrostatic interaction 

is more important in this case than the van der Waals bonds. The dimerized tau-MT bond shows that it 

requires development of more stress in tau-tau interaction region than required in tau-MT region, which 

suggests that prolin-rich region interaction with negatively charged projection domain is stronger than 

negatively charged MT surface interaction with positively charged MT binding sites, and under high strain 

rate, we can expect tau separation from MT surface. In case of multiple occasion of tau separation from MT 

surface in a single injury phenomenon, it may lead to the MT system collapse before the tau system collapse, 

as tau actually folds into stable conformation upon binding with MT (Kadavath et al., 2015).  

As tau protein contains prolin-rich region, it is highly relevant to study its characteristics and assesses its 

behavior from neurodegenerative disease perspective. The importance of such prolin-rich proteins have 

been evident in separate neurodegenerative disorder studies (Gladkevich et al., 2007; Sochocka et al., 2019). 
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These proteins are heavily implicated in neurodegenerative diseases and traumatic brain injury, which tau 

is also involved in.  The PRR is a speculative binding site in proteins, so future studies could include protein 

biochemistry experiments focused on protein-protein interactions. 

Evident from the strength of the tau-MT bond demonstrated in this paper, despite having a fast binding 

kinetics, we suggest that the intrinsic disorder of tau facilitates this phenomenon. Tau regularly alters its 

conformation, so its inherent flexibility is a likely source of the protein’s ability to remain bound despite 

increased strain rate.  We suggest tau absorbs the strain throughout its length and relies on the strong 

capability of the projection domain to remain bound to the microtubule during events where the brain 

undergoes significant strain and stretch.  The strength of the tau-MT bond is particularly important for the 

field of traumatic brain injury, where strain and axonal stretch is thought to be a primary mechanism of 

injury in traumatic brain injury (Chung et al., 2005). Future studies might include studying comparing the 

IDP-substrate bond of other IDPs to see if the high bond strength is a common feature across IDPs as 

compared with ordered proteins.     

Lastly, it is also evident from our MD simulation study that incorporation of physical chemistry perspective 

(such as posttranslational modification like domain focused or residue focused phosphorylation) along with 

the mechanical viewpoint is important to obtain comprehensive insight on tau protein behavior. Also, in all 

the tensile tests, tau protein has shown the dependence on the applied strain rate as single tau behaves as a 

stiffer material at higher strain rate in both unfolding and stretching region and dimerized tau separation 

and tau-MT separation stretches have shown strong dependency on strain rate, which suggests the 

importance of a separate study of viscoelastic characterization of tau protein.   

 

2.5 Conclusion 
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In this study, we have computationally determined the stiffness of projection domain of single tau protein 

and dimerized tau proteins, and the strength of tau-MT interface. From our MD simulations, the major 

findings can be summarized as below:  

1. Single tau protein is highly stretchable and shows viscoelasticity. It shows unfolding to a great 

extent before being purely stretched. The unfolding stiffness range is between 50MPa and 500MPa, 

while stretching stiffness can be >2GPa. The stiffness in both regions increases with the increment 

of the strain rate.  

2. Dimerized tau-tau bond is strong, and the dimer structure does not dissociate before being stretched 

at >7.5 times of the initial length.  

3. Tau protein can be separated from MT only at very high stretch (>11 times of the initial length of 

tau), and tau-MT bond is stronger than the MT subunit bond. Also, from the dimerized tau-MT 

simulation, we have obtained that tau-tau bond is stronger than tau-MT bond. We can hypothesize 

about mechano-chemical events which can trigger MT-tau separation, which have the timescale(s) 

than MD simulation can capture.  

4. Strain rate affects the separation stretch and developed stress in tau for dimerized tau model, while 

it only affects the separation stretch significantly for tau-MT model. Higher strain rate causes early 

separation, and vice versa.  

Bottom-up computational modeling of axon requires mechanical characterization of individual 

components, and therefore, this study provides required insight on the strain rate dependent mechanical 

behavior of individual tau protein as well as tau-MT interface interaction. In injury biomechanics area and 

especially in multiscale traumatic brain injury (TBI) studies, these findings will play instrumental role to 

determine damage criteria at sub-axonal level. This molecular dynamics simulation study particularly finds 

out sub-axonal level response of neural cytoskeletal components, which are relevant to TBI scenario, where 

nanoscale injury propagates (axonal damage, MT instability, tau unfolding and stretching, tau-MT 
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separation) due to macroscale impact (head injury). To obtain more comprehensive insight on tau, we intend 

to perform studies incorporating physical chemistry parameters, and viscoelastic characterization.  
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CHAPTER 3 

EFFECT OF PHOSPHORYLATION ON TAU PROTEIN 

 

 

3.1 Introduction 

Phosphorylation has been associated with traumatic brain injury (TBI), dementia, Alzheimer’s disease 

(AD), formation of paired helical filaments (PHF) and neurofibrillary tangles (NFT) in tau and other 

neurodegenerations (Hawkins et al., 2013; Shultz et al., 2015). It can occur in different ways in tau, and 

while some modes can alter electrophoretic mobility of tau, some other modes cannot; and phosphorylation 

is correlated to AD PHF, causing cytoskeletal alterations (Baudier and Cole, 1987). Specifically, tau in AD 

brain is abnormally phosphorylated protein component of PHF (Grundke-Iqbal et al., 1986).  Therefore, it 

has gained attention in the recent years in cytoskeletal modeling studies. In this section, we will discuss the 

effect of phosphorylation and dephosphorylation that incorporates significant structural and chemical 

changes to cytoskeletal components, especially on tau-MT interaction.  

As tau protein is an intrinsically disordered protein (IDP), a brief introduction on IDP is relevant for this 

study (repeated in relevance, earlier discussed in our work on tau protein response under strict mechanical 

loading). Intrinsically disordered proteins (IDP) are special proteins involved in many different cell-

signaling pathways within the cell.  They have unique capabilities of performing different functions based 

on conformations that occur due to different post-translational modifications, different binding substrates 

(proteins, nucleic acids, fibers, etc.) and fewer of the order-promoting amino acids found within 

hydrophobic cores of proteins.  These include tryptophan, cysteine, tyrosine, leucine, phenylalanine, 

isoleucine, and valine.  On the other hand, the amino acid make-up of an IDP commonly includes an 

abundance of amino acids associated with disorder, including alanine, arginine, glycine, glutamine, serine, 

proline, glutamate, and lysine (Jorda et al., 2010). In recent years, IDPs have been more prominent in 
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biomedical research in an effort to understand their variable roles.  This paper discusses tau, which is 

heavily involved in Alzheimer’s Disease (AD), but Parkinson’s disease (alpha-synuclein), Amyotrophic 

Lateral Sclerosis (superoxide dismutase-1), and Huntington’s Disease (poly-glutamine gene products) are 

also caused by IDPs (Uversky, 2010). Without stable conformations and singular, defined functions, IDPs 

are prone to aggregation and once aggregated, burden the cell’s degradation machinery. 

After clarification on IDPs, we can move on to the specific introduction on phosphorylation effect on such 

proteins. Phosphorylation means attachment of a phosphoryl group to a molecule, and it has been 

considered important in protein functionalities, along with its counterpart named dephosphorylation. 

Phosphorylation has been shown to affect the activity of tau in vitro and microtubule associated protein 

activities in vivo, and it can be obtained by several protein kinases (Lindwall and Cole, 1984). Identification 

of the phosphorylated sites in abnormally phosphorylated protein samples is the approach to identify the 

respective kinases or phosphatases involved (Goedert et al., 1989). Cause of phosphorylation has been 

hypothesized as the function of several kinases and phosphatases (Churcher, 2006; Mazanetz and Fischer, 

2007). Numerous studies have suggested that phosphorylated taus are less effective than non-

phosphorylated ones on MT polymerization (Biernat et al., 1993; Bramblett et al., 1993; Cleveland et al., 

1977). It has also been found as a developmentally regulated phenomenon (Dudek and Johnson, 1995; 

Mawal-Dewan et al., 1994; Ono et al., 1995), or in elaboration, we can say that extent of phosphorylation 

in fetal tau can be compared to that of PHF tau from AD PHF (Kenessey and Yen, 1993).  

More importantly, it has been hypothesized to alter the ability of tau to bind microtubules (Buée et al., 

2000), though the specific mechanism of phosphorylation in this regard is uncertain. Electron micrography 

study shows that dephosphorylated tau can facilitate rapid polymerization of microtubules (Lindwall and 

Cole, 1984), and also that partially purified microtubules contain kinase which is capable of re-

phosphorylation of tau. The current conjecture is that the role of more than one enzymes (candidate kinases) 

might be related to phosphorylation and alteration of MT binding, and that kinase inhibitors can control the 

process of hyperphosphorylation, although existent review work admits that roles of MT associated kinases 
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and phosphatases are yet to be fully described (Billingsley and Kincaid, 1997), and it is not clear how many 

of them participate in tau phosphorylation in vivo (Buée et al., 2000). However, some specific studies have 

marked some kinases as related to controlling phosphorylation, such as GSK3, CDK5, MARK, etc. (Ferrer 

et al., 2005; Mazanetz and Fischer, 2007; Noble et al., 2005). Some studies on bovine and rat brains have 

shown that Calcium/calmodulin (CaM) dependent protein kinases can phosphorylate taus which is similar 

to AD lesions (Mandelkow and Mandelkow, 1998).  

Phosphorylation “level” has been hypothesized as an important marker of tau pathology, because it is at 

different levels in normal (or healthy) tau, fetal tau, adult tau and AD affected brains (Brandt and Lee, 

1993), and in general is related to the detachment from MTs, leading to changes in MT dynamics (Ballatore 

et al., 2007). Tau protein itself is a biomarker of AD, and both total and p-taus are increased in such 

disorders, as suggested by CSF studies (Sjögren et al., 2001). Experimentally it is found that levels of 

normal tau is significantly reduced in brain supernate from AD cases, or in other words, abnormally 

phosphorylated taus are increased in pathological scenarios (Khatoon et al., 1994; Köpke et al., 1993). 

Abnormal phosphorylation has been related to PHFs and AD and other neurodegenerative diseases, and 

therefore has obtained focus (Selkoe, 1991). However, there are some conflicting results in existence, which 

suggest that PHFs can be formed in a phosphorylation-independent manner also (Goedert et al., 1996). This 

“developmental regulation” aspect of phosphorylation is to be given proper attention, as different states of 

phosphorylation are observed in fetal and adult tau, and AD-like state similar to the fetal tau (Watanabe et 

al., 1993).  

There have been separate studies on tau structure, which suggest that phosphorylation level plays a critical 

role to distinguish healthy tau from pathological tau (Becker and Przybylski, 2007), and it also has been 

hypothesized to alter the ability of tau to bind MTs as well as other functionalities (Hanger et al., 2009). 

Earlier Monte Carlo simulation study that has attempted to find out the threshold of tau pathology suggested 

that numerous candidate amino acids can be phosphorylated, but under pathological conditions around 7 of 

them are actually phosphorylated (Jho et al., 2010). The abnormally phosphorylated tau proteins are 3-4 
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times more phosphorylated than the normal ones, and around 2 sites per mole of tau protein can be 

phosphorylated in normal condition (Kenessey and Yen, 1993). Recently, cryo-EM technology has been 

able to obtain 3-4Å resolution image of paired helical filaments (PHF) in AD affected brains (Fitzpatrick 

et al., 2017), which is directly related to abnormal phosphorylation in tau. Total tau vs p-tau studies, in 

order to find CSF biomarkers for diagnosis of AD, have been plenty, and in general suggested that p-tau is 

higher in AD affected brains (Mulder et al., 2010). Differential diagnosis of AD with cerebrospinal fluid 

(CSF) levels of tau phosphorylated at Thr-231 showed that the level is significantly higher in AD affected 

samples (Buerger et al., 2002). Another study also showed that CSF level of tau phosphorylated at Ser-396 

and Ser-404 can be diagnostic marker of AD (Hu et al., 2002). Also, separate CSF study on patients 

suggested in a similar way, that phosphorylated tau (p-tau) level is higher in AD brain than normal control 

group (Kandimalla et al., 2013). Therapeutic approaches targeting tau have recently focused on inhibiting 

tau fibril formation or dissolution of pre-existing aggregates, and thus preventing aberrantly phosphorylated 

and/or misfolded tau from forming more organized aggregates (Pickhardt et al., 2005). It is also believed 

that dephosphorylation is related to regaining MT functions and structural integrity (Ballatore et al., 2007). 

Furthermore, some phosphorylation related studies using separate phosphorylation dependent antibodies 

show that severity of the tau pathology (formation of PHF and NFT) can be related to this process in AD 

affected brains (Mandelkow et al., 1995).  

Also, there are separate studies in existent literature that focus on phosphorylation of specific residue (such 

as Ser-262), which show that certain serine phosphorylation can strongly reduce binding of tau to MTs 

(Biernat et al., 1993) (Biernat et al). Early studies showed that different serine residue such as Ser-199, Ser-

202, Ser-409, Ser-396 and threonine residues such as Thr-231 are phosphorylated in NFTs (Götz et al., 

1995). Phosphorylation in Ser-202 has been suggested to recapitulate phosphorylation in developmental 

stage (Goedert et al., 1993). Thr-181 has been related to AD in separate researches, where phosphorylated 

Thr-181 quantification has been analyzed (Haense et al., 2008; Ravaglia et al., 2008; Vanmechelen et al., 

2000). A review work has also found hyperphosphorylation in PHFs in general (Götz et al., 1995). In vivo 
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experiments has shown that green fluorescent protein (GFP) tau attaches with MT in a phosphorylation-

dependent manner (Samsonov et al., 2004). Critical site-based phosphorylation (such as in Ser-262, Thr-

231, Ser-396) studies show that it can reduce MT binding and form aggregation of tau, and also can be 

developmentally regulated (Biernat et al., 1993; Bramblett et al., 1993).  Quantification of binding of MT 

with tau is determined by the stoichiometry, or number of tubulin dimer attached to tau in phosphorylated 

state – the results of which suggested that phosphorylation can significantly reduce the stoichiometry, and 

creating mutated isoform by switching Ser-262 with an Alanine residue showed less sensitivity to 

phosphorylation, making it an important regarding tau-MT interaction. These studies also strengthen the 

argument that the residues can be phosphorylated by activity of more than one kinase and assert that 

although phosphorylation in many candidate amino acids (AA) is possible, certain phosphorylated residues 

can have major effect on MT binding.  

However, these studies also admit that the causal relationship between phosphorylation in specific site and 

reduced binding ability to MT, or pathology is debatable. Studies on monoclonal antibodies have been 

manifold, because it has been found that PHF tau reacts with certain antibodies in a phosphorylation-

dependent manner, and these studies have suggested that phosphorylation in Ser-199 and/or Ser-202 might 

be related to switch of normal tau to AD-like state tau in a reversible manner (Biernat et al., 1992). Although 

it might seem that phosphorylation in single sites can lead to decreased level of MT binding, this 

phenomenon is thought as insufficient to eliminate MT binding altogether (Seubert et al., 1995). Also, 

phosphorylation mechanism can be more complex than depicted in the above discussion focusing on the 

effect of phosphorylation of specific sites, because in abnormal condition (PHF tau), clustering can occur 

to the sites, giving multiple phosphorylated peptides with possible mutually exclusive combinations of 

phosphorylation (Goedert et al., 1992). As there are numerous putative phosphorylation sites in tau, and in 

AD more than 30 sites are phosphorylated which are determined by mass spectrometry, identification of 

critical sites (which are involved in converting normal tau to a pathological one) is difficult. However, some 

studies have shown that Ser-262, Thr-231 and Ser-235 inhibits the binding to MT by ~35%, ~25% and 
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~10% respectively (Iqbal et al., 1989). Other studies suggest that candidate critical sites can be Ser-

199/202/205, Thr-212, Thr-231/Ser-235, Ser-262/356 and Ser-404, while Thr-231, Ser-396 and Ser-422 

can promote self-assembly of tau into filaments (Alonso et al., 2004) (quantification comes from phosphate 

per mole of tau studies, which suggests that 4-6 phosphates/mol of protein indicates pathology). The 

residue-specific studies suggest that MT binding domain and its vicinity are the most important candidates 

to examine the effect of phosphorylation, especially the R1-R2 inter-region, which is also the most potent 

region for MT polymerization (Goode and Feinstein, 1994; Panda et al., 1995). Site-specific 

phosphorylation can lead to loss of MT binding, and weakening of the neuronal cytoskeleton (Mandelkow 

et al., 1995). Specific domain-focused studies have targeted MT binding site residues to observe the 

phosphorylation effects (Scott et al., 1991). However, such studies are not conclusive, because the structural 

integration and disintegration mechanism is highly complex and modulated by other parameters than tau 

phosphorylation (Avila, 1990). Dephoshorylation has been found to restore the ability of PHF to bind, but 

it is not clear how phosphorylation sites outside the MT binding region can regulate tau-MT interactions 

(Garver et al., 1996).  

We have already mentioned computational studies performed on tau-MT interaction as well. The other 

aspects of Monte Carlo simulation of tau-MT showed that due to charged nature of MT, electrostatic 

interaction is important to analyze their behavior, and while amino acids in tail domain of tau stay mostly 

apart from the MT surface, in bulk solution dephosporylated taus are separated due to coulomb repulsion 

between similarly charged isoforms, and moderate phosphorylation can decrease average intermolecular 

distance between dephosphorylated and phosphorylated taus, leading to their overlap (Jho et al., 2010).   

Based on the discussion above, phosphorylation can be considered as a biomarker for decreasing tau-MT 

bonding, but deeper investigations are still needed on the parameters and mechanisms that control 

phosphorylation. There are different mechanisms, such as O-glycosylation which are hypothesized to 

negatively regulate phosphorylation, and believed to be involved in AD (Liu et al., 2004; Yuzwa et al., 
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2008). Such investigations have suggested that reduced O-glycosylation can lead to hyperphosphorylation 

and eventually, the disorders we have mentioned above.  

There are certain limitations in the studies on phosphorylation effect, although numerous studies exist in 

literature. To mention a few, the studies cannot clarify the mechanisms of the effect of phosphorylation on 

residues outside MT binding region, they cannot conclusively answer the zone-based phosphorylation effect 

and pathological threshold of tau protein, and they cannot form any specific causal reason between 

phosphorylation in specific sites and reduced tau-MT interaction. Furthermore, similar phosphorylation 

state can be observed in normal and diseased taus – which clearly indicate that phosphorylation is not a 

stand-alone parameter to determine pathology. This study attempts to answer certain questions which were 

incompletely or not answered in earlier studies on domain-focused or residue-focused tau studies, such as 

how the mechanical stiffness of single tau is altered due to phosphorylation in different domains, how the 

required stretch for separation in dimerized tau is affected by this phenomenon, or how the tau-MT 

interaction is changed (tau-MT interaction studies have proposed several probable mechanism including 

hyperphosphorylation in specific residues leading to decreased tau-MT binding, but inconclusively).  

The MD simulations in the current study are designed accordingly: for single tau, we have obtained the 

secondary structure from i-TASSER (Zhang, 2008) predictor software and applied phosphorylation on 

relevant sites using CHARMM-GUI (Jo et al., 2008) to imitate phosphorylated condition. For domain 

focused phosphorylation, we have applied phosphorylation in different domains, while for residue focused 

phosphorylation, we have applied phosphorylation in specific residues (details in the “Method” section). 

For dimerized tau, we have made the models with overlapped projection domains as depicted by Rosenberg 

et al (Rosenberg et al., 2008). For tau-MT interaction, we have used Chau et al proposals of interaction, 

where tau can interact with one or both subunits of MT (Chau et al., 1998). We have applied 

phosphorylation to the dimerized and tau-MT models in the similar manner as single tau models. In the 

results and discussions section, we discuss on the tensile tests performed on all the models in detail.  
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3.2 Method 

Tau protein has three domains in its structure: projection domain, MT binding domain, and tail domain. 

The projection domain of one tau creates electrostatic zipper bond with the projection domain of another 

tau – resulting in dimerized tau (Rosenberg et al., 2008). Furthermore, tau proteins attach themselves onto 

the surface of MT through the MT binding domain (Chau et al., 1998). Therefore, while designing tensile 

tests, there are three scenarios to be considered: first, single tau projection domain unfolding and stretching 

needs to be differentiated based on the applied strain rate; second, dimerized tau separation strain needs to 

be determined, and third, the tau-MT separation stretch needs to be determined. These specific scenarios 

are relevant to TBI scenario, as while susceptible to TBI, single tau projection domain gets significantly 

stretched, dimerized tau proteins become vulnerable to stress development in their overlapped projection 

domain areas, and tau gets stretched which leads to separation from MT surface. It is also important to 

differentiate their mechanical behavior according to their phosphorylated states. Therefore, in single tensile 

tests, we have stretched single tau projection domain while keeping the MT binding region fixed. In 

dimerized tau system, we have pulled the MT binding domain of one tau protein while keeping the MT 

binding domain of another tau. In tau-MT system, we have pulled the tau projection domain from MT 

surface, and determined at what strain the MT binding domain of the tau gets separated from the MT 

surface. At the end of the Method section, Table 3.2 shows the simulation box sizes used in this study.    

By going through the recent computational approaches on intrinsically disordered proteins (IDPs), we have 

found that recent years have observed significant improvement in computational studies by using predicted 

structure. Notable examples are electrostatic study (Castro et al., 2019) and aggregation behavior study on 

tau (Battisti et al., 2012). The method used here is the similar to our earlier work on single tau, dimerized 

tau and tau-MT interaction models, except that we have incorporated new models with phosphorylation in 

different domains of tau to observe how chemical effects withstand extreme mechanical loading. It is 

already substantiated by recent review study that such molecular level study on mechanical behavior is 

required to obtain a comprehensive insight regarding tau (Khan et al., 2020a).  
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In the current study, the tau protein structure is obtained from i-TASSER predictor software. We have used 

the model with the C score of -0.03 (the C score is determined based on significance of threading template 

alignments and the convergence parameters of the structure assembly simulations) which we have assumed 

satisfactory for an IDP. We have used the quick-MD simulator module from CHARMM-GUI for applying 

phosphorylation. Phosphorylation was applied to these Serine (SER) residues for domain focused 

phosphorylation: a. for projection domain: 46, 56, 61, 64, 68, 113, 129, 131, 137, 184; b. for MT binding 

sites: 258, 262, 285, 289, 293, 305, 316, 320, 324, 341; and c. for N-terminus tail: 396, 400, 404, 409, 412, 

413, 416, 422, 433, 435. Finally, for the set with phosphorylation in all domains, we mean that all the SER 

residues mentioned above are phosphorylated simultaneously. In case of residue focused phosphorylation, 

we have selected 7 residues which have been found at phosphorylated state widely in case of 

neuropathology such as formation of PHF or AD. These selected residues consist of six serine (SER) 

residues: 199, 202, 262, 396, 404, 409, and Threonine (THR) residue 231. The selection was made 

according to earlier studies, the reference list of which is shown in Table 3.1. We have focused on the 

residues which are found to have decreased tau-MT bonding in one or more studies.  

 

Table 3.1: Selection of phosphorylation sites in tau protein based on earlier studies  

Critical Phosphorylation Site Reference No.  

Ser199, Ser202, Ser396, Ser409, 

Thr231 

(Biernat et al., 1992; Mandelkow and 

Mandelkow, 1998; Mandelkow et al., 

1995; Pickhardt et al., 2005; 

Santarella et al., 2004; Trinczek et al., 

1995) 
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Thr181 (Biernat et al., 1992; Fitzpatrick et al., 

2017; Goedert et al., 1992, 1989; Götz 

et al., 1995) 

Thr231 (Buerger et al., 2002; Haense et al., 

2008) 

Ser396, Ser404 (Bramblett et al., 1993; Hu et al., 

2002; Kenessey and Yen, 1993) 

Ser199, Ser202, Ser262 (Trinczek et al., 1995) 

Ser199, Ser202, Ser205, Ser235, 

Ser262, Ser356, Thr212, Thr231 

(Biernat et al., 1993; Goedert et al., 

1993; Iqbal et al., 1989; Seubert et al., 

1995) 

R1-R2 inter-region (Buée et al., 2000) 

  

The dimerized model was created by using UCSF Chimera (Pettersen et al., 2004), in which we have 

overlapped the projection domains of two identical tau proteins. We have used implicit solvent technique 

of CHARMM in LAMMPS (pair_style lj/charmm/coul/charmm/implicit command) for the tensile tests of 

dimerized tau and tau-MT interaction, which facilitates a bigger box size, faster calculation and therefore, 

convenient observation of the protein systems we have built, at the cost of more realistic scenario of explicit 

water molecules, which would be computationally demanding at our required box sizes. The implicit 

solvent mechanism computes with a modification of adding an extra r-1 term for Coulombic energy 

calculation, which depicts a simpler calculation method for unsolvated biomolecules. The reader can find 

the relevance of using implicit solvent simulation for such cytoskeletal systems from the supplementary 

material of Wu et al (Wu and Adnan, 2018).  
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For domain focused phosphorylation, the MT structure is obtained from the existing model built by Wells 

et al (Wells and Aksimentiev, 2010). We have used the N system described in the paper, in which there are 

helically organized four subunits (two α, two β) and the same type of subunits are placed beside each other, 

each having one GTP or a GDP, along with one Mg2+ ion in the junction. The tau-MT interaction system 

was created by UCSF Chimera as well, where the tau binding sites are placed in close proximity of the MT 

binding sites as proposed by Chau et al (Chau et al., 1998). For residue focused phosphorylation, we have 

attached the MT binding sites of two different tau proteins on the MT surface, one being normal and the 

another phosphorylated at the 7 residues. The full MT structure is obtained by periodically repeating the 

helical structure along the length direction, creating a virtually infinite MT. In the accumulation test, we 

have created four (4) systems: 2 tau system, 3 tau system, 4 tau system, and 6 tau system. The 3 tau system 

is the reference system, while 2 tau system is created by removing the second protein from the 3 tau system, 

4 tau system is created by offsetting protein 1 at 40Å distance in z-direction, 6 tau system is created by 

offsetting protein 1, 2, and 3 at 40Å distance in z-direction. In the reference 3 tau system, the tau proteins 

are placed in random orientation, in the vicinity of each other and in presence of explicit water molecules, 

and then equilibrated for 1ns at 310K NVT ensemble. The equilibration setting is the same for 2, 4, and 6 

tau systems.  

For the tensile tests, with periodic boundary conditions in all three directions, we have equilibrated the 

structures for all cases (single tau, dimerized tau and tau-MT) for 100ps to minimize the potential energy 

at a targeted temperature of 310K. Single tau, dimerized tau and tau-MT contained ~6400, ~12800 and 

~33000 atoms respectively (the exact number of atoms varied according to the level of phosphorylation). 

The LJ potentials are used with inner and outer cutoff of 10Å and 12Å, respectively.  

We have used CHARMM36 (Best et al., 2012; Brooks et al., 2009; MacKerell et al., 1998) potential 

parameters with appropriate CMAP corrections (Buck et al., 2006) for all the simulations. Potentials for 

GDP and GTP are taken from that of ADP and ATP respectively (Wells and Aksimentiev, 2010). The 

equilibration was performed in NVT canonical ensemble, with the temperature damping parameter of 100fs.  
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Tensile tests are performed in different manners for domain focused and residue focused phosphorylation. 

In the tensile test on single tau, we have fixed the MT binding domain and pulled the projection domain 

along x axis. For dimerized tau, we have fixed the MT binding domain of one protein and pulled away the 

MT binding domain of another protein along x axis. For tau-MT, we have fixed the microtubule subunits 

(the portions that are opposite of the tau binding sites on them) and pulled away the tau protein. Tau-MT 

tensile tests are done at high strain rate (2x109 s-1). However, for residue focused phosphorylation, the upper 

and lower layers of the periodic MT structure were fixed, while few projection domain atoms of the attached 

tau proteins were pulled at two different strain rates (109 s-1 and 2x109 s-1). For the tau accumulation test, 

only 1ns equilibration was assumed sufficient to observe. The high strain rate on neural cytoskeletal 

components are relevant to TBI scenario, which we attempt to focus on particularly (Wu and Adnan, 2018).   

LAMMPS allows to calculate the force on a group of atoms along with the displacement with convenience. 

Furthermore, stress-strain plots are obtained by the per-atom stress calculation and summation in 

LAMMPS. However, as the output is in (pressure x volume) unit, we must divide the obtained stress value 

by the volume of the protein (or certain portion of the protein). The general formulation used by stress per 

atom command is P = (Pxx+Pyy+Pzz)/ (3xV), where Pxx, Pyy and Pzz is the summation of stress/atom value 

for all atoms in x, y, and z direction respectively, and V is the summation of volume of the atoms of the 

protein being considered. The approximated volume was obtained by Voronoi cell approximation, adapted 

from LAMMPS voro++ package (Rycroft, 2009). The strain is simply obtained by the displacement of the 

atoms from the initial position. All the tensile tests are performed in NVT ensemble, with 100fs temperature 

damping parameter. The visualizations of the tensile tests are carried out by OVITO software (Stukowski, 

2010).   

All the simulations were carried out by the STAMPEDE2 supercomputer of Texas Advanced Computing 

Center (TACC).  
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Table 3.2: Simulation Box Sizes and Setup Used in this Study 

 

Phosphorylation State System Simulation box size  

(nm x nm x nm) 

Setup 

Domain 

Phosphorylation 

Single Tau 30 x 12 x 12 MT binding site is fixed and 

projection domain is pulled 

Dimerized Tau 200 x 20 x 15  MT binding site of one protein is 

fixed, MT binding site of another 

protein is pulled 

Tau-MT 200 x 20 x 15 Upper and lower layers of MT are 

fixed, tau projection domain is pulled 

Residue 

Phosphorylation 

Tau-MT 182 x 39x 33 Upper and lower layers of MT are 

fixed, tau projection domain is pulled 

Tau 

Accumulation: 

2 tau system 

40 x 20 x 15  1ns equilibration 

Tau 

Accumulation: 

3 tau system 

40 x 20 x 15  1ns equilibration 
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Tau 

Accumulation: 

4 tau system 

40 x 20 x 20 1ns equilibration 

Tau 

Accumulation: 

6 tau system 

40 x 20 x 20 1ns equilibration 

 

 

3.3     Results  

3.3.1 Domain Focused Phosphorylation 

3.3.1.1 Single Tau Unfolding and Stretching  

We have performed the tensile tests at high strain rates (5x108 s-1 and 1x109 s-1).  The MT binding region 

atoms are fixed, and first few atoms of the projection domain are pulled at –x direction. The calculated 

force-displacement and stress-strain graphs are shown in Figure 3.1a. As we have already seen in our 

previous work, unfolding is followed by stretching of the covalent bonds, therefore we observe two distinct 

slopes in the graph. The stretching does not begin until the tau is highly unfolded (~200%), and that is 

followed by a combination of unfolding and stretching in the projection domain. We have calculated the 

unfolding stiffness from the linear fitting 0% to 175% strain graphs, while the stretching stiffness is obtained 

from that of 200% to ~268% strain graphs. Figure 3.1b shows the different distinguishable stages of the 

tensile tests: unfolding and stretching. From our earlier work, we have shown that strain rate greatly affects 

the unfolding and stretching stiffness in both unfolding and stretching region. However, in the current work, 

Table 3.3 and Figure 3.1 show that in the unfolding region the phosphorylation alters the stiffness 

dynamically. The results indicate that both at the unfolding and stretching regions, we have obtained 
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different slopes for different phosphorylated domain. For phosphorylation in tail, we have obtained smallest 

slope in the unfolding region (<100MPa). For normal, phosphorylation in MT binding sites and all domains, 

the stiffness is significantly higher in the stretching region. We can suggest that domain focused 

phosphorylation can dynamically affect the stiffness of single tau chain while unaffected by external 

parameters such as intervention of tau-MT interaction, and that we cannot predict a trend of increasing 

stiffness if we monotonously increase the number of phosphorylated sites by arbitrarily applying 

phosphorylation. However, we can attempt to predict the change of stiffness due to phosphorylation and 

strain rate dependency simultaneously, which is out of the scope of this manuscript. The estimated stiffness 

for both regions, however, are in reasonable range, according to our previous work on the effect of strain 

rate on tau protein and existent literature, and the randomness of our results strengthens the current 

hypothesis obtained from the literature that not only phosphorylation is responsible for the stiffness of the 

tau protein structure, but also other parameters may also be equally important.  

 

Table 3.3: Unfolding stiffness and stretching stiffness of single tau for phosphorylation in different domains  

 

Strain Rate 5x108s-1 1x109s-1 

Phosphorylation 

Domain 

Unfolding  

Stiffness  

(MPa) 

Stretching 

Stiffness  

(MPa) 

Unfolding 

Stiffness 

(MPa) 

Stretching 

Stiffness 

(MPa) 

Normal 129 549 285 1198 

Projection Domain 144 442 227 317 

MT Binding Sites 128 520 191 1050 
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Tail 97 731 179 890 

All Domains 113 857  175 962 
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Figure 3.1a: Force vs Displacement and Stress vs strain plot of single tau projection domain. Up to ~175% 

strain, tau protein keeps unfolding, and after that we see a sharp rise in the slope, suggesting the pure 

stretching of covalent bonds. We have obtained results for greater than 300% strain for most cases, but only 

up to ~268% strain is shown for all cases. i-ii) 5x108s-1, iii-iv) 1x109s-1. Data smoothened by using moving 

average.  
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Figure 3.1b: Different stages of the tensile test on single tau (normal phosphorylation, strain rate: 1x109s-

1). i. Initial single tau structure (strain = 0%), ii. tau protein being unfolded due to pulling at 109 s-1 (strain 
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= 36%). Color legends: green: projection domain, red: MT binding region, blue: N terminus or tail, white: 

interrepeats between the MT binding regions.  

 

3.3.1.2 Dimerized Tau Separation   

We have attempted to observe the developed stress and possible sliding out of tau projection domain at high 

stretch, and the effect of phosphorylation on this phenomenon. We have fixed the MT binding site of one 

tau and pulled away the binding site of another tau. The force-displacement and stress-strain graphs 

(calculation procedure was similar to single tau) for the projection domain of the tau protein that has been 

pulled along the -x direction, at the strain rate of 2x109 s-1 were plotted in Figure 3.2a (ii). Several sub-

stages are observed as expected for the strain rate of 2x109 s-1 which are shown in Figure 3.2b (we are 

referring to the protein with fixed MT binding region as protein 1, and the protein being pulled as protein 

2): i. Unfolding of protein 2 (up to 163% strain), ii. Stretching of protein 2 (up to 257% strain), iii. Unfolding 

of protein 1 (up to 334% strain), iv. Stretching of protein 1 (up to 395% strain), v. Disentanglement of the 

overlapped projection domains of the tau proteins (up to 721% strain), vi. Sliding out or projection domain 

along with stretching (very fast, occurs at around 722% to 758% strain region), and vii. Separation of 

proteins (~758% strain). For normal phosphorylation level, we have already observed that strain rate 

significantly affects the required stretch for separation. However, in this study, the phosphorylation in 

different domains hardly affected the separation stretch (~750%) except for the case of phosphorylation in 

all domains (~600%), while unfolding and stretching occur in the similar manner for all cases. We can 

conclude that although the existent studies suggest that phosphorylation can promote accumulation of taus, 

it may not be reflected in separated dimerized tau, or domain focused phosphorylation can undermine the 

effect of phosphorylation on dimerized taus in an unpredictable manner, although the ability of tau for being 

highly stretched stays unaffected. In the Appendix, Figure A4.1 shows potential energy plots vs time, which 

suggests that although potential energy level is almost the same for all phosphorylation states, it 

significantly reduces at separation for all cases.  
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Figure 3.2a: i. Force-Displacement and ii. Stress-strain curve of protein 2 projection domain for 

phosphorylation in different domains (strain rate: 2x109s-1). There are several stages observed before 

complete separation of dimerized tau: such as unfolding of protein 2, stretching of protein 2, unfolding of 

protein 1, stretching of protein 1, disentanglement of the overlapped projection domains along with 

stretching and finally, complete separation. Complete separation occurs at almost same strain for all the 

cases (~750%), except for phosphorylation in all domains simultaneously (~600%). Data smoothened by 

using moving average.  
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Figure 3.2b: Stages observed during the pull of one protein in the dimerized tau model (normal 

phosphorylation, strain rate: 2x109s-1). i. Initial stage (strain: 0%), ii. Unfolding of protein 2 (strain: 135%), 

iii. Stretching of protein 2 (strain: 177%), iv. Unfolding of protein 1 (strain: 325%), v. stretching of protein 

1 (strain: 345%), vi. Disentanglement of the overlapped projection domains of the tau proteins (strain: 

430%), vii. Continued disentanglement (strain: 676%), viii. Sliding out of projection domain (strain: 750%), 

ix. Separation of proteins (strain: 758%). Color legends: Green: Projection domain of protein 2, Blue: 

projection domain of protein 1, Red: MT binding region (including the interrepeats) for protein 1 and 2, 

Yellow: N terminal tails of protein 1 and 2.  

 

3.3.1.3 Tau-MT Interaction  

In our previous study, we have already shown the tau-MT interaction for normal phosphorylation, and that 

tau-MT bonding is stronger than MT subunit bonding. In this study, we perform similar tensile tests in high 

strain rate (2x109 s-1) for domain focused phosphorylation. We observe different phenomena for 

phosphorylation at different domains, although the unfolding and stretching due to the pulling force are 

similar for all cases. The observations are summarized in Table 3.4. For all cases, we have observed 

expected tau protein unfolding followed by stretching. For normal phosphorylation, we observe vigorous 

stretching of MT binding site before separation from MT surface at the strain of 1125%. For 

phosphorylation in projection domain and tail, we observe similar stretching and separation at higher strain 

(1330%). For phosphorylation in all domains, we observe early separation, at 918%. However, the 

observation for phosphorylation in MT binding sites is quite different, we see that the MT binding region 

gets stretched significantly along with the MT tubulin surface, but does not separate, although we have 

continued the simulation for up to 2000% strain. It is to be noted that we have considered tau as separated 

from MT when the MT binding region of tau is completely separated from the MT surface. Figure 3.3a(ii) 

and 3.3b shows the stress-strain graphs and the observed stages in the simulation. In the Appendix, Figure 
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A4.2 shows the potential energy trend, which shows that potential energy takes a sharp decrease at 

separation for all cases.  

 

Table 3.4: Observation of tau-MT interaction for phosphorylation at different domains (strain rate: 2x109 

s-1).      

 

Phosphorylation MT Binding Site 

Separation  

(Strain, %) 

Normal 1125 

Projection 1330 

MT Binding 

Site 

No (Up to 2000%) 

Tail 1330 

All 918 
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Figure 3.3a: i. Force-displacement and ii. Stress-vs Strain graph for the projection domain of tau during 

the pulling from MT (strain rate: 2x109s-1). For normal phosphorylation, separation occurs at ~1125% strain. 

For phosphorylation in projection domain and N-terminus tail, it occurs at ~1330% strain. For 

phosphorylation in MT binding sites, it does not occur (we have continued the simulation for this case up 

to 2000%). For phosphorylation in all domains, the separation occurs at ~918%. Data smoothened by using 

moving average.  
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Figure 3.3b: Observation during the pulling of tau along -x direction (normal phosphorylation, strain rate: 

2x109s-1). i. Initial stage (strain: 0%), ii. Unfolding of tau projection domain (strain: 376%), iii. Stretching 

of tau projection domain (strain: 640%), iv. Onset of tau MT binding region separation (strain: 1095%), v. 

Separation of MT binding region from MT surface (strain: 1125%). Color legends: dark green: tau, red: 

MT binding region of tau (including the interrepeats), orange: α subnit 1, pink: β subnit 1, blue: α subnit 2, 

light green: β subnit 2, white: GDP and GTP atoms and Mg2+ ion.  

 

3.3.2 Residue Focused Phosphorylation 

3.3.2.1 Tau-MT Interaction: Normal vs Phosphorylated Tau  

The domain focused phosphorylation simulations have shown that we cannot establish a definite trend of 

the change of mechanical properties according to the phosphorylation at different domains of tau. 

Furthermore, it is possible that residue focused phosphorylation can provide more insight about the effect 

of phosphorylation. Therefore, we have performed another set of simulation by attaching one normal and 

one phosphorylated tau (phosphorylated in seven selected sites) on the same MT surface in order to 

understand which one is prone to separate earlier under the application of the same strain rate. We have 
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pulled the tau projection domain at two different strain rates (109s-1 and 2x109s-1). In both cases, we have 

observed that the phosphorylated tau separates from the MT surface earlier than the normal tau (at ~90% 

less strain for both cases).  The effect of strain rate is important for this study, as we have observed that at 

lower strain rate the separation occurs at higher strain, that is, high strain rate tends to separate the tau 

protein from the MT surface earlier, and at lower strain rate, the tau is able to stay attached with the MT 

surface for 20-40% more strain, depending on the strain rate, which is consistent with the results of our 

earlier work on tau-MT interaction. The observation is also compatible with earlier studies which suggested 

that phosphorylation significantly decreases tau-MT bonding (refer to Table 3.1 in the Method section). 

Additionally, this study further highlights the highly stretchable characteristic of tau and strong tau-MT 

bond, even at phosphorylated state. Figure 3.4a shows the stress vs strain graph of the tau projection domain 

for the two strain rates. Figure 3.4b shows the stages of tau-MT interaction in our simulation at the strain 

rate of 2x109s-1. Similar to the tau-MT interaction study in the first portion of the manuscript, tau is 

considered to be separated from MT when the MT binding region is completely separated from MT surface. 

Figure 3.4a and 3.4b show the force vs displacement and stress vs strain graphs for four sets of simulation, 

and observable stages up to separation, respectively. In the Appendix, Figure A4.3 shows the potential 

energy trend for the four sets, which suggests that potential energy decreases significantly at separation, 

and potential energy is significantly less at phosphorylated state than at normal state. Moreover, they are of 

close values irrespective of applied strain rate. The observation agrees to previous findings that 

phosphorylation alone cannot signify the stability of tau-MT system, and even at selectively phosphorylated 

state, the system can be more stable than at normal state.    
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Figure 3.4a: i. Force vs Displacement and ii. Stress vs Strain graph for the projection domain of tau during 

the pulling from MT. At the strain rate of 109s-1, for normal phosphorylation, separation occurs at ~1193% 

strain, while for phosphorylated tau, it occurs at ~1100% strain. At the strain rate of 2x109s-1, for normal 

phosphorylation, separation occurs at ~1170% strain, while for phosphorylated tau, it occurs at ~1060% 

strain. The continuous unfolding and stretching patterns are similar for both cases. Data smoothened by 

using moving average.  
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Figure 3.4b: Observation during the pulling of tau in the x direction (normal phosphorylation, strain rate: 

2x109s-1). i. Initial stage (strain: 0%), ii. Unfolding of tau projection domain (strain: 228%), iii. Stretching 

of tau projection domain (strain: 932%), iv. MT binding region separation for the phosphorylated tau (strain: 

1060%), v. MT binding region separation for normal tau (strain: 1170%). Color legends: Red, blue, green 

and yellow: repeating helical units of MT, light green: projection domain and tail of normal tau, pink: MT 

binding region of normal tau (including the interrepeats), orange: projection domain and tail of 

phosphorylated tau, maroon: MT binding region of phosphorylated tau (including the interrepeats).  

 

3.3.2.2 Tau Accumulation Test 

From the existent literature we already know that formation of PHF and tau accumulation are biomarkers 

of neuropathology, which are highly dependent on phosphorylation. As a part of residue based 

phosphorylation simulations, we have placed two, three, four, and six tau proteins in the simulation box in 

presence of explicit water molecules, minimized the potential energy and equilibrated at 310K for 1ns in 

order to observe possible difference in tau accumulation for normal and phosphorylated cases. Although 

the potential energy graphs are similar for both normal and phosphorylated cases of all systems (refer to 
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the Appendix, Figure A4.4-A4.7), we have observed that the normal taus did not accumulate throughout 

the simulation, while the phosphorylated ones shown distinguishable tendency to decrease the distance 

between each other. We admit that 1ns is very small timescale for observing total accumulation. Therefore, 

in order to quantify the decrement of the distances between the tau proteins, we have calculated the relative 

distance between the mass centers of the projection domains of the tau proteins throughout the simulation, 

and the differences between the coordinates depict how much they have come closer (or got further away) 

during the simulation. The calculation is focused on the projection domains of the tau proteins, as 

dimerization or polymerization occurs in this region, and therefore it is important for us to obtain insight 

on the accumulation tendency of this region. As a representative system, we have chosen the 3 tau system, 

and Figure 3.5a shows the snapshots at the beginning, intermediate stage, and end of the simulation for both 

cases. Figure 3.5b shows the comparison of relative distances in three-dimensional space between the tau 

proteins in normal and phosphorylated states for all cases. Due to the irregular shape of tau protein, the 

distances between the overall mass centers do not reflect much on the tau accumulation, but the distances 

between the mass centers of the projection domains of the tau proteins placed in vicinity of each other do. 

For example, the projection domain mass center distances in the three dimensional space are approximately 

15Å, 20Å and 18Å less for phosphorylated tau proteins than the normal tau proteins for protein 1 to protein 

2, protein 2 to protein 3 and protein 3 to protein 1 respectively in the 3 tau system, which essentially suggests 

the tendency of tau accumulation in phosphorylated state. It is to be mentioned that for 2 and 3 tau systems, 

the projection domain mass center distances are reported by showing distances for all the combinations. 

However, for 4 tau system, it is only meaningful to report the distance between the projection domains of 

protein 1 and protein 4, as the system is created by offsetting protein 1 at a 40Å distance in the z direction, 

and therefore, protein 1 will tend to interact with the projection domain of the nearest neighbor, which is 

protein 4. For the same reason, the only insightful way to quantify the decrease of distances at 

phosphorylated condition is to report the following distances: protein 1 to protein 4, protein 2 to protein 5, 

and protein 3 to protein 6. Figure 3.5b summarizes the observation that in all systems, residue 
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phosphorylated proteins show less distance than the normal ones, which suggests greater accumulation 

tendency.    
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Figure 3.5a: Snapshots at different times during the 1ns NVT equilibration for normal and phosphorylated 

taus (at 7 sites).  For phosphorylated taus, tendency to decrease the distance between the proteins is 

observed. i. Normal tau: 0ps, ii. Normal tau: 100ps, iii. Normal tau: 500ps, iv. Normal tau: 1ns, v. 

Phosphorylated tau: 0ps, vi. Phosphorylated tau: 100ps, vii. Phosphorylated tau: 500ps, viii. Phosphorylated 

tau: 1ns. Color legends: Red: protein 1, Green: protein 2, Yellow: protein 3.   
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Figure 3.5b: Projection domain mass center distance of the proteins as a function of time. i. 2 tau system, 

ii. 3 tau system, iii. 4 tau system, iv. 6 tau system.  

 

3.4 Discussion 

In this study, we have analyzed the response of tau protein and tau-MT interaction from a mechano-

chemical point of view to address a current limitation in the literature manifested by absence of 

comprehensive study on tau protein mechanical behavior (Khan et al., 2020a). We have performed tensile 

tests on a predicted structure of tau protein to determine the single tau projection domain stiffness, 

dimerized tau separation stretch, tau-MT separation stretch, and compared tau accumulation tendency in 

non-phosphorylated and phosphorylated states in nanosecond time scale. For a disordered protein, the 

confidence score (C-score) of -0.03 has been assumed as reliable in our simulation. The detail of 

quantification of the reliability for a protein structure predicted by i-TASSER (Zhang, 2008) is discussed 

in the supplementary material of this manuscript. It is to be noted that several reference are repeated in this 

manuscript due to relevance to the mechano-chemical viewpoint, and are discussed in detail in the 

discussion section on our earlier work on tau protein, which observed tau and tau-MT phenomena from 

strictly mechanical perspective.  

From our extensive literature review, application of high strain rate and the resulting unfolding and 

stretching alone do not induce any phosphorylation-related symptom or disease in human body, but 

phosphorylation state significantly manipulates the manner of unfolding, stretching, and tau-MT binding 

affinity as found by our results. This study is performed to provide a novel insight on simultaneous 

mechanical loading and phosphorylation effect on tau protein. Existent literature shows that aside from tau 

protein being a biomarker of TBI, its behavior such as tau-MT affinity, unfolding, etc. strongly depend on 

the phosphorylation state. Therefore, it is important to discuss the mechanical behavior of tau protein 

according to domain-phosphorylated and residue-phosphorylated states. In other words, from the TBI 
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perspective, it is important to obtain insight regarding the extent of injury of a person affected by brain 

injury due to exposure to blast wave and resulting mechanical loading on axonal cytoskeleton components 

of neuron. Indeed, a more comprehensive insight is obtained if we incorporate the biochemical effect, as 

the tau-MT affinity is hypothesized to be significantly dependent upon the phosphorylation state. In a 

nutshell, this study investigates simultaneous mechanical loading (brain trauma) and biochemical 

phenomena (domain phosphorylation and residue phosphorylation).  

For our simulations, we have utilized CHARMM force field. However, there are several other alternative 

force field, such as COMPASS (McQuaid et al., 2004), or reactive force field like ReaxFF (Senftle et al., 

2016). However, in our case, the main objective is to capture large deformation, which requires large 

simulation box size. For such large systems associated with significant unfolding and stretching, using 

ReaxFF is highly expensive. Furthermore, recently published work on microtubules has shown that 

CHARMM can successfully capture the deformation associated with high strain rate (Wu and Adnan, 

2018).  

The strain rates that we have applied fall into high to very high range. It is possible to deduct the response 

of our systems under more realistic strain rate by using Bell’s theorem (Buehler and Ackbarow, 2007), 

which suggests that material behaves as more stiffer when applied strain rate is increased due to logarithmic 

increment of rupture force of intermolecular bond (Ahmadzadeh et al., 2014). Considering these aspects of 

this theorem, this could be a possible future direction. However, the range of strain rate we have used is 

relevant to TBI scenario, especially in the length scale of the simulations we have performed. In reality, 

moderate level blow on the head may lead to high level tissue deformation, which eventually leads to 

extreme level of stress and failure in sub-axonal level components, supported by recent finite element 

method (FEM) studies on axon (Cloots et al., 2011, 2010). These studies show that axonal level anisotropy 

and cellular level heterogeneity might play instrumental role to determine failure criteria of the components, 

and injury level. Also, this level of strain rate is justified in the scenario of cavitation bubble collapse or 

blast wave exposure, which leads to intensely high stress in sub-axonal component (Wu and Adnan, 2018).  
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Phosphorylation effect on tau protein and its ability to alter mechanical behavior has been hypothesized as 

an important parameter in cytoskeletal studies, but the causal postulates have been dubious for multiple 

reasons. Experimental studies have already shown that aggregation can be phosphorylation independent 

(Goedert et al., 1992) and healthy to disordered conformation is reversible (Biernat et al., 1992). First, due 

to the dynamic nature of tau-MT interaction scenario, it is postulated that phosphorylation is not the only 

parameter and a dynamic combination of several biochemical parameters have ability to alter tau behavior 

(Churcher, 2006; Lindwall and Cole, 1984), and that multiple parameters might play crucial role to invoke 

a certain single physical or chemical response (Churcher, 2006). Second, healthy versus phosphorylated tau 

protein vulnerability to instability under mechanical load has not been quantified. Admittedly, 

quantification from this outlook is difficult because phosphorylation is not only developmentally regulated 

(Dudek and Johnson, 1995; Goode and Feinstein, 1994), but also dependent on stoichiometry and number 

of tubulin dimer attached in phosphorylated state, which may invoke less sensitivity to phosphorylation 

effect (Gustke et al., 1994). The absence of causal relationships between the mechanism of phosphorylation 

and its effect was the primary motivation of the current study, and essentially the results provide new insight 

from both perspectives.  

In order to avoid overemphasizing on solely phosphorylation effect, the quantification of both domain 

focused and residue focused phosphorylation must be considered. From that perspective, the healthy versus 

considerably phosphorylated tau protein response under extreme mechanical load has been documented in 

this manuscript, where the phosphorylation level from the literature and in this manuscript are comparable. 

Moreover, MD simulation has proven to be particularly useful in the current study, as we have been able to 

observe tau protein behavior in realistic environment in nanometer length scale, retaining the atomistic 

details.  

The general observation is negligible to no sensitivity of domain focused phosphorylation to mechanical 

load, whereas higher level sensitivity of residue focused phosphorylation suggests the importance of 

targeting specific residues in critical region around MT binding region, and justifies the tendency of kinases 
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of attacking active sites in the side chains of tau protein filament and interrepeat regions of MT binding 

sites. From the literature it is already evident that not all phosphorylation sites play equally significant role 

to determine tau-MT interaction, and therefore, a more comprehensive residue-by-residue phosphorylation 

effect study would provide more complete insight on the effect of strain rate in presence of posttranslational 

modification at different domains or residues. However, after comprehensive literature review on this 

aspects, the author would recommend practicing reservation while selecting phosphorylation sites, as single 

site phosphorylation can affect the tau-MT affinity, but not strong enough to overlook other effects; and 

due to possible clustering effects, mutually exclusive combination of phosphorylation sites might be equally 

strong candidates to alter the mechanical behavior of tau and tau-MT interaction.  

Earlier studies have repetitively suggested that residue-focused studies can provide more quantitative 

insight than the domain-focused ones, and that a representative pathological state of tau would consist of 

7-8 phosphorylated sites (Jho et al., 2010; Kenessey and Yen, 1993). Furthermore, from the domain point 

of view, the projection domain in the vicinity of MT binding region, and the interrepeat domains in the MT 

binding region are the strongest candidates to alter tau-MT binding affinity. Therefore, the current study 

can reliably represent the phosphorylation effect from both phosphorylation level and active site location 

standpoints; and especially the observation from the residue-focused tau-MT interaction results further 

substantiates the selection of active phosphorylation sites in this region. Our selection of critical 

phosphorylation sites SER 199, 202, 262, 396, 404, 409, and THR 231) takes the possibility of weakening 

the cytoskeleton into account, as well as attempts to highlight the effect of phosphorylation effect outside 

MT binding region, which were not conclusive in the earlier studies (Biernat et al., 1992; Bramblett et al., 

1993; Buerger et al., 2002; Haense et al., 2008; Hu et al., 2002; Kenessey and Yen, 1993; Mandelkow and 

Mandelkow, 1998; Mandelkow et al., 1995; Pickhardt et al., 2005; Santarella et al., 2004; Trinczek et al., 

1995).  

The response of single tau, dimerized tau, and tau-MT interaction in presence of domain-focused 

phosphorylation suggested that phosphorylation effect in different domains or multiple domains 
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simultaneously might be ineffective in presence of extreme mechanical load. On the other hand, residue-

focused phosphorylation in tau-MT system and tau accumulation system suggested strong effect of 

phosphorylation irrespective of mechanical loading, substantiating the relative importance of residues from 

the perspective of phosphorylation.  

Admittedly, the accumulation tendency is likely to be a function of primary conformation also, and 

therefore, a continuation of this study might consist of a statistical significance of primary conformation of 

tau protein, and concentration in a given system size to obtain quantitative insight on the aggregation 

tendency. In order to verify the dependence of multiple tau protein accumulation on the residue 

phosphorylation state, we have tested four (4) systems with 2, 3, 4, and 6 tau proteins. In all cases, we have 

observed that phosphorylated tau proteins tend to accumulate more than the normal ones. It is relevant to 

mention that Between microtubule (MT) bundles, tau protein acts as crosslinks, and they are spaced 20-

40nm from each other (Adnan et al., 2018; Ahmadzadeh et al., 2014; Hirokawa et al., 1988; Tang‐Schomer 

et al., 2010). Therefore, for the tensile tests, there is no sample size effect, as one tau protein crosslink does 

not affect the behavior of another one.  

As an intrinsically disordered protein (IDP), the unique responses of tau protein can likely be attributed to 

its inherent disorder and ever-changing conformation, which might facilitate absorbing strain and extended 

attachment to MT surface despite extreme strain rate. We consider the scenarios presented as particularly 

relevant to TBI scenario, as sub-axonal components undergo extreme deformation, and therefore, 

vulnerable regions would be projection domain of single tau, overlapped projection domains of dimerized 

tau, and tau-MT interface – as the primary markers in TBI are axonal strain and stretch, and deformation 

of individual components. Furthermore, the accumulation study is also relevant from TBI perspective, as 

TBI and similar neurological disorders suggest increased tau aggregation. However, as we have mentioned 

in our mechanical study on tau, a possible continuation is a quantitative assessment of IDP-substrate 

bonding in presence of mechanical loading and posttranslational modification to decide whether this 

enhanced interaction is a common attribute of IDPs, especially microtubule-associated proteins. 
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Additionally, the current study also substantiates the importance of studying prolin-rich proteins, which are 

relevant to neurodegenerative diseases. studies (Gladkevich et al., 2007; Sochocka et al., 2019). These 

proteins are heavily implicated in neurodegenerative diseases and traumatic brain injury, which tau is also 

involved in.  The prolin-rich region (PRR) is a speculative binding site in proteins, so future studies could 

highlight on protein-protein interactions from biochemical outlook.  

Finally, the multiscale modeling aspect of our study can also be a highly potent future direction. In the 

earlier section of the discussion, we have already substantiated that the extent of injury differs from length 

scale to length scale, and that mild injury to the head at macroscale may cause significant deformation in 

tissue level, leading to eventual extreme deformation at axonal level (Cloots et al., 2010). Therefore, the 

strain-rate dependent behavior of the tau protein (and other axonal cytoskeletal components of neuron) can 

be used to develop a bottom-up realistic and comprehensive axon model. In this regard, one approach could 

be determining damage-prone areas of brain by using continuum scale model of highly biofidelic human 

head (Pearce and Young, 2014), and then incorporate the cellular and axonal level properties to validate the 

behavior of the model. It is to be noted that multiscale modeling by using combination of MD simulation 

and finite element method (FEM) has been used in diversified fields of materials science, such as Li-ion 

battery development, (Mortazavi et al., 2017), graphene composite structure (Mortazavi and Rabczuk, 

2015), etc.   

 

3.4 Conclusion 

In this study, we have attempted to determine the unfolding and stretching stiffness for single tau, stretching 

required for dimerized tau and tau-MT interaction models, and find the effect of phosphorylation on 

different domains of tau on these particular mechanical properties or behaviors. From our simulations, the 

major findings can be summarized as below:  
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1. Single tau protein does not show dynamic alteration in unfolding and stretching stiffness due to 

phosphorylation and stretching stiffness can be 4-7 times higher than the unfolding stiffness.  

2. Dimerized tau protein models show that the stretching required to separate the protein forming the 

dimer is the same for phosphorylation in individual domains (~750%), but is significantly less in 

case of phosphorylation in all domains (~600%).  

3. For tau-MT interaction simulations, it is found that for normal phosphorylation, the tau separation 

from MT occurs at ~1125% strain, but for phosphorylation in projection domain and N-terminus 

tail, it occurs at higher strain (~1330%), for phosphorylation in MT binding sites, MT-tau shows 

the strongest bond that cannot be separated even at the cost of disintegration of MT subunits, and 

separation takes place earlier for phosphorylation in all domains altogether (~918%).  

4. Phosphorylated tau separates earlier from the MT surface than normal tau. However, the separation 

stretch is different according to the strain rate. At higher strain rate, the normal tau separates at 

1170% strain, while phosphorylated one separates at 1060% strain. At lower strain rate, the normal 

tau and phosphorylated tau separate at 1193% and 1100% strain, respectively.  

5. Normal tau and phosphorylated tau show different accumulation tendency. For 1ns NVT 

equilibration at 310K, randomly placed tau proteins maintain their distance from each other, while 

the distance decreases significantly for phosphorylated taus.       

Although bottom-up modeling of axon requires mechanical characterization of individual neural 

cytoskeletal components, the physical chemistry perspective is essential due to their relevance in real-life 

scenario. Therefore, this study has shown the outcome of some unique approaches to depict mechano-

chemical behavior of tau protein, where we can observe the effect of both posttranslational modification, 

and mechanical response under extreme strain rate, which is relevant to TBI; and this particularly facilitates 

obtaining insight on comparison between the behavior of healthy and pathological tau.  
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CHAPTER 4 

EFFECT OF STRAIN RATE ON NEUROFILAMENTS 

 

 

4.1 Introduction 

4.1.1 NF Structure 

NFs are intermediate size filament proteins found in the cytoplasm of neurons, and they build up neural 

cytoskeleton along with microtubules (MT). NFs consist of five types of proteins: neurofilament light (NF-

L), neurofilament medium (NF-M), neurofilament heavy (NF-H), internexin, and peripherin (Hoffman and 

Lasek, 1975; Yuan et al., 2012b, 2006). The co-assembly of these five types of proteins can be different 

according to stages of development and nerve cell types. NF expression is directly related to development, 

as it increases postnatally in neurons that are myelinated (Nixon and Shea, 1992). Aside from their structural 

role, they can act as cargoes of axonal transport (Hoffman and Lasek, 1975). NF is also important as a 

biomarker of axonal damage in neurodegenerative diseases, because during axon degeneration, NFs are 

released into the blood or CSF (Jonsson et al., 2010).  

Brain NFs are particularly different from the NFs of the other parts of the body, because they are prone to 

create a more viscous mixture with MTs (viscosity differing around 1000cP), and microtubule associated 

proteins (MAPs) act as cross bridges between these two types of proteins, as suggested by the affinity grid 

electron microscopy study on bovine brains (Aamodt and Williams Jr, 1984a). Accumulation of NFs is a 

distinctive biomarker of neurological damage or disorders (Perrot and Eyer, 2009; Wang et al., 2012), such 

as frontotemporal dementia or multiple sclerosis, as suggested by multiple studies (Brureau et al., 2017; 

Szaro and Strong, 2010). Presence of soluble NFs in cerebrospinal fluid (CSF) or increased NF level have 

been related to neuronal death or axonal degeneration (Rosengren et al., 1996), and stoichiometry of NF 
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types differs according to the type of pathology (Kim et al., 2011). Furthermore, NF accumulation in 

different phosphorylated state is also related to several pathologies (Cifuentes-Diaz et al., 2002).  

There have been several hypotheses proposed to elaborate NF structure and behavior including review 

works (Laser-Azogui et al., 2015; Nixon and Shea, 1992), as NFs contain domains with intrinsic disorder. 

The structure of an NF contains central alpha-helical region flanked by unstructured N and C termini. 

General description suggests that the structure contains a globular head (N terminus), a hydrophobic alpha-

helical rod domain (Beck et al., 2012) and variable, intrinsically disordered, tail domain (C terminus) 

differing in length and amino acid composition (Yuan et al., 2012a). The N terminal head domain contains 

an MT polymerization inhibitory domain that regulates number of MTs in the axon and facilitates forming 

end to end interaction of heterotrimers to form complete filaments (Kumar et al., 2002), and the rod domains 

polymerize NF subunits while simultaneously working as a binding site for the myosin (Bocquet et al., 

2009). Finally, the C-terminal domains of NFH and NFM form fine lateral extensions that create spacing 

between NFs, maximizing the space-occupying capability during axon caliber expansion (Rao et al., 2011). 

The peripheral domains (sidearm projections) have been revealed by different approaches of 

experimentation, such as rotary shadowing (Hisanaga and Hirokawa, 1988). Conformational properties of 

interacting NF structure, charge states of the sidearms, etc. have been analyzed in depth in separate studies 

(Fliegner and Liem, 1991; Stevens and Hoh, 2010). The substructures have also been studied in separate 

researches earlier (Wen and Wisniewski, 1984), and it is found that the equilibrium structure is determined 

by ionic strength and pH (Zhulina and Leermakers, 2007a), the effect of pH at physiological ionic strength 

being noticeable only in the acidic range and more pronounced for a dephosphorylated NF. Moreover, the 

electrostatic interactions between the charged portions of the structures play a large role on the formation 

of NF network (Zhulina and Leermakers, 2007b).  Sequence based modeling has revealed NF sidearm 

structure in earlier studies (Chang et al., 2009), and suggested that medium, not extensive, protrusions are 

critical to define NF spacings and eventually, axonal caliber. In other words, NFM defines the axonal 

diameter, because even at phosphorylated state, NFHs get stretched but do not unfold fully, staying in the 
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bounds of the NFM sidearms (Chang et al., 2009). This observation is in conflict of several studies which 

suggested that NFH has the dominant role in regard of axonal diameter (de Waegh et al., 1992; Hsieh et al., 

1994), while agreeing with some experimental results (Elder et al., 1998; Rao et al., 1998). However, the 

role of NFM phosphorylation should not be overemphasized, because gene replacement technique that 

produces phosphorylation incompetent alanine showed that there is no significant difference between wild 

type and phosphorylation incompetent sidearms (Garcia et al., 2009).  

There have been several studies to model NF network and interaction, such as sequence-based coarse 

grained (CG) modeling where phosphorylated state was controlled by assigning appropriate charge to KSP 

motifs (Chang et al., 2009), Monte Carlo simulation studies (Kim et al., 2011; Kumar et al., 2002) 

strengthen polymer brush appearance of NF structure, and that phosphorylation state controls the stretching, 

interaction and conformation of the sidearms. Conformational study performed by molecular dynamics 

(MD) simulation agrees with the general hypothesis that NF is a polyelectrolyte (NFL is a strong one, while 

NFM and NFH are weaker) (Stevens and Hoh, 2010).   

 

4.1.2 Modifications in NF structures: Polymerization and Phosphorylation   

Polymerization is an important aspect of NFs, where two dimers associate to form a tetramer, which is 

believed to be the structural unit of NF. The N terminus contains numerous phosphorylation sites, which 

are important for subunit interactions during filament assembly. The C terminus is intrinsically disordered, 

which lacks alpha helix or beta sheet. This C terminus domains of NFH and NFM project radially from the 

filament backbone to form a dense brush border of highly charged and unstructured domains analogous to 

bristles on a bottle brush, and they have been proposed to define a zone of exclusion around each filament, 

effectively spacing the filaments apart from their neighbors. These projections maximize the space-filling 

properties of NF polymers. In mature myelinated axons, NFs can be single most abundant cytoplasmic 

structure, occupying most of the axonal cross-sectional area. The number and packing density of NFs in an 
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axonal cross section defines the axonal diameter, which is determined by NF gene expression (Albert, 

2017). The side-arms define the packing density, which is affected by phosphorylation, because 

phosphorylation is thought to increase the extensibility of the sidearms (Eyer and Leterrier, 1988), hence 

increasing the spacing between the neighboring filaments by the binding of divalent cations between the 

sidearms of adjacent filaments (Kushkuley et al., 2010, 2009). NF structure and property analyses have 

obtained conflicting results, because same (and different) group of researchers have found that viscosity of 

NF-MT mixture is increased as ATP is added, and also highly viscous NF-MT gel can be formed without 

ATP (Aamodt and Williams Jr, 1984b; Minami and Sakai, 1986; Runge et al., 1981).  

Various post-translational modifications take place in NF, including phosphorylation, which is mediated 

by kinases protein kinase A and C, Cam kinase II etc. (Sihag and Nixon, 1989). Multiple phosphorylation 

sites have been found in NFs of vertebrate and invertebrate species (Julien and Mushynski, 1982). 

Phosphorylation state determines the structure and biochemical properties of NF peripheral regions (Carden 

et al., 1985). Enzymic dephosphorylation caused the NF to lose interconnection, and gelation has been 

obtained by phosphorylation performed by protein kinase (both in vitro) (Eyer and Leterrier, 1988). The 

enzymatic phenomenon affects the structural property by altering charged state of the residues, and 

regulates macroscopic properties, such as orientation and stress response (Malka-Gibor et al., 2017). 

Phosphorylation in the head domain of NF regulates axonal transport (Yates et al., 2009), inhibits NF 

assembly, and modulates interaction with other proteins (FRAPPIER et al., 1987; Hashimoto et al., 2000). 

Sedimentation experiment suggested that 1-2 mol of phosphorylation is sufficient for inducing disassembly, 

and phosphorylation level greater than that linearly increases disassembled NFL (Hisanaga et al., 1990).  

It is proposed that sidearm phosphorylation can regulate such transport in a negative way, because some 

Lysine-Serine-Proline (KSP) repeats are targeted by cyclin dependent kinase 5 or activator enzyme p35 

(CdK5/p35), etc. for phosphorylation (Ackerley et al., 2003; Sharma et al., 1998; Sihag and Nixon, 1989). 

Serine residues in the KSP repeats are particularly targeted by kinases for phosphorylation in NFH in vivo 

(Lees et al., 1988). Myelination is hypothesized to have negative effect on phosphorylation, as suggested 
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by studies on demyelinating mutant Trembler mice (de Waegh et al., 1992). Phosphorylation in the tail 

domain (mainly due to decreased activities of phosphatases, and increased levels of NF kinases, including 

Cdk5, ERK1, ERK2, JNKs, etc. (Kaji et al., 2004; Zhu et al., 2001)) causes proteolysis resistance to NFs 

(Goldstein et al., 1987), and can regulate the interactions between the NF domains themselves and with 

MTs (Hisanaga et al., 1990; Hisanaga and Hirokawa, 1989; Pant, 1988). Aberrant phosphorylation is a 

pathological biomarker, because it leads to the accumulation in cell bodies and has been observed in the 

brains of AD patients and those suffering from other neurodegenerative disorders (Rudrabhatla et al., 2011). 

Mass spectrometric studies also are compatible with these observations, as they have suggested that AD 

affected brains have four to eight fold increased phosphorylated KSP repeats than that of control patients 

(Rudrabhatla et al., 2011). Additionally, O-GlcNAcylation in NF has been observed to reduce 

phosphorylation (Deng et al., 2008). Some studies, however, have investigated unfolding mechanism of 

NFs while phosphorylated in specific domains, such as in NF sidearms (SA) by using atomic force 

microscopy (AFM) (Aranda-Espinoza et al., 2002). The results suggested that SA are larger when 

phosphorylated and there are four un-foldable domains regardless of phosphorylation state or presence of 

ATP. Furthermore, phosphorylated SA requires threefold force to unfold than dephosphorylated ones, 

suggesting a less pliant as well as larger structure when phosphorylated.  

Although numerous studies suggested that NF structure and functionalities are affected by phosphorylation 

and dephosphorylation, there are other studies which conflicted with these observations. For example, 

rotary shadowing showed that dephosphorylation has not affected the ability of NFs to form cross bridges 

of the carboxy terminal tail projections in vitro (Hisanaga and Hirokawa, 1989), and recent gene 

replacement study has shown that NFM KSP repeats do not modify axonal cytoarchitecture (Stevenson et 

al., 2011).  

 

4.1.3 Other Parameters Affecting NF Network, Structure and Properties  
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There are several other parameters on which NF network formation and behavior depends because NF-NF 

interaction and NF to other cytoskeletal component interaction are particularly complex. For example, NF 

can be separated into bundled ones and separate ones (which are more prone to bind with MTs). NF-NF 

and NF-MT interaction have found to compete according to the intervention of motor protein kinesin 

(Kushkuley et al., 2009).  

However, one of the most highlighted aspect is the charged nature of the tail domain (the sidearms differ 

in protein length, net charge and charge distribution (Chang et al., 2009; Herrmann and Aebi, 2004; Janmey 

et al., 2003)). Although the tail region is mostly negatively charged, there are residues containing positive 

charge in this region as well. The self-assembly occurs due to the coiled coil interactions along the 

hydrophobic strips of the alpha-helical region (Beck et al., 2012). Electrostatic analysis shown that due to 

the polyampholyte nature of the sidearms, there is a handshake (attractive or repulsive) interaction 

mechanism between the regions of separate NF subunits (tip-tip or tip-body). Additionally, the tail region 

consists of a nonuniform charge distribution due to amino acid residues that depend on pH control (due to 

ionizable groups), as well as the level and distribution of phosphorylation sites (Chang et al., 2009). Effect 

of divalent ions, which can act as effective crosslinkers between adjacent filaments have been emphasized 

in some studies, and it is hypothesized that  multivalent ions screen the repulsive interactions between 

charged residues on the sidearms leading to their collapsed conformation, and induced a cross-bridge type 

of interaction between the adjacent filaments (Leterrier and Eyer, 1987). Furthermore, hydrophobic region 

interactions between adjacent filaments have also been found to reduce the extension of the sidearms 

(Jayanthi, 2014). Among other parameters, one worth to mention is exposure to neurotoxic aluminum, 

which induces perikaryal accumulation of phosphorylated NFs by stabilizing cross bridging of the sidearms 

(Kushkuley et al., 2010). Another one is the proportion of occurrence of NFM and NFH, to which the 

network has been found remarkably stable by self-consistent field theory (Zhulina and Leermakers, 2010).  

 

4.1.4 NF Properties 
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Mechanical properties of NF networks have been found to be quite similar to that of semiflexible polymers 

(Rammensee et al., 2007), the storage modulus of which is highly concentration dependent. The storage 

modulus increases significantly with aluminum ion (the ion which also incorporates brittleness to NFs). 

Bovine spinal cord NF study through fluorescence and electron microscopy revealed the properties of the 

viscous gel formed by NFs (elastic modulus >100Pa and shear moduli increased in a time dependent manner 

to the level of vimentin i.e. >100Pa, suggesting the importance of the cross-bridges) (Leterrier et al., 1996), 

which suggested that phosphorylation,  dephosphorylation and interaction with other cytoskeletal 

components (such as actin) are related to the mechanical properties. Nonlinear elasticity has been found in 

tensile and shear test on intermediate filaments (IF) networks, along with strain stiffening and recovery 

(Wagner et al., 2007). Linear and nonlinear viscoelastic property study showed that NF network works as 

a soft solid and exhibits significant strain stiffening above critical strain (30-70%) (Yao et al., 2010). The 

elasticity is entropic in nature and can be related with cross-linked semiflexible network, mediated by 

divalent ions.   

There are several unanswered questions or areas regarding NFs, such as specification of the regions 

regulating transport kinetics, mechanics of formation and stabilization of stationary NF network affected 

by phosphorylation, etc. which require further studies to obtain conclusive insight. In the current study, we 

have attempted to determine the stiffness of NF isoforms, and their accumulation tendency in normal and 

phosphorylated state.  

 

4.2 Method 

By going through the recent computational approaches on intrinsically disordered proteins (IDPs) or 

proteins that contain disordered portions in their structures, we have found that recent years have observed 

significant improvement in computational studies by using predicted structure. Notable examples are 

electrostatic study (Castro et al., 2019) and aggregation behavior study on tau (Battisti et al., 2012). Similar 
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to our earlier work on tau protein, the neurofilament structure for NF-Land NF-H are obtained from the i-

TASSER predictor software (Zhang, 2008). We have used the model with the C score of 1.04 to 1.06 (the 

C score is determined based on significance of threading template alignments and the convergence 

parameters of the structure assembly simulations, the detailed discussion of which is out of scope of this 

study) which we have assumed satisfactory for a protein containing a significantly disordered structure. We 

have solvated the obtained structure with TIP3P water using CHARMM-GUI (Jo et al., 2008) solvator and 

quick-MD simulator modules. Required number of 0.15M KCl ions were added to obtain charge 

neutralization for explicit solvent simulations. The NF accumulation models were created by using UCSF 

Chimera (Pettersen et al., 2004), in which we have placed two identical NF isoforms at 20Å offset from 

each other, and then equilibrated them for 1ns, tracking the distance of the mass center distance between 

the proteins in normal and phosphorylated state. We have used explicit solvent technique of CHARMM 

(Best et al., 2012) in LAMMPS (Plimpton, 1995) (pair_style lj/charmm/coul/long) for solvation and 

equilibration.  

With periodic boundary conditions in all three directions, we have equilibrated the structures for all cases 

(NF-L and NF-H) for 1ns to minimize the potential energy at a targeted temperature of 310K. NF-L and 

NF-H single filament contained 8486 and 15882 atoms respectively in normal state, and 8526 and 15922 

atoms respectively in tail-phosphorylated state. For phosphorylated tests, we have applied phosphorylation 

in the last available 10 Serine (SER) residues of the structure(s). The LJ potentials are used with inner and 

outer cutoff of 10Å and 12Å, respectively. Long range coulombic interactions are computed by pppm style, 

facilitating a particle-particle particle-mesh solver with a 3d mesh.  

We have used CHARMM36 (Best et al., 2012; Brooks et al., 2009; MacKerell et al., 1998) potential 

parameters with appropriate CMAP corrections (Best et al., 2012) for all the simulations. Potentials for 

GDP and GTP are taken from that of ADP and ATP respectively (Wells and Aksimentiev, 2010). The 

equilibration was performed in NVT canonical ensemble, with the temperature damping parameter of 100fs. 
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In the NF tensile tests, we have fixed the head and rod domains and pulled the tail domains at different 

strain rates (108 s-1 and 109 s-1) along x axis.  

The stress-strain plots are obtained by the per-atom stress calculation and summation in LAMMPS. 

However, as the output is in (pressure x volume) unit, we must divide the obtained stress value by the 

volume of the protein (or certain portion of the protein). The general formulation used by stress per atom 

command is P = (Pxx+Pyy+Pzz)/ (3xV), where Pxx, Pyy and Pzz is the summation of stress/atom value for all 

atoms in x, y, and z direction respectively, and V is the summation of volume of the atoms of the protein 

being considered. The approximated volume was obtained by Voronoi cell approximation, adapted from 

LAMMPS voro++ package (Rycroft, 2009). The strain is simply obtained by the displacement of the atoms 

from the initial position. All the tensile tests are performed in NVT ensemble, with 100fs temperature 

damping parameter. The visualizations of the tensile tests are carried out by OVITO software (Stukowski, 

2010).   

All the simulations were carried out by the STAMPEDE2 supercomputer of Texas Advanced Computing 

Center (TACC).  

 

4.3 Results 

4.3.1 Effect of Strain Rate on Neurofilaments 

We have performed tensile tests at high strain rates on the NF isoforms (1x108 s-1 and 1x109 s-1). The head 

and rod domain atoms were fixed, and the last few atoms of the tail domain were pulled towards –x 

direction. The calculated stress-strain graphs are shown in Fig. 4.1. We have assumed that >200% strain of 

the tail domain is sufficient for determining their unfolding and stretching stiffness. Similar to other 

cytoskeletal components containing disordered structure portion (such as tau protein), NF tail showed 

unfolding to a significant extent before going into the stretching region.  
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The stretching and unfolding, however, are observed simultaneously, unlike the tau protein. The last portion 

of the tail was under pure stretching, while the portion attached to the rod domain was still unfolding. Most 

of the isoforms (NF-L and NF-H, each of them in normal and phosphorylated state in the tail region) showed 

steady increase of the stiffness, although there was no detectable trend of them. For example, in normal NF 

isoforms, the stiffness is <50 MPa at lower strain rate, while for phosphorylated isoforms it is ~100MPa.  

However, the consistency we have found in their behavior is the dependency of the stiffness on the strain 

rate – that is, NF behaved as a stiffer material under the application of higher strain rate, and it can be 

~0.5GPa. Another important aspect is the filament length, which, to our observation, plays an important 

role to determine the stiffness. Under the application of the same strain rate, the smaller filaments showed 

higher stiffness than the longer filaments, which is an expected observation. Most of the isoforms showed 

steady increase over the range of 0%-217% strain. In normal NF-H under both strain rates, the stress-strain 

response was not steady until they are unfolded to 50%-150% strain. Our hypothesis is that the longer 

filament length is responsible for this response, as for longer filament, the development of stress (which is 

calculated in our calculation as an average response of the whole tail domain, and comes from the “xx” 

component of the pressure tensor measured) requires more unfolding to be considered as a significant 

amount. It is to be considered that the head and rod domains of the NF structure are conserved, while the 

tail is the variable part (lengthwise) of the isoforms due to the inherent disorder. In NF-L, the tail portion is 

comparable in length to the rest of the structure, while in NF-M, it is significantly longer, and in NF-L, it 

is a few times longer than the rest of the structure, and therefore, bound to show deviation from the behavior 

observed in case of NF-L. Fig. 4.2 shows different stages of unfolding and stretching of the NF isoforms 

under different strain rates.  
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Figure 4.1: Stress-strain graphs at two different strain rates for the pulled tail domain of a. NFL and b. 

NFH. Throughout the pulling process, we can observe simultaneous unfolding and stretching, and therefore, 

these two domains cannot be distinguished. However, it is clear that the NF acts as a stiffer material under 

the application of higher stress, irrespective of phosphorylation state. In order to make a reasonable 

compromise with the computational cost, we have stopped at ~220% strain for lower strain rate which we 
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assumed to be sufficient to capture stretched state, while for higher strain rate, we have recorded result till 

~360% strain.  

 

  

 

                  a                             b                                 c                                                      d                

 

 

                e                                  f                                          g                                              h                

Figure 4.2: Snapshots at different timesteps during the tensile test performed on NFL and NFH (normal 

phosphorylation, strain rate: 1x109 s-1). a. Initial structure of NFL, b. NFL tail region: 0% strain, c. NFL tail 

region: 180% strain, showing simultaneous unfolding and stretching, d. NFL tail region: 360% strain, 

showing pure stretching at significant portion of tail region, e. Initial structure of NFH, f. NFH tail region: 

0% strain, g. NFH tail region: 160% strain, showing simultaneous unfolding and stretching, h. NFH tail 

region: 320% strain, showing pure stretching at significant portion of tail region. Color legend: Red: head 

domain, blue: rod domain, yellow: tail region.  

 

4.3.2 NF Accumulation Test 
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We have already stated that NF accumulation, at different phosphorylated state has been related to different 

neuropathology (Cifuentes-Diaz et al., 2002). Therefore, it is important to obtain insight about the effect of 

phosphorylation on the accumulation of NF isoforms. Although observation of this phenomenon in bulk 

NF collection would be more realistic, we have made a compromise with the computational cost, and made 

a representative NF accumulation test model by placing two identical NF isoforms offset by 20Å from each 

other immersed in a box filled with explicit water molecules. We have minimized the potential energy and 

equilibrated the structure for 1ns and tracked the distance between the NF filament overall mass center and 

tail domain mass center. The observation suggests that unlike tau protein, 1ns is very small time to observe 

considerable distinction between normal and phosphorylated NF accumulation. We have performed the 

same test for NF-L and NF-H, and found similar mass center-mass center distance in all cases, except the 

sidearm mass center in NF-L was considerably further in phosphorylated state than in normal state. Our 

observation suggests two key findings as we have found in our work on tau protein earlier, that is, 

phosphorylation is not the only key parameter to affect the accumulation tendency of NF filament (as even 

longer filament of NF-H did not show significant difference in mass center-mass center distance in the 

accumulation test), and time scale is important to obtain observable distinction between this two cases. In 

other words, the overall mechano-chemical circumstance is certainly more significant than mere 

electrostatic interaction between two stand-alone NF filaments. Fig. 4.3 shows potential energy throughout 

the simulation, Fig. 4.4 shows overall and tail domain mass center-mass center distances of the NF filaments 

for the different isoforms, and Fig. 4.5 shows the initial, intermediate, and final stage of the accumulation 

test.   
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Figure 4.3: Potential energy vs time for NFL and NFH for the entire equilibration time (1ns). After 200ps, 

the potential energy change over time is negligible for all systems, irrespective of phosphorylation state.  
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Figure 4.4: Overall mass center distance and sidearm mass center distance for a. NFL, and b. NFH. In both 

cases, the mass center distance from one protein to the other does not differ significantly, which suggests 

that unlike tau protein, 1ns is not sufficient to observe possible NF accumulation.  
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Figure 4.5: Snapshots at different timesteps during the equilibration. a. NFL, normal, b. NFL, tail 

phosphorylated, c. NFH, normal, d. NFH, tail phosphorylated (for all cases: i. 0ps, ii. 500ps, iii, 1ns). Color 

legend: Red: First NF, Blue: Second NF. For convenient visualization purpose, water molecules are 

suppressed. In all cases, we can observe that the protein to protein distance is not changed significantly than 

the initial distance, irrespective of phosphorylation state, despite their random orientation and absence of 

any restriction over the periodic boundaries in the box.  

 

4.4 Discussion 

The high strain rate behavior of NF is important from the traumatic brain injury (TBI) scenario, and their 

mechano-chemical behavior under the application of extreme strain and sidearm phosphorylation is 

important to obtain insight regarding pathological phenomena. Furthermore, their accumulation tendency 

is also crucial to comprehend their correlation with pathology (Cifuentes-Diaz et al., 2002). It is likely that 

their highly stretchable attribute is dictated by the intrinsic disorder in the sidearm region (Laser-Azogui et 

al., 2015).  

The NF behavior can also be explained from the potential effect of several parameters, such as 

conformational properties (Fliegner and Liem, 1991; Stevens and Hoh, 2010)., charged state of sidearms 

network (Zhulina and Leermakers, 2007b), ionic strength, and pH (Zhulina and Leermakers, 2007a) which 
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are highly pronounced in the normal (or dephosphorylated) state, and strong NF network formation due to 

significant interaction between charged network portions. While it is inconclusive from the earlier studies 

whether the strong interaction in the network level can overcome phosphorylation effect, this study attempts 

to highlight on this phenomenon.  

Studying NF behavior and quantifying their attributes against filament length is also important (Chang et 

al., 2009; Herrmann and Aebi, 2004; Janmey et al., 2003), as the previous studies were not able to confirm 

their relative importance from the isoform outlook. While some studies have shown that due to having the 

largest disordered tail region in structure, NFH can dictate the behavior of overall NF network, conflicting 

evidence showed that NFH cannot unfold fully in phosphorylated state, and therefore, other isoforms may 

also play instrumental role to regulate NF network response (Aamodt and Williams Jr, 1984b; Minami and 

Sakai, 1986; Runge et al., 1981). And in a dynamic environment while there are multiple biochemical 

parameters such as posttranslational modification and activation of multiple sites due to specific attacks on 

targeted residues are into play, only phosphorylation in the sidearm region should not be overemphasized, 

as genetic study showed that wild-type and phosphorylation incompetent sidearms show no remarkable 

difference (Garcia et al., 2009). Earlier experiments substantiated that phosphorylation effect enhances the 

extensibility of the sidearms (Eyer and Leterrier, 1988), and therefore, important to dictate the axonal 

diameter (de Waegh et al., 1992; Hsieh et al., 1994). Multiple studies have further emphasized on the 

importance of phosphorylation, as it is directly related to altering the charged state of the residues involved, 

and NF disassembly can be attributed to phosphorylation level.  

From specifically sidearm phosphorylation perspective, KSP repeat targeting studies have shown that 

phosphorylation should regulate the transport in a negative way, and sidearm phosphorylation should 

induce reduction in interaction  (Chang et al., 2009),. Atomic force microscopy (AFM) studies on NF has 

substantiated the presence of un-foldable regions in the sidearms, which can withstand biochemical effect 

such as phosphorylation, which explains the behavior of NF filaments in the current study (Aranda-

Espinoza et al., 2002). Furthermore, rotary shadowing experiment has also shown that phosphorylation 
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effect on sidearms cannot be single regulating parameters of such a dynamic phenomenon to define its 

mechanical characteristics (Hisanaga and Hirokawa, 1988).  

Another important parameter is the charge distribution in the sidearm region, which suggests more anomaly 

in case of longer filament (Chang et al., 2009; Herrmann and Aebi, 2004; Janmey et al., 2003). Sidearm 

region in NF contains mostly negative, but few positively charged regions, and that decidedly alters the 

interaction in one-to-one NF interaction scenario. Furthermore, presence of hydrophobic surface on the tail 

region adds further dynamic aspects while observing the phenomena from biochemical perspective (Beck 

et al., 2012). While considering NF accumulation, our conclusion is that a combination or mixture of NF-

L, NF-M and NF-H will provide comprehensive insight on their aggregation characteristics.  

From mechanical perspective, we only know that strain stiffening can occur for NF above critical strain 

(Wagner et al., 2007; Yao et al., 2010). However, there is not any comparative studies which show the 

difference between the response of normal versus sidearm phosphorylated NF filament. This study, 

therefore, provides important insight regarding this scenario, and strengthens the statement that only 

phosphorylation in a domain cannot fully characterize mechanical behavior for a cytoskeletal component 

containing intrinsically disordered portion. The increase in extensibility in the sidearm region and the 

resulting strain stiffening at high strain is substantiating by the increased stress value we have obtained for 

the phosphorylated NF isoforms. The extreme ability to stretch can also be attributed to inherent disorder 

which facilitates NF to absorb strain along the length of sidearm, while unfolded region reduces the 

difference between the stretching characteristics between light and heavy filaments, considering that un-

foldable regions are increased while filament length increases; and accumulation characteristic can be 

attributed to non-uniformly charged portion in the sidearm region.   

In short, the parameters that can be attributed to the unique aspects of mechanical behavior of NF are the 

charged portions, filament length, and intrinsic disorder. Although this study provides critical insight on 

whether phosphorylation should be held critical with respect to mechanical behavior and NF accumulation, 

it is difficult to quantify the importance of head-tail proportion in the filament under consideration. If we 
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juxtapose this study with our earlier works on tau protein from strictly mechanical and mechano-chemical 

perspectives, we can assert that NF is likely to be slower in aggregation due to longer disordered portion in 

the structure.    

 

4.5 Conclusion 

In this study, the stiffness of the main isoforms of neurofilaments by applying high strain rate relevant to 

TBI scenario is computationally determined, and significant insight about their aggregation characteristics 

is obtained. From the MD simulations, the major findings can be summarized as below:  

1. NF contains multiple folding at unstretched state, while unfolds to a great extent under the 

application of strain rate. The unfolding is smoother at smaller filament lengths (smaller isoforms, 

such as NF-L), while it shows highly unpredictable behavior for larger filament lengths (large 

isoforms, such as NF-H).  

2. The unfolding behavior is highly dynamic, and not only depends on applied strain rate, but also 

phosphorylation state. The stiffness may differ according to the isoform length, applied strain rate, 

and phosphorylation state, and may range from a few megapascals to few hundred megapascals.  

3. There is no significant difference in the accumulation tendency between normal and 

phosphorylated NFs even for large filament isoforms, which strengthens the findings of earlier 

studies suggesting that phosphorylation is not the only factor affecting NF-NF interaction.  

The unique aspects of NF mechanical behavior can be attributed to the charged portions, intrinsic disorder 

in the sidearm, and filament length. This study provides critical information of NF behavior in a realistic 

environment from the physical chemistry viewpoint and paves the pathway to develop a realistic bottom-

up axon model, which requires insight on mechanical behavior of individual neural cytoskeletal 

components.  
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CHAPTER 5 

VISCOELASTIC PROPERTIES OF TAU PEOTEIN AND NEUROFILAMENTS 

 

 

5.1 Introduction 

Viscoelastic modeling of a material consists of fitting the stress-strain response of that material to an 

established constitutive correlation. There have been detailed texts which rigorously discuss the 

methodologies of viscoelasticity for materials (Brinson and Brinson, 2015). The viscoelastic response can 

be obtained by performing familiar approaches of creep or relaxation tests – according to the nature of the 

material. If the applied strain causes a time-dependent stress, then the modulus is also a function of time, 

and thus we calculate the relaxation modulus for the respective material. The deformation mechanism, 

however, depends on the long-chain polymer characteristics of the material. Determination of 

viscoelasticity is not just limited to performing relaxation and/or creep test, but also determining the 

linearity of the material, which is determined by developing isochronous diagrams, i.e. if the relaxation 

modulus (or creep compliance) is only a function of time and not a function of stress level, then the material 

is defined as a linear viscoelastic material, otherwise it is called a nonlinear viscoelastic material.  

After determining the viscoelastic response, the rest of the modeling consists of fitting the relaxation or 

creep response to established phenomenological viscoelastic models, such as Kelvin-Voigt or Maxwell 

models. Without going into details of theoretical discussions on such models, we can mention the feature 

of Kelvin or Maxwell models that they can increase the parameters by series or parallel addition of the 

spring or dashpot elements in the constitutive correlation to satisfy our material behavior, which leads to 

generalized Kelvin or Maxwell model. Their expressions are, in various occasions, convenient to study by 

expressing them with Prony series expression. Prony series development based on strain rate response have 

been studied in several independent work, and paved the pathways for further analysis (Chen, 2000; 



 

131 
 

Tzikang, 2000). However, these linear viscoelastic models may not correspond to the response of all 

materials undergoing viscoelastic tests, and therefore, we may have to fit with some hyperelastic models, 

such as Neo-Hookean, Mooney-Rivlin, Ogden, etc. (Kim et al., 2012).  

In biomolecules, viscoelastic nature of them has been hypothesized to control their dynamics. For example, 

viscoelasticity of tau protein, which is an microtubule (MT) associated protein and acts as crosslink between 

MT fibers – has been found to dictate the reversible sliding and failure of MT, as suggested by experimental 

and computational works (Ahmadzadeh et al., 2015, 2014; Peter and Mofrad, 2012; van den Bedem and 

Kuhl, 2015). As an intrinsically disordered protein (IDP), tau has not been studied comprehensively, and 

when developing viscoelastic models for MTs, crosslink taus are sometimes used with their estimated 

properties. However, tau protein fragment properties and aspects have been revealed by characterization 

studies and electron micrography approaches (Wegmann et al., 2011), which have made the estimation of 

the properties reliable to some extent. However, viscoelasticity of NFs has not yet been characterized in an 

organized manner, except some experimental insights obtained from NF-MT mixture studies, and their 

tendency to perform viscous gel – as suggested by electron micrography and other experimental studies 

(Aamodt and Williams Jr, 1984b; Leterrier and Eyer, 1987; Minami and Sakai, 1986; Runge et al., 1981; 

Yao et al., 2010). Fitting to any established viscoelastic or hyperelastic model is non-existent for NFs.  

The shortcoming in this regard is therefore so evident, that it is necessary to perform viscoelastic modeling 

for tau and NFs in order to provide required insight for complete axon modeling which incorporate 

component-level response. This study has undertaken a simplified approach to model stress-strain response 

of tau protein and neurofilaments (NFs) as viscoelastic material by performing relaxation tests on them 

after stretching them at different strain rates, and then fitting them with linear viscoelastic model. This study 

is therefore important to obtain insight on viscoelastic response of two key cytoskeletal components, which 

will facilitate the development of computational model for axon.  
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5.2 Method 

By going through the recent computational approaches on intrinsically disordered proteins (IDPs), we have 

found that recent years have observed significant improvement in computational studies by using predicted 

structure. Notable examples are electrostatic study (Castro et al., 2019) and aggregation behavior study on 

tau (Battisti et al., 2012). Similar to our earlier work on tau protein and NFs, the NF structures are obtained 

from the i-TASSER predictor software (Zhang, 2008). We have used the model with the C score of -0.03 

for tau protein and 1.06 for NF (the C score is determined based on significance of threading template 

alignments and the convergence parameters of the structure assembly simulations, the detailed discussion 

of which is out of scope of this study) which we have assumed satisfactory for a protein containing a 

significant portion of disordered structure.  

We have solvated the obtained structure with TIP3P water using CHARMM-GUI (Jo et al., 2008) solvator 

and quick-MD simulator modules. Required number of 0.15M KCl ions were added to obtain charge 

neutralization for explicit solvent simulations. We have used explicit solvent technique of CHARMM (Best 

et al., 2012) in LAMMPS (Plimpton, 1995) (pair_style lj/charmm/coul/long) for solvation and equilibration.  

With periodic boundary conditions in all three directions, we have equilibrated the structures of tau protein 

and NFL for 1ns to minimize the potential energy at a targeted temperature of 310K. Tau and NFL single 

filament contained 6424 and 8486 atoms respectively The LJ potentials are used with inner and outer cutoff 

of 10Å and 12Å, respectively. Long range coulombic interactions are computed by pppm style, facilitating 

a particle-particle particle-mesh solver with a 3d mesh.  

We have used CHARMM36 (Best et al., 2012; Brooks et al., 2009; MacKerell et al., 1998) potential 

parameters with appropriate CMAP corrections (Best et al., 2012) for all the simulations. The equilibration 

was performed in NVT canonical ensemble, with the temperature damping parameter of 100fs. For the tau 

protein, we have fixed the MT binding site atoms and the tail, and pulled the projection domain atoms at 

two different strain rates (108 s-1 and 109 s-1) using the smd (cvel) command of LAMMPS. In the NF tensile 
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tests, we have fixed the head and rod domains and pulled the tail domains along -x axis at the same strain 

rates.  

The strain is simply obtained by the displacement of the atoms from the initial position. We have performed 

the stretch for all filaments for up to 80% strain. However, the smd (cvel) calculations give the force 

components on the respective filament or filament portion, and we can divide the respective portion with 

the approximate surface area of the filament to obtain engineering stress component. The approximate 

diameter of the filament is used as 1.0nm according to the diameter of single strand of tau protein existent 

in literature (Ruben et al., 1993).  

For fitting with 3 parameter viscoelastic model, we have tracked the time dependent modulus, E(t), for each 

filament, and used it in a simplified MATLAB code to fit to three parameter Maxwell model, using three 

guessed values of the constitutive equation. The error in the fitting is minimized by using “fminsearch” 

function of MATLAB (Higham and Higham, 2016), which minimizes the norm of the function generated 

by the difference of E(t) vs time graph and three parameter function graph obtained from the guessed values. 

The constitutive equation for the three parameter Maxwell model is shown in Equation 5.1.  

𝐄(𝐭) = 𝐄𝟏 + 𝐄𝟐𝐞
−𝐭

𝛕                (5.1) 

Where E values are in GPa, and τ is in ps. Therefore, it is sufficient to fit the E(t) vs t graph obtained from 

the relaxation data to estimated E1, E2 and τ values. It is to be mentioned that as per our need, we can extend 

the equation to fit the result with Maxwell model with more parameters (5, 7, and so on). However, in our 

case, three parameter fitting was appropriate.  

After obtaining the fitted E(t) expression, we can use Alfrey’s correspondence principle to obtain shear 

modulus, G(t) and bulk modulus, K(t) for each case, by using these steps (Brinson and Brinson, 2015):  

a. Obtain E(t),  

b. Obtain E(s)*, which is the expression of E at the Laplacian domain,  
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c. Calculate G(s)* and K(s)* using equation 3 and 4 (these are the expression of G and K at the 

Laplacian domain, respectively,  

d. Use inverse Laplace calculation to obtain G(t) and K(t).  

As mentioned at step b, the conversion equations for G and K are shown in equations 5.2 and 5.3.  

𝐆(𝐬)∗̅̅ ̅̅ ̅̅ ̅ =
𝐄(𝐬)∗̅̅ ̅̅ ̅̅ ̅

𝟐(𝟏+𝛎(𝐬)∗)̅̅ ̅̅ ̅̅ ̅̅                 (5.2) 

 

𝐊(𝐬)∗̅̅ ̅̅ ̅̅ ̅ =
𝐄(𝐬)∗̅̅ ̅̅ ̅̅ ̅

𝟑(𝟏−𝟐𝛎(𝐬)∗)̅̅ ̅̅ ̅̅ ̅̅                 (5.3) 

 

As we know the expression of G and K using the E in the Laplacian domain, we can easily convert them to 

time domain expressions by using inverse Laplace calculation. And finally, we obtain the Young’s modulus, 

shear modulus, and bulk modulus for the particular filament, at that particular strain rate relaxation 

experiment. The final expressions for G(t) and K(t) are shown in equations 5.4 and 5.5.  

𝐆(𝐭) = 𝐆𝟏 +𝐆𝟐𝐞
−𝐭

𝛕                (5.4) 

𝐊(𝐭) = 𝐊𝟏 +𝐊𝟐𝐞
−𝐭

𝛕                (5.5) 

 

However, the conversion in equation 5.2 and equation 5.3 requires a Poisson’s ratio, and therefore, we have 

used two scenarios in our calculation: one is for normal, compressible material assumption (Poisson’s ratio, 

ν=0.3), and another is for nearly incompressible material assumption (Poisson’s ratio, ν=0.48). Currently 

we lack the Poisson’s ratio calculation in the existent literature, therefore, we had to approach with these 

two assumed values. However, from microrheological measurements of MT-Actin network study (Pelletier 

et al., 2009) and orthotropic elastic shell model for MTs (Wang et al., 2006b), we have found that the 
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Poisson’s ratio of such cytoskeletal components are between 0.3 and 0.4. Therefore, our assumption is that 

the Poisson’s ratios we have used in the calculation are reasonable for MT crosslinks (tau proteins) and 

NFs.  

All the tensile tests are performed in NVT ensemble, with 100fs temperature damping parameter. The 

visualizations of the tensile tests are carried out by OVITO software (Stukowski, 2010).  All of the 

simulations were carried out by the STAMPEDE2 supercomputer of Texas Advanced Computing Center 

(TACC).  

 

5.3 Results 

5.3.1 Viscoelastic Modeling of Tau Protein 

In order to perform relaxation test, we have stretched tau protein projection domain up to 80% strain at high 

strain rates (1x108/s and 1x109/s). By utilizing the Steered Molecular Dynamics (SMD) feature, we have 

relaxed the stretched filament for 1ns. This feature facilitates holding the stretched portion at the same 

coordinates (that is, maintaining the constant strain), and determine the stress relaxation by logging time vs 

stress data on the stretched portion. The reason to perform relaxation on the projection domain is the same 

as our earlier studies – as the projection domain is the overlapped portion of tau dimer (Rosenberg et al., 

2008) which eventually dictates reversible sliding or failure (instability) of MT structure, studying the 

response of only the projection domain is sufficient to obtain the stress-strain response. Furthermore, a 

physical viscoelastic relaxation test typically involves slow strain rate and long period of loading before 

relaxation, but in our case, the loading strain rates are very high in all cases which means very short duration 

of loading (Christensen, n.d.; F10gge, 1975). Therefore, we assume that exclusion of the data of the loading 

stage will not incorporate significant error in viscoelastic modeling.  
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Fig. 5.1 shows the pre-relaxation stretching, and snapshots of the projection domain conformations at 

different timesteps during relaxation for tau protein. Fig. 5.2 shows the time dependent modulus trends for 

the stretched filaments (stretched at two different strain rates). Using the E(t) vs time, we have obtained the 

expressions of Maxwell viscoelastic model by fitting them with the constitutive equation. The relaxation 

trend clearly shows that at both strain rates, tau protein acts as 3 parameter solid model. Fig. 5.3 shows the 

fitting, and Table 5.1 shows the Maxwell parameters.  

To obtain complete viscoelastic model, we must determine the shear modulus and bulk modulus. Therefore, 

we have applied Alfrey’s correspondence principle, Laplace transformation, and inverse Laplace 

transformation to obtain the shear and bulk moduli parameters using two different Poisson’s ratios (details 

are shown in the “Method” section). Fig. 5.4 shows the shear and bulk moduli obtained from the tensile 

modulus, and Table 5.2 shows the shear and bulk moduli parameters of the fitted curves.  

 

 

 

 

                              a                                                b                                               c 

Figure 5.1: Pre-relaxation stretching for tau protein (1x108/s). a. Initial structure (0% strain), b. projection 

domain at mid-stretch (40% strain), c. projection domain at end of stretch (80% strain). Color legend: Red: 

projection domain: Blue: MT binding sites and interrepeats, Yellow: tail.   
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Figure 5.2: Modulus, E(t) vs time for 1ns relaxation test for tau protein which are stretched to 80% at two 

strain rates. The relaxation curve at two strain rates are distinct for tau protein.  
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Figure 5.3: Fitting the E(t) vs time curves of tau relaxation test to 3 parameter Maxwell model for initial 

stretch of 0.8 at two different strain rates. a: 1x108 s-1, b: 1x109 s-1. 

 

Table 5.1: Maxwell Model Parameters from Tau Relaxation Test: 

 

Strain Rate, 

1/s 

1x108 1x109 

E1, GPa 2 3.039 

E2, GPa 1 5.996 

τ, ps 100 29.859 
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Figure 5.4: Determining G(t) and B(t) from E(t) for two assumed Poisson’s ratios. The tau relaxation 

response is obtained for stretch at two strain rates: 1x108/s and 1x109/s.  a and b: 1x108/s, c and d: 1x109/s.  

 

Table 5.2: Maxwell Model Shear Modulus and Bulk Modulus Parameters for Tau (included Heaviside 

function in the expression is not shown here):  

 

Poisson’s Ratio, 

ν 

0.33 0.48 

Strain Rate, 1/s 1x108 1x109 1x108 1x109 

G1, GPa 0.76 1.155 0.68 1.033 

G2, GPa 0.38 2.278 0.34 2.039 

τ (for G), ps 100 30.303 100 30.303 

B1, GPa 1.96 2.978 16.67 25.315 

B2, GPa 0.98 5.876 8.33 49.947 

τ (for B), ps 100 30.303 100 30.303 

 

 

5.3.2 Viscoelastic Modeling of Neurofilaments 

We have performed relaxation test on NFL in the same manner as on tau protein described in the previous 

section. As NF sidearms dictate the sidearm spacing and eventually the axon diameter by orienting 

themselves as parallel filaments to MTs (Jayanthi, 2014), we have decided to proceed by modeling the 
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stress-strain response of NF sidearms. The rest of the procedure is the same as tau protein, and it is not 

repeated in detail here. Fig. 5.5 shows the pre-relaxation stretching, and snapshots of the projection domain 

conformations at different timesteps during relaxation for NFL. Fig. 5.6 shows the relaxation data (E(t) vs 

time) for NFL, Fig. 5.7 shows the fitting to Maxwell viscoelastic model, Table 5.3 shows the Maxwell 

parameters for tensile modulus, Fig. 5.8 shows the shear and bulk moduli obtained for two guessed 

Poisson’s ratio as determined by the similar manner as for tau protein, and finally, Table 5.4 shows the 

shear and bulk moduli parameters. It is clear that at lower strain rate, NFL acts as standard linear three-

parameter solid, while at higher strain rate, it acts as two-parameter solid.   

 

 

 

                                    

                                 a                                            b                                           c 

Figure 5.5: Pre-relaxation stretching for NFL (1x108/s). a. Initial structure (0% strain), b. sidearm region 

at mid-stretch (40% strain), c. sidearm region at end of stretch (80% strain). Color legend: Red: head and 

rod domain, Yellow: sidearm.   
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Figure 5.6: Modulus, E(t) vs time for 1ns relaxation test for NFL which are stretched to 80% at two strain 

rates. The relaxation curve at two strain rates are not significantly distinct for NFL.  
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Figure 5.7: Fitting the E(t) vs time curves of NFL relaxation test to 3 parameter Maxwell model for initial 

stretch of 0.8 at two different strain rates. a: 1x108 s-1, b: 1x109 s-1. 

 

Table 5.3: Maxwell Model Parameters from NFL Relaxation Test: 

 

Strain Rate, 

1/s 

1x108 1x109 

E1, GPa 0.103 0 
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E2, GPa 0.827 2 

τ, ps 87.866 100 
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Figure 5.8: Determining G(t) and B(t) from E(t) for two assumed Poisson’s ratios. The NFL relaxation 

response is obtained for two strain rates: 1x108/s and 1x109/s. a and b: 1x108/s, c and d: 1x109/s.  

 

Table 5.4: Maxwell Model Shear Modulus and Bulk Modulus Parameters for NFL (included Heaviside 

function in the expression is not shown here):  
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Poisson’s Ratio, 

ν 

0.33 0.48 

Strain Rate, 1/s 1x108 1x109 1x108 1x109 

G1, GPa 0.039 0 0.035 0 

G2, GPa 0.314 0.76 0.281 0.68 

τ (for G), ps 90.909 100 90.909 100 

B1, GPa 0.1 0 0.858 0 

B2, GPa 0.81 1.96 6.889 16.66 

τ (for B), ps 90.909 100 90.909 100 

 

 

5.4 Discussion 

In this study, we have performed relaxation on projection domain of tau protein and sidearm region of NFL, 

prior to which high strain rate stretching was performed on them. This high strain rate stretching provides 

two-fold convenience – it provides us to proceed with the assumption that the loading region response can 

be ignored without losing significant amount of accuracy in modeling the viscoelastic characteristics (Chen, 

2000; Christensen, n.d.; F10gge, 1975), and it facilitates mimicking TBI scenario, where high deformation 

is observed in sub-axonal components (Wu and Adnan, 2018).  
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In case of tau protein, we observe that at both strain rates, tau behaves as a three-parameter material. The 

changes that occur are in the elastic constants which increase, and the relaxation time which decreases 

significantly. In order to explain that from mechanical perspective, we must consider the filament structure 

of tau protein projection domain, which consists of both positively charged and negatively charged region 

including a prolin-rich region. However, the inherent disorder of tau protein dictates its mechanical 

behavior, as was observed in our previous study on tau protein stretching from strictly mechanical 

viewpoint. The disordered portion in the flanking region of tau protein enables it to absorb stretching along 

its entire length in pre-relaxation, and when it is relaxed, its response proceeds towards stiffer region, 

increasing the magnitude of elastic constants, and decreasing the relaxation time.  

As opposed to tau protein, NF contains several un-foldable regions, which cannot contribute to the 

stretching during the pre-relaxation. Therefore, we observe that when we increase the strain rate, the elastic 

portion becomes weaker, and the viscous time constant is not allowed to change significantly. This unique 

behavior can be attributed to a combination of high strain rate, as well as the disordered portion in the 

sidearm region and presence of un-foldable regions.  

Lastly, in order to obtain a more comprehensive insight on the viscoelastic behavior of tau protein and NF, 

two approaches can be taken. First, quantification of the response under slower and faster strain rate, 

without going into the failure region. Second, observing the viscoelastic response from a physical chemistry 

point of view by including effects like posttranslational modification as phosphorylation, as this 

phenomenon has been hypothesized to dictate functionality of tau protein and NF. In near future, we intend 

to address these two aspects. This study provides particular insight on the time-dependent behavior of the 

most vulnerable regions of two neural cytoskeletal components in TBI scenario.  

 

5.5 Conclusion 
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In this study, we have attempted to develop simplified Prony series viscoelastic formulation models for tau 

protein and NFs using MD simulation. The projection domain of tau protein and sidearm region of NFL are 

stretched at high strain rate, which are relevant to TBI scenario.  

From our simulations, the major findings can be summarized as below:  

1. Relaxation test on tau protein at two strain rates shows that at 80% strain, their relaxation response 

can be fitted with 3-parameter Maxwell model.  

2. Similar model is adequate to fit relaxation response of NFs at two strain rates. However, at lower 

strain rate, NFL acts as 3-parameter solid, but at higher strain rate, it corresponds to a 2-parameter 

solid.  

3. Relaxation response of such cytoskeletal components can be attributed to stretching time and 

stretched state at relaxation.  

4. Similar scheme can be extended to other filamentous subcellular structures, and SMD simulation 

can be a particularly useful tool to perform viscoelastic computations on such biomolecules.  

As this study provides critical insight on time-dependent response for two important neural cytoskeletal 

components, it facilitates paving the pathway for an all-component-inclusive realistic bottom-up 

computational model for axon. In other words, this study will play instrumental role in enhancement of 

existing axon models which account for viscoelastic response of the cytoskeletal components and predicting 

sub-axonal behavior in extreme strain rate condition, which will provide significant contribution in TBI 

research.  
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CHAPTER 6 

MECHANICAL BEHAVIOR OF ACTIN-SPECTRIN SKELETON IN AXON 

 

 

6.1 Introduction 

6.1.1 Relevance of Actin, Spectrin, and Periodic Actin-Spectrin Lattice 

There are three (3) major axonal cytoskeletal components in neuron: microtubules (MT) (Avila, 1990) 

crosslinked with tau proteins (Lee et al., 1989; Rosenberg et al., 2008), neurofilaments (NF) (Janmey et al., 

2003), and microfilaments (MF) (Ouyang et al., 2013). Among these, MFs in axon are comprised of 

globular or G-actin, which eventually form filamentous or F-actin. However, these three components do 

not comprehensively define the axonal structure, as recent seminal super-resolution microscopy study has 

shown that axonal diameter is determined by periodic arrays of actin ring formed by short F-actin filaments 

(Xu et al., 2013). Furthermore, spectrin, which is structurally and functionally important component of 

axonal cytoskeleton, forms heterodimers and eventually, tetramers – which generate a lattice by connecting 

the periodic actin rings (Zhang et al., 2013). Furthermore, the spectrin is connected to the membrane due 

to facilitation by other membrane associated proteins – such as adducin which caps one end of F-actin and 

promotes actin-spectrin bond (Leite et al., 2016; Naydenov and Ivanov, 2011), ankyrin which binds spectrin 

to membrane (Zhang et al., 2013), etc. The overall mechanical behavior of axon and extent of mechanical 

support to the cytoskeleton are determined by significant contribution of actin-spectrin network. Therefore, 

mechanical behavior of i) lone F-actin, ii) lone spectrin, and iii) actin-spectrin interaction are required to be 

determined – which will eventually facilitate the development of a bottom-up, realistic, all-component 

inclusive computational model of axon. This study attempts to explore the three aspects mentioned above. 

A thorough literature review is required to comprehend the current understanding and approaches in the 

field of mechanical behavior of actin and spectrin, and substantiation of the periodicity of actin-spectrin 
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network in the axonal cytoskeleton – which is presented here. In a nutshell, this section presents relevant 

studies regarding actin, spectrin, and actin-spectrin skeleton.        

 

6.1.2    Insights on Actin, Spectrin, and Periodic Actin-Spectrin Network 

6.1.2.1 Actin: Structure, Mechanical Insight, and Computational Approaches  

6.1.2.1.1 Actin Structure  

 

 

Figure 6.1: Different domains of G-actin (left), and F-actin formed by polymerization of G-actin (right). 

The F-actin contributes significantly to the stability of axonal cytoskeleton. Ref.: (Kumar and Mansson, 

2017)  

 

Actin, being one of the most conserved biological structures found in nature has been explored in numerous 

experimental and computational ways. Although actin has diversified functionality, interaction with cell 
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membrane is one of the most significant attributes of this cytoskeletal component. Actins can be related to 

several neuropathological disorders and other pathologies. For example, cancer-affected cytoskeleton 

properties depend on actin filaments to microtubule content (Pachenari et al., 2014). Also, AFM experiment 

shows that affecting MTs reduces stiffness of axons greatly, while in case of affecting MFs the effect is not 

that severe (Ouyang et al., 2013). 

F-actins contain right handed double helices of actin monomer with around 18nm2 cross sectional area and 

several micrometers of length (Deriu et al., 2012b). Its structure is asymmetric, its monomer is ~6nm long, 

and the pitch of double helix is ~72nm. Within the double helix, monomers bind to each other through 

noncovalent interactions (longitudinal bonds between monomers in each helical strand and diagonal bonds 

between adjacent monomers in opposite helical strands) (Erickson, 1989; Howard, 2001). The monomeric 

subunit (G-actin) has four subdomains, of which, subdomain 2 (the D loop) folds into α-helix in ADP bound 

state, but has no definite secondary structure in ATP bound state (Graceffa and Dominguez, 2003; Otterbein 

et al., 2001). X-ray diffraction experiments show that globular to stable, flat, fibrous actin transition can 

occur by rotation of two major domains by around 20 degrees (Oda et al., 2009). It is believed that actin 

configurations cannot be correlated to a particular nucleotide state, rather they are differ in two loops: β 

hairpin loop containing Ser-14 and sensor loop with the methylated His-73 (Dominguez and Holmes, 2011). 

Electron microscopy shows different structural states of actin, especially the subunit 2 can be disordered in 

the way of connecting to the C terminus of a subunit above it, and therefore, it should be studied as an 

ensemble of different structures (Galkin et al., 2010). Cryo-EM technology has facilitated direct 

visualization of secondary structure of actin (Fujii et al., 2010). Immunofluoroscence has also been applied 

for examining actin network structure (Lazarides, 1975). Actin networks and bundles should be studied 

along with the properties of individual filaments, as they show the holistic characteristics of the cytoskeletal 

component. Purified actins assemble into uniform mass of long filaments, while in presence of macrophage 

actin binding proteins they assemble into straight, short filaments with parallel branching network 
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(Niederman et al., 1983). Divalent cation binding sites induce F-actin polymerization (Splettstoesser et al., 

2011).  

Actin filaments are crosslinked by actin binding proteins (ABP) such as filamin, and depending on its 

concentration, a single type of ABP can induce different actin microstructure (Schmoller et al., 2009). F-

actin, being crosslinked by bundling proteins such as actinin, can assemble into frequently branching 3D 

network (Pelletier et al., 2003). 

 

6.1.2.1.2 Mechanical Properties of Actin 

Mechanical properties, especially the persistence length of actin filament have been studied in earlier works 

(Isambert et al., 1995; Tsuda et al., 1996). The persistence length with all subunits in ATP state (F-ATP) is 

~17µm, although it can vary to a large extent. ATP bound, unfolded actin persistence length has been found 

to be twice of ADP bound, folded D-loop contained actins (Chu and Voth, 2005). Further studies revealed 

that unfolding of the D-loop increases persistence length regardless of the state of bound nucleotide (Oda 

et al., 2009; Pfaendtner et al., 2010b). Separate studies have proposed possible mechanism of ATP 

hydrolysis in actin (Akola and Jones, 2006; Vorobiev et al., 2003). Mechanics of F-actin cytoskeleton is 

dictated by diverse mechanical dynamics of F-actin networks and bundles, and it has been reviewed 

thoroughly (Stricker et al., 2010).  

Due to having helical structure, bending and twisting of F-actin have significant effects, especially on short 

ones (Enrique et al., 2010). From that perspective, chemical, and mechanical properties of actin should be 

studied separately. Mechanical behaviors of actin monomers and filament are studied by molecular 

dynamics (MD) simulations which, however, cannot capture filament-scale, biologically relevant 

phenomena. Therefore, an alternative has been CG modeling (Chu and Voth, 2006; Deriu et al., 2012b). 

There are several theories regarding behaviors of F-actin, such as elastic rod buckling theory and filament 

severing by cofilin theory (Berro et al., 2007; McCullough et al., 2011), while some models have examined 
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mechanics and chemistry interplay (Asakura et al., 1963). Yogurtcu et al (Yogurtcu et al., 2012) proposed 

an intermediate scale model (which does not consider internal conformational complexity of actin, but 

include possible conformational changes due to ATP hydrolysis) found that actin filaments are 

mechanically stiff under stretch, but easily deformable by bending. The chemical state of actin monomers 

can change, and rate of ATP conversion depends on the overall elastic energy of the filament. For filament 

length much longer than the helical actin pitch (>1µm), the filament mechanically deforms as a semiflexible 

rod. It is also found that F-actin easily buckles under compressive deformation (Chu and Voth, 2006).  

Earlier works have found that ATP bound actin filaments have higher bending and torsional rigidities than 

ADP bound filaments (Isambert et al., 1995; McCullough et al., 2011; Rebello and Ludescher, 1998). 

Coarse grain MD simulations validated the findings about the properties (Fan et al., 2012). From the force-

extension experiment in CG, Chu et al (Chu and Voth, 2006) found the stretching stiffness of F-ATP actin 

and F-ADP actin as 37pn/nm and 31pn/nm, respectively.  

Effect of tensile force on actin filaments has also been studied earlier (Matsushita et al., 2011), and it is 

shown that tensile force causes decrement of twist angle, leading to increased extensional and torsional 

stiffness. According to earlier works, torsional rigidity per unit length of actin filament ranges from 2.3x10-

27 Nm2 to 8x10-26 Nm2 (Matsushita et al., 2012, 2010; Tsuda et al., 1996), and that extension-torsion coupling 

is important to comprehend the mechanical behavior of actin. Furthermore, role of ABPs (which incorporate 

conformational changes in the structure of actin) on mechanical properties of actin has been investigated 

by steered molecular dynamics (SMD) simulations (Kim et al., 2016). Cofilactin (cofilin bound with each 

actin monomer) is found to be more flexible than a pure actin filament, especially actin filament with 

partially bound cofilin (refer to Figure 6.2). The severing mechanism of cofilin on actin filaments is 

described in some studies, and found that mechanism of cofilin activity is promoting stress concentrations 

in junctions of filaments, which is similar to grain boundary fracture of crystalline materials or shear 

transformation of colloidal materials (De La Cruz, 2009). Regulatory severing protein (cofilin) has been 

found to increase bending and twisting compliance of actin in some atomistic and continuum models 
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(Schramm et al., 2017), because buckled cofilactin (actin decorated with cofilin) stores elastic energy 

between the bare and cofilin-decorated segments, accelerating severing. Experimentally determined 

Young’s Modulus of actin is reported to be 400MPa-2.5GPa (ben-Avraham and Tirion, 1995; Higuchi et 

al., 1995b; Huxley et al., 1994b; Kojima et al., 1994b; Wakabayashi et al., 1994b), to which the MD 

simulation results of Kim et al (Kim et al., 2016) and Matsushita et al (Matsushita et al., 2011) match 

closely. Torsional stiffness value obtained from MD simulation performed by Matsushita et al (Matsushita 

et al., 2010) also agreed with the experimental values, assuming that difference can occur depending on the 

initial conformational state.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Actin filament decoration with cofilin, leading to formation of cofilactin, which facilitated 

determining enhanced flexibility obtained by cofilactin, investigated by steered molecular dynamics (SMD) 
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approach. The model is prepared from protein data bank (PDB) code 3JOS. a) Actin without cofilin, b) 

actin decorated by 6 cofilin, c) actin decorated with 12 cofilin. Ref: (Kim et al., 2016).  

 

Different conformation of F actin has been studied separately, which we have already mentioned (Oda et 

al., 2009). Viscoelastic response of actin network has been studied in different works (Lieleg et al., 2009; 

Schmoller et al., 2009) and it is found that the response depends on cross-linker off rate, binding energy or 

characteristic bond length of individual actin/ABP interactions (Schmoller et al., 2009). The response of 

the network is a combination of elasticity of the network and force-induced cross-linker unbinding and 

rebinding (Gurmessa et al., 2017). Both oscillatory and shear type experiments showed viscoelastic nature 

for filamentous and nonfilamentous actins (Sato et al., 1985). Viscoelastic behavior of actin network has 

been studied by modeling single filament, cross-linking and incorporating Maxwell properties in FEM, and 

validated by large strain experiments (Unterberger et al., 2013b).  

Cross-linking dynamics has been strongly related to mechanical properties of actin (Xu et al., 1998b). Rate 

of deformation also affects the difference between the stiffness of pure actin and actinin - at higher 

deformation rate, actinin is found to be stiffer than pure actin (Sato et al., 1987). Actin, when associated 

with cross-linking proteins, act as around 40 times stiffer than pure actin under high deformation rate, 

although the difference becomes indistinguishable under small deformation rate (Sato et al., 1987), which 

is justified by multiple rearranging of cross-link hypothesis.  

Range of obtained rheological parameters of actin, such as shear modulus and storage modulus from 

different experiments have been investigated as the reported values differ from 0.01Pa to tens of Pa, and it 

is concluded that mechanical properties depend on initial length of filament as well as preparation, 

polymerization condition and storage methodology (Janmey et al., 1994; Xu et al., 1998a). It is also found 

in a study we have already mentioned that stiffness of 1µm long actin is higher in case of association with 

tropomyosin (Kojima et al., 1994b).  
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Actin-actin bond breaking force is also measured in some studies, and they showed that turning of filaments 

greatly reduce the required force (Tsuda et al., 1996). In separate studies, strain dependent behavior of actin 

networks has been investigated to show that at high strain the elasticity ceases to be linear (Gardel et al., 

2004).  

 

6.1.2.1.3 Computational Aspects of Actin Modeling  

Computationally, there have been numerous approaches to model and characterize actin. For example, 

atomistic studies on MFs have used Oda (Oda et al., 2009) or Holmes (Dominguez and Holmes, 2011) 

model. Due to the nanometer length scale, multiscale approaches have also been proven effective from 

modeling perspective (Li et al., 2013). The structure, network, and stiffness properties have been 

determined by multiple studies. However, recently published review study, after performing a 

comprehensive literature exploration has concluded that the stiffness of microfilaments i.e. actins can vary 

significantly, from a few hundred megapascals to 2.5 gigapascals (Khan et al., 2020a). Atomistic and CG 

studies have facilitated obtaining significant insight regarding mechanical behavior of actin including the 

effect of actin-severing protein (T Kim et al., 2009), effect of crosslinking (Claessens et al., 2006), and 

dynamic attributes (Deriu et al., 2012b). Aside from the stiffness and strictly mechanical insights, 

computational studies have also provided with critical information regarding mechanochemical attributes 

(Zheng et al., 2007), deformation criteria (Yogurtcu et al., 2012), persistence length (Fan et al., 2012), 

torsional mechanism (Fan et al., 2012), viscoelastic characteristics (Unterberger et al., 2013b), etc. In this 

study, however, the results will be limited to mechanical behavior of actin under extreme strain rate to 

mimic TBI scenario.    

Specifically from the modeling perspective, there have been numerous MD, coarse grained MD, FEM and 

continuum scale models on actin, and it is relevant to mention the aspects of some studies we have already 

cited in the earlier seciton. Fully atomistic models by fitting known structures of G actin has been proposed 
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earlier (Fujii et al., 2010; Oda et al., 2009; Splettstoesser et al., 2011). Some MD simulation studies have 

attempted to capture global structure as well as internal stereochemistry of actin (Splettstoesser et al., 2011). 

Coarse-graining from fully atomistic simulations further revealed holistic properties of F-actin (Deriu et 

al., 2012b). Actin network properties has also been studied by continuum models, which highly emphasize 

cross-linking proteins (Holzapfel et al., 2014; Unterberger et al., 2013b). Oda model and Holmes model 

have been used extensively by others in MD simulations to further investigate F actin network structure 

and properties (Pfaendtner et al., 2010b).  

 

6.1.2.2 Spectrin: Structure and Mechanical Insight    

6.1.2.2.1 Structure of Spectrin  

As a significant axonal cytoskeletal component and a member of F-actin crosslinking superfamily, the 

functionality, structure, and attributes of spectrin have been explored in detail (Zhang et al., 2013). 

Structurally, spectrin forms α-spectrin and β-spectrin heterodimers (Kusunoki et al., 2004) which lead to 

tetramers (Harper et al., 2010), eventually forming a hexagonal lattice when combined with periodic actin 

rings. Among the two α and five β isoforms, the α-II (genetic encoding: SPTAN1) and β-II (genetic 

encoding: SPTBN1) are the most relevant ones for axonal spectrins. It is worthy to mention that due to 

being part of heterodimer, α and β shares only 30% similarity in structure. Furthermore, they have distinct 

function in axonal pathfinding (Hülsmeier et al., 2007). The role of spectrin is recognized in maintaining 

axon stability and mechanical properties (Baines, 2009; Grum et al., 1999). Lack of spectrin has been 

marked as a source of axon instability, even breaking (Hammarlund et al., 2007).    

Recently proposed medium resolution zipper model of spectrin dimerization shows that α20-21 and β1-2 

repeats create a dimer initation site and close the dimer by utilizing electrostatic interaction. At the junction 

between α20-21 and β1-2 repeats, there are the actin binding domain, adducin binding spot, and Ca2+ 

binding EF hand. The determination of building blocks of spectrin i.e. α and β subunits have been performed 
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experimentally in the early 80’s, mostly by using gel-filtration and ion-exchange chromatography, which 

laid out the groundwork of membrane associated actin-spectrin cytoskeleton (Burns et al., 1983; CALVERT 

et al., 1980). However, the function of spectrin was observed from biochemical perspective by 

incorporating phosphorylation and resulting change in association or dissociation from membrane which 

leads to specific stability states of the cytoskeleton, instead of response to mechanical loading perspective. 

It is to be mentioned that the actin-binding domain in spectrin subunits has also been determined in early 

chromatography researches (FRAPPIER et al., 1992, 1987) and later green fluorescence microscopy 

(Nestor et al., 2011), which led to quantification of specific domains and repeat regions later, even for non-

erythroid spectrins (Moon and McMahon, 1990; Nagase et al., 1997). Additionally, the ~180nm periodicity 

of spectrin, which is consistent with the periodicity of axon rings placed ~180nm interval along the length 

of axon has been established by recent nanoscopy studies – which provide concluding evidence that indeed 

axonal cytoskeleton contains periodic lattice of actin-spectrin network (D’Este et al., 2015), while the exact 

details of the structure will be dependent on appropriate imaging method.   

 

6.1.2.2.2 Limited Mechanical and Modeling Insight on Spectrin 

 

Most of the published work on spectrin properties investigate erythroid spectrin and actin-spectrin 

biochemical interaction (Smith et al., 2018). For example, shear response of spectrin in red-blood cell is 

attributed to head-to-head association of spectrin heterodimers (An et al., 2002), large deformation and 

elastic response of erythroid spectrin (Dao et al., 2006), network level elasticity in erythrocytes (Hoore et 

al., 2018), etc. These studies provided excellent validation of continuum models of red blood cells by 

providing reliable length scale relationships. The extent of progress in erythrocyte related modeling which 

incorporates properties of spectrin are diverse and advanced in literature due to advancements in optical 
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tweezer experiment methodologies and atomic force microscopy (AFM), while the literature lacks insight 

regarding axonal cytoskeletal modeling of spectrin (Li et al., 2010, 2005).  

As a biological material, the failure behavior of spectrin can be explained from biochemical perspective, 

catalytic induction states, and associated viewpoints (Witek and Fung, 2013). However, forced unfolding 

research studies are particularly relevant to the current work, as they provide insight regarding extensibility 

of multi-domain proteins such as spectrin (refer to Figure 6.3). One example is forced unfolding of tandem 

spectrin repeats at low forces performed by AFM, which has suggested that tandem unfolding differs 

significantly from single unfolding (Law et al., 2003). In comparison, single molecule force spectroscopy 

(SMFS) has demonstrated single unfolding of spectrin specifically, which showed that single spectrin 

unfolding occurs in a stepwise fashion when susceptible to stretching, substantiating the presence of 

multiple intermediate repeat region in the structure (Lenne et al., 2000). Also, AFM study has quantified 

that force required to unfold spectrin repeats ranges between 25-35pN (Rief et al., 1999). In addition, 

biochemical analyses of spectrin folding and unfolding mechanism have attributed different folding 

mechanism to interchain binding aspects (Viel, 1999), different kinetic characteristics (Scott et al., 2004), 

and existence of critical extension (Zhu and Asaro, 2008).  
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Figure 6.3: Depiction of forced unfolding of spectrin tandem repeats as found by atomic force microscopy 

(AFM). Ref: (Law et al., 2003). 

 

Additionally, steered molecular dynamics (SMD) studies on human erythroid and chicken brain spectrin 

have examined forced unfolding of multiple repeat spectrin suggesting that α-helical linker can be ruptured 

if susceptible to forced unfolding, the propagation of which may lead to destabilization of the tertiary 

structure (Paramore and Voth, 2006). Moreover, the same group has investigated the rupture criteria of 

spectrin specifically by implementing non-equilibrium MD simulation, which has shown that force-

extension response changes significantly at ~0.4nm extension, and spectrin behavior can make a transition 
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from elastic to viscous material as suggested by force-extension curves (Paramore et al., 2006). Formation 

of stable intermediate unfolded structures has been substantiated by similar MD simulation works on 

spectrin (Altmann et al., 2002; Ortiz et al., 2005).     

Furthermore, theoretical modeling of spectrin network in axonal cytoskeleton has led to insights regarding 

the extension and fluctuation characteristics, which suggested that spectrins, within the periodicity of axons, 

can fluctuate in-sync. This study substantiated that a spectrin network can be considered as a slender 

structure which can be coarse-grained (Lai and Cao, 2014).   

Lastly, among other mechanical properties of spectrin, the frequency dependence of shear response has 

been measured by multiple lumped resonating viscoelastometer, which suggested that spectrin dimer can 

extend at a specific ionic strength (Sandvold et al., 1989). Moreover, viscoelastic and mechanochemical 

characteristics of spectrin gel have also been determined, but only for erythrocytic ones (Stokke et al., 1986, 

1985). The limitation in the literature is therefore evident that the stiffness and mechanical response data 

are almost limited to erythrocyte related studies (Svetina et al., 2016).  

 

6.1.2.3 Periodic Actin-Spectrin Skeleton: Role in Axon and Strain Rate Dependent Scenario  

The periodic actin-spectrin cytoskeleton structure as well as the difference between cytoskeleton structure 

in dendrites, synapse, axon initial segment, and axonal cytoskeleton have been substantiated only after 

2010s by dint of super-resolution microscopy and fluorescence nanoscopy  (Barabas et al., 2017; Han et 

al., 2017; Huang et al., 2017; Koskinen and Hotulainen, 2014; Sidenstein et al., 2016; Xu et al., 2013). The 

significant advancement in the microscopy front is understood by recent review work and remodeling study 

on periodic actin-spectrin network (Unsain et al., 2018b, 2018a). Specifically for axonal cytoskeleton, the 

periodicity is stated to be formed at the early stages of development and extends from proximal to distal 

end of axon (Zhong et al., 2014). It is to be mentioned that the periodicity of cytoskeleton is found in 
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different types of cells and across species (He et al., 2016) and even axonal actin structure may differ from 

rings to waves and trails (Roy, 2016) – but in this section, the discussion is limited to axonal cytoskeleton.  

Specifically, the periodic structure of actin is found in axon, axon initial segment, and neck of dendritic 

spines –  which differs than the structure of actin found in dendrites changing the conformation as one 

moves forward along the length of dendrites (Abouelezz, 2020; Bär et al., 2016). In this regard, earlier 

experimentations have investigated spectrin-actin gel elasticity as a function of protein concentration, which 

proposed actin fiber network crosslinked by spectrin networks at regular intervals (Schanus et al., 1985). 

The role of actin-spectrin network in maintaining axon diameter and MT stability have also been well-

established by multiple studies including recent ones (Costa et al., 2018; Leite et al., 2016; Leite and Sousa, 

2016; Qu et al., 2017).  

 

 

 

 

   

 

 

 

 

Figure 6.4: Representation of actin-spectrin network, which provides stability to axonal cytoskeleton in 

cooperation with other proteins such as adducin. Ref: (Leite et al., 2016). 
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Spectrin-actin interaction and associated alteration of cytoskeleton (even axon degeneration) have been 

found to be manipulated by numerous biochemical agents and phenomena, such as effect of dematin 

(Koshino et al., 2012), tropic deprivation (TD) (Wang et al., 2019), etc. Furthermore, continuous 

remodeling of neural cytoskeleton has been attributed to neural growth, which is dictated by actin-MT and 

actin-spectrin interaction (Coles and Bradke, 2015). However, studies focusing on spectrin-actin interaction 

or alteration of the interface between them due to mechanical loading is scarce in literature. Among the few 

recent studies relevant to actin-spectrin cytoskeleton, one has attributed the tension-buffering shock 

absorber mechanism of the cytoskeleton (especially reversible unfolding of the repeat domains of the 

spectrin tetramers) to the ability of axon to stretch significantly by performing stretching experiment on 

chicken dorsal root ganglion in a customized force apparatus (Dubey et al., 2020). In relevance, red blood 

cell (RBC) coarse grain modeling has revealed that spectrin contributes to shear stress at lower shear strain, 

but lipid membrane also contributes at higher strain rates (Li and Lykotrafitis, 2012).   

In short, current literature lacks insight in mechanical behavior of spectrin and actin-spectrin interaction, 

although most of the mechanical properties of actin are existent. However, recent studies on cytoskeletal 

components have focused on applicable strain rate on different cytoskeletal component to imitate TBI 

scenario by undertaking computational approaches such as microtubules and tau proteins (Khan et al., 

2020b; Wu and Adnan, 2018) which can be extended to other axonal cytoskeleatal components to provide 

novel insights regarding the specific mechanical behavior of such cytoskeletal components at extreme strain 

rate. However, to achieve these objectives, different customized approaches are expected, such as atomistic 

based continuum modeling, coarse-graining, adopting comprehensive multiscale maneuver (Adnan et al., 

2018), etc. Optimistically, the possible future directions mentioned above will play an instrumental role in 

developing a bottom-up axon model focusing on TBI scenario and contribute to the existent computational 

axon models.  
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6.1.3 Summary of the Literature Review on Actin, Spectrin, and Periodic Actin-Spectrin 

Cytoskeleton 

In this section, current advancements in the analysis of structure and mechanical behavior of actin, spectrin, 

and periodic actin-spectrin cytoskeleton. As biological materials, relevant literature from biochemical 

perspective are also represented.  

The major findings can be summarized as below:  

1. Actin: Mechanical insights are mostly present. 

2. Spectrin: Little mechanical insight is present, but mostly for erythroid spectrin, not axonal ones.  

3. Actin-Spectrin Network: Little mechanical insight is present.  

Especially, the current literature fails to cover the high strain rate response of actin-spectrin network. 

However, the limitations in (b) and (c) can certainly be attributed to lack of advanced imaging techniques 

and customized mechanical experimentation as well as modeling. However, over the next few years, it can 

be hoped that the current limitations will be overcome to a significant extent – as structural insights will be 

more substantiated and microscopy methodologies will be advanced further. Due to the nanometer length 

scale, molecular dynamics and associated computational approaches will also serve valuable 

complementary purpose. 

Table 6.1 summarizes the finding in this study focusing on mechanical insight – substantiating that there is 

sufficient literature focusing on actin behavior, but not spectrin and actin-spectrin cytoskeleton.   

 

Table 6.1: Actin, Spectrin, and Actin-Spectrin Network: Mechanical Behavior Insight  
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Axonal 

Cytoskeletal 

Component 

Mechanical Property or 

Attribute Investigated 

Reference 

Actin 

 

Persistence length (Chu and Voth, 2005; Isambert et al., 1995; Tsuda et al., 

1996) 

Unfolding and stretching 

characteristics 

(Oda et al., 2009; Pfaendtner et al., 2010b) 

Mechanics of F-actin bundles (Stricker et al., 2010) 

Bending and torsional rigidity 

and stiffness, twisting  

(Enrique et al., 2010; Fan et al., 2012; Isambert et al., 

1995; Matsushita et al., 2010; Rebello and Ludescher, 

1998) 

Severing mechanism and 

response to tensile loading 

(Berro et al., 2007; Chu and Voth, 2006; De La Cruz, 

2009; Kim et al., 2016; T Kim et al., 2009; Matsushita et 

al., 2011; McCullough et al., 2011; Schramm et al., 2017) 

Mechanics + chemistry aspects (Asakura et al., 1963) 

Young’s modulus (ben-Avraham and Tirion, 1995; Higuchi et al., 1995a; 

Huxley et al., 1994b; Khan et al., 2020a; Kim et al., 2016; 

Kojima et al., 1994b; Matsushita et al., 2011; 

Wakabayashi et al., 1994b) 

Viscoelastic behavior (Gurmessa et al., 2017; Lieleg et al., 2009; Sato et al., 

1985; Schmoller et al., 2009; Unterberger et al., 2013b) 

Cross-linking dynamics (Sato et al., 1987; Xu et al., 1998b) 
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Rheological parameters (such as 

storage and lost modulus) at 

filament and network level 

(Janmey et al., 1994; Kojima et al., 1994a; Xu et al., 

1998a) 

Actin-actin bond (Tsuda et al., 1996) 

Strain-rate dependent behavior (Gardel et al., 2004) 

Spectrin Shear response (An et al., 2002; Smith et al., 2018) 

Elastic response (Dao et al., 2006; Hoore et al., 2018) 

Biochemical failure (Witek and Fung, 2013) 

Forced unfolding mechanism (Altmann et al., 2002; Law et al., 2003; Lenne et al., 

2000; Ortiz et al., 2005; Paramore and Voth, 2006; Rief 

et al., 1999; Scott et al., 2004; Viel, 1999; Zhu and Asaro, 

2008) 

Actin-Spectrin 

Network 

Contribution of reversible 

unfolding of spectrin at low 

strain rate 

(Dubey et al., 2020; Li and Lykotrafitis, 2012) 

 

Therefore, it is evident that more mechanical studies are required focusing on spectrin and actin-spectrin 

network, which can be achieved by computational approaches as depicted by molecular level studies on 

other axonal cytoskeletal components (Khan et al., 2020b; Wu and Adnan, 2018). Keeping these aspects in 

consideration, this study attempts to provide novel insights regarding the specific mechanical behavior of 

such cytoskeletal components at extreme strain rate – which will play an instrumental role in developing a 

bottom-up axon model focusing on TBI scenario and contribute to the existent computational axon models.  
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6.2 Method 

The required PDB file and FASTA sequence for actin and spectrin structures are obtained from RCSB and 

Uniprot protein data banks, and then simulation-compliant models are built based on the predicted obtained 

from the i-TASSER predictor software (Zhang, 2008). The reason of proceeding with i-TASSER predicted 

structure is its reliability quantified by CASP and recent successful implementation of predicted structure 

in MD simulations (Battisti and Tenenbaum, 2012; Castro et al., 2019; Khan et al., 2020b).  

The PDB files are converted into LAMMPS (Plimpton, 1995) readable data files with OPLS force field 

(Jorgensen et al., 1996) for simulation. The simulation box is filled with explicit water molecules, for which 

MARTINI force field (Marrink et al., 2007) is used for van der Waals interaction parameters. Required 

NaCl ions were added to obtain charge neutralization for explicit solvent simulations.  

With periodic boundary conditions in all three directions, the protein structures solvated in water are 

equilibrated for 200ps to minimize the potential energy at a targeted temperature of 310K. The LJ potentials 

are used with inner and outer cutoff of 10Å and 12Å, respectively. Long range coulombic interactions are 

computed by pppm style, facilitating a particle-particle particle-mesh solver with a 3d mesh. The 

equilibration was performed in NVT canonical ensemble, with the temperature damping parameter of 100fs 

(for the first 100ps), and then in NPT isobaric ensemble, with target pressure of 1 bar (for another 100ps). 

After the structures are well equilibrated as ensured by flat potential energy of the system vs time graphs, 

the uniaxial tensile tests are performed by pulling the residues along the length axis, towards the opposite 

direction, at the strain rates of 108 s-1 and 109 s-1 which are relevant to TBI scenario despite being high strain 

rates (Wu and Adnan, 2018). It is assumed that ~10% of strain is sufficient to obtain the stiffness data. 

Table 6.2 summarizes the box size of the systems and the specific tensile test schemes.  

 

6.2.1 Tensile Test on 6-actin and 12-actin Models 
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To determine mechanical property of actin, 6-actin and 12-actin models are utilized. Both models are built 

from existent literature. The 6-actin model is obtained from “actin filament pointed end” structure found 

by electron microscopy deposited with PDB ID 2Y83 (Narita et al., 2011), while the 12-actin model is 

obtained from the cryo-EM structure of actin deposited with PDB ID 3G37 (Murakami et al., 2010). The 

objective of tensile test is to observe strain rate dependence and difference between the stretching 

mechanism between short and long F-actin filaments.     

 

6.2.2 Tensile Test on α-spectrin and β-spectrin 

For α-spectrin and β-spectrin, the models are built from Uniprot structures – for non-erythrocytic α-spectrin 

(gene: SPTAN1) (Moon and McMahon, 1990) and β-spectrin (SPTBN2) (Nagase et al., 1997) structures. 

These sources facilitate specification of domains and repeat regions, which is utilized in the modeling and 

tensile tests. The tensile test scheme is similar to that of actin. The simulation-compliant versions are created 

by using the last seven (7) repeats and the EF hand regions for α-spectrin, while the first seven (7) repeats 

and the actin binding domain are used for β-spectrin. According to the comprehensive review study on 

spectrin (Zhang et al., 2013), 19-20 repeats in α-spectrin and 1-2 repeats in β-spectrin are sufficient for 

actin-spectrin modeling, and therefore, it is ensured that these repeats are included in the standalone spectrin 

models. The specification of the residue numbers of both spectrin isoforms are provided in Table 1. Aside 

from obtaining the mechanical property, another objective of the tensile test on standalone spectrin is to 

observe the unfolding mechanism.  

 

6.2.3 Determination of Actin-Spectrin Interaction 

For actin-spectrin interaction model, two β-spectrin filaments (a smaller version with the actin-binding 

domain and the first two repeats) (Zhang et al., 2013) are attached to the 12-actin surface, and then pulled 

at the opposite directions. The objective of applying two different strain rates is to observe the strain rate 
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dependence and possible separation mechanism. This ensures that possible TBI scenarios are covered where 

either of the axonal cytoskeletal components might be susceptible to stretching.   

 

6.2.4 Stress-Strain Calculation and Tensile Test Schemes 

Calculation of the stress and strain are similar to recently published MD work on axonal cytoskeletal 

component of neuron (Khan et al., 2020b). The stress-strain plots are obtained by the per-atom stress 

calculation and summation in LAMMPS. However, as the output is in (pressure x volume) unit, the obtained 

stress value must be divided by the volume of the protein (or certain portion of the protein). The general 

formulation used by stress per atom command is P = (Pxx+Pyy+Pzz)/ (3xV), where Pxx, Pyy and Pzz are the 

summations of stress/atom values for all atoms in x, y, and z direction respectively, and V is the summation 

of volume of the atoms of the protein being considered. The approximated volume was obtained by Voronoi 

cell approximation, adapted from LAMMPS voro++ package (Rycroft, 2009). The strain is simply obtained 

by the displacement of the atoms from the initial position. All the tensile tests are performed in NVT 

ensemble, with 100fs temperature damping parameter. 

The visualizations of the tests are carried out by OVITO software (Stukowski, 2010).  All the simulations 

were carried out by the STAMPEDE2 and Lonestar supercomputers of Texas Advanced Computing Center 

(TACC).  

 

Table 6.2: Simulation setup for tensile tests on actin, spectrin, and actin-spectrin models 

System Box Size 

Approximation  

(nm x nm x nm) 

Number of 

protein atoms 

Number of 

atoms in the 

system 

Boundary Condition or Loading 

Scheme for Tensile Test  
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[Note: biggest 

dimension is 

always in the 

length (or 

pulling) 

direction] 

(approx. in 

millions) 

(all are performed for strain rates 

1x108s-1 and 1x109s-1) 

6 Actin 13 x 13 x 48.5 35202 0.75 First 100 and last 100 residues are 

pulled towards the opposite 

direction 

12 Actin 17 x 17 x 63.5 70548 1.6 First 100 and last 100 residues are 

pulled towards the opposite 

direction 

α-Spectrin 68.5 x 12 x 12 13034 0.9 Left-most repeat region is pulled 

towards -x direction, right-most 

repeat region and EF regions are 

pulled towards +x direction 

β-Spectrin 68 x 12 x 12 15342 0.9 Left-most repeat region and actin-

binding region are pulled towards 

-x direction, right-most repeat 

region is pulled towards +x 

direction 

Actin-Spectrin 58 x 11 x 38.5 87702 2.2 The outermost 50 residues of the 

two β-Spectrins attached to the 12-
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actin surface are pulled towards 

the opposite directions  

 

 

6.3 Results 

6.3.1 Mechanical Property of Actin  

For 6-actin and 12-actin systems, uniaxial tensile tests are performed at two strain rates, 108s-1 and 109s-1. 

Figure 6.5-6.7 show the stress-strain response and tensile test snapshots for the 6-actin system, while Figure 

6.8-6.10 show the same for the 12-actin system. It is observed that both 6-actin and 12-actin behave as 

stiffer material at higher strain rate. However, the stretching stiffness is in the range found in the literature, 

even at such high strain rate.    

 

 

 

Figure 6.5: Stress-strain response of 6 actin system for two strain rates.  



 

173 
 

 

 

 

 

 

 

 

 

 

 

 

 

                                           a                                               b                                              c 

Figure 6.6: Snapshots of tensile test on 6-actin system at strain rate 1x108s-1. Strain: a) 0%, b) 5%, c) 10%. 

The atoms being pulled are shown in red color. For the rest, the default coloring of OVITO software is 

retained.  
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Figure 6.7: Snapshots of tensile test on 6-actin system at strain rate 1x109s-1. Strain: a) 0%, b) 10%, c) 20%, 

d) 30%, e) 40%, f)50%. The onset of failure is found at ~30% strain, where for complete failure 

(fragmentation of the main filament) occurs at ~50%. The atoms being pulled are shown in red color. For 

the rest, the default coloring of OVITO software is retained.  
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Figure 6.8: Stress-strain response of 12 actin system for two strain rates. 
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                                 a                                                b                                             c 

Figure 6.9: Snapshots of tensile test on 12-actin system at strain rate 1x108s-1. Strain: a) 0%, b) 5%, c) 10%. 

The atoms being pulled are shown in red color. For the rest, the default coloring of OVITO software is 

retained. 

 

 

 

 

 

 



 

178 
 

 

 

 

 

 

 

 

 

                                a                                              b                                                c 

 

 

 

 

 

 

 

 

 

                               d                                                e                                                f 

 



 

179 
 

Figure 6.10: Snapshots of tensile test on 12-actin system at strain rate 1x109s-1. Strain: a) 0%, b) 10%, c) 

20%, d) 30%, e) 40%, f)50%. This longer filament does not show failure by fragmentation, rather it shows 

increased stretchability. The atoms being pulled are shown in red color. For the rest, the default coloring of 

OVITO software is retained. 

 

6.3.2 Mechanical Property of Spectrin 

For α-spectrin and β-spectrin systems, uniaxial tensile tests are performed at two strain rates, 108s-1 and 

109s-1. Figure 6.11-6.13 show the stress-strain response and tensile test snapshots for the α-spectrin system, 

while Figure 6.14-6.16 show the same for the β-actin system. It is observed that spectrin also behaves as 

stiffer material when susceptible to higher strain rate. However, the extent of dependence on the strain rate 

is relatively lower, as spectrin goes through unfolding stage of the interrepeat domains unlike actins (which 

manifest stretching of the F-actin filaments even at low strain due to strong bond between G-actins in the 

filament) as depicted by the snapshots.   
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Figure 6.11: Stress-strain response of α-spectrin system for two strain rates. 

 

 

a 

 

 

 

b 

 

 

 

c 

 

 

Figure 6.12: Snapshots of tensile test on α-spectrin system at strain rate 1x108s-1. Strain: a) 0%, b) 5%, c) 

10%. The atoms being pulled are shown in red color. For the rest, the default coloring of OVITO software 

is retained. 

 

 



 

181 
 

 

 

a 

 

 

 

b 

 

 

 

c 
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Figure 6.13: Snapshots of tensile test on α-spectrin system at strain rate 1x109s-1. Strain: a) 0%, b) 20%, c) 

40%, d) 60%. The unfolding of the inter-repeat domains are manifested strongly at high strain rate. The 

atoms being pulled are shown in red color. For the rest, the default coloring of OVITO software is retained. 
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Figure 6.14: Stress-strain response of β-spectrin system for two strain rates. 
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Figure 6.15: Snapshots of tensile test on β-spectrin system at strain rate 1x108s-1. Strain: a) 0%, b) 5%, c) 

10%. The atoms being pulled are shown in red color. For the rest, the default coloring of OVITO software 

is retained. 
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Figure 6.16: Snapshots of tensile test on β-spectrin system at strain rate 1x109s-1. Strain: a) 0%, b) 20%, c) 

40%, d) 60%. The unfolding of the inter-repeat domains is manifested strongly at high strain rate. The 

atoms being pulled are shown in red color. For the rest, the default coloring of OVITO software is retained. 

 

Table 6.3 summarizes the stiffness result based on the linear fit of 10% strain vs stress data of actin and 

spectrin models.  

 

Table 6.3: Stiffness summary from the tensile tests on actin and spectrin models.  

Model Stiffness (MPa) 

1x108s-1 1x109s-1 

12-actin 919 2054 

6-actin 852 1816 

Spectrin-α 973 2107 

Spectrin-β 1120 1067 
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6.3.3 Actin-Spectrin Interaction 

For actin-spectrin systems, tensile tests are performed at two strain rates, 108s-1 and 109s-1 by attaching two 

β-spectrin to the surface of a 12-actin system, and then pulled away towards the opposite directions. Figure 

6.17 and 6.18 show the tensile test snapshots for the system for 108s-1 and 109s-1, respectively. It is depicted 

that not only the separation differs according to the applied strain rate, but also the failure mechanism. At 

lower strain rate, the prone-to-failure region is the actin-spectrin interface, while at higher strain rate, it is 

the inter-repeat regions of spectrin.   
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Figure 6.17: Actin-spectrin interaction at strain rate 1x108s-1. a) 0%: initial, b) 6%: stretching of β-spectrin, 

c) 12.5%: onset of separation, d) 18.75%: complete separation. Legend: Yellow: 12-actin, Green: β-

spectrin, Red: atoms being pulled.  
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Figure 6.18: Actin-spectrin interaction at strain rate 1x109s-1. a) 0%: initial, b) 23.5%: stretching and 

unfolding of β-spectrin, c) 42.3%: onset of separation, d) 58.75%: complete separation. Legend: Yellow: 

12-actin, Green: β-spectrin, Red: atoms being pulled.  

 

6.4 Discussion 

The tensile tests performed in this study provides novel insights on mechanical behavior of actin, spectrin, 

and actin-spectrin cytoskeleton in axon. However, as a computational study, some common issues must be 

addressed – such as selection of force field, application of strain rate, and using predicted structure for 

protein.   

First, selection of appropriate force field is vital for realistic representation of a biophysical scenario. In this 

study, OPLS force field is used for simulations, as it is specifically fine-tuned for protein simulation 

(Kaminski et al., 2001; Robertson et al., 2015). Recently it is found that non-reactive force field such as 

CHARMM can successfully capture high deformation phenomena for cytoskeletal components of neuron 

(Khan et al., 2020b; Wu and Adnan, 2018). As a benchmark test, the tensile test on α-spectrin is performed 

for both CHARMM and OPLS force fields, which shows comparable results as depicted in the Appendix 

A5.   

Second, the strain rates used in this study for the tensile tests fall into “extreme” range for axonal 

cytoskeletal components. However, recent computational study on such components has found such range 

of strain rates as relevant to blast-induced TBI scenario (Wu and Adnan, 2018).   

And third, proceeding with predicted structure obtained from the FASTA sequence available in the protein 

data bank (PDB) is justified due to increased application and successful implementation in the recent years 

(Battisti et al., 2012; Battisti and Tenenbaum, 2012; Castro et al., 2019; Khan et al., 2020b).  



 

191 
 

In the following sub-sections, the specific aspects of the obtained results, their impact, and future directions 

are discussed.  

 

6.4.1 Mechanical Behavior of Actin in TBI Scenario 

Studies that explored the failure mechanism of actin have emphasized the effect of actin-severing proteins, 

such as cofilin (Berro et al., 2007; McCullough et al., 2011). While it is admitted that both biochemical and 

mechanical aspects should be considered for determining mechanical behavior of actin at high strain rate, 

it can be argued that effect of mechanical loading (applied tension on the protein in this study) will be most 

significant at extreme strain rate scenario, which is shown in recent studies on other axonal cytoskeletal 

components of neuron (Khan et al., 2020b; Wu and Adnan, 2018). Furthermore, from the results of both 6-

actin and 12-actin systems it is substantiated that actin behaves as a stiffer material at higher strain rate. 

Increase of extensional and torsional stiffness is established in the literature (Matsushita et al., 2011), which 

is in harmony with the finding of the current study. Therefore, from the perspective of extensional stiffness, 

it can be asserted that mechanical behavior of actin is maintained throughout a large range of tensile loading. 

The only difference between the 6-actin and 12-actin system is the failure mechanism. For 6-actin or shorter 

system, actin tends to fail along the junction of G-actin to G-actin. Similar type of failure is also observed 

for MTs at extreme strain rate, which fails along the line of the tubulin junction when susceptible to tensile 

loading (Wu and Adnan, 2018). As there is mainly electrostatic and van der Waals bond i.e. non-bonded 

interactions between G-actins, it is expected that these bonds will be broken before the covalent bonds 

within the G-actin atoms. However, for longer system (12-actin), the pulled region is substantially smaller 

than the overall filament length, and therefore, the tensile load can be carried along the length of the whole 

filament – leading to high stretchability. The range of stiffness is, however, coherent with recent review 

work (Khan et al., 2020a), which suggests that at high strain rate, actin stiffness will be at the high end of 

the range proposed (400MPa-2.5GPa) (ben-Avraham and Tirion, 1995; Higuchi et al., 1995b; Huxley et 

al., 1994b; Kim et al., 2016; Kojima et al., 1994b; Matsushita et al., 2011; Wakabayashi et al., 1994b).  
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6.4.2 Mechanical Behavior of Spectrin in TBI Scenario  

Similar to that of actin, the mechanical behavior of spectrin can also be explained from the biochemical 

perspective (Witek and Fung, 2013). Earlier atomic force microscopy (AFM) studies on spectrin tandem 

repeats and single spectrin have established that susceptibility to tensile loading leads to unfolding and 

stretching, which is impressively close to the observation in the current study (Altmann et al., 2002; Law 

et al., 2003; Lenne et al., 2000). Furthermore, the high stretchability can be attributed to the initial “folded” 

state of the repeat regions and the inter-repeat regions, which get unfolded due to applied high strain rate. 

Although the force required to unfold spectrin has been found to be small (Rief et al., 1999), it can be 

asserted that due to having multiple un-foldable regions throughout the structure, axonal spectrin can have 

high stretchability. However, the multiple fold is attributed to the mechanical strength of the spectrin 

filament, and unfolding leads to vulnerability to failure. It is discussed in recent studies that axonal 

cytoskeletal components provide mechanical stretchability due to their inherent capacity to stretch even 

more than 100% of their initial length (Dubey et al., 2020), and therefore, it can be assumed that this 

capacity is originated from the ability of membrane-associated proteins in axon which contain folded 

regions i.e. spectrins. Therefore, the results on spectrin not only substantiates the structural and mechanical 

insight in the current literature, but also provides indirect causation of the ability of axon to stretch 

significantly.   

 

6.4.3 Actin-Spectrin Interaction in TBI Scenario   

As there is little insight present in the current literature regarding actin-spectrin network (Dubey et al., 

2020), from the actin-spectrin models in the current study it is substantiated that even at high strain rate, 

actin-spectrin lattice can provide substantial mechanical support. Also, two different manners of failure can 

be observed according to the applied strain rates. At lower strain rate, there is significant stretch in spectrin, 
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but the primary failure-prone region is the actin-spectrin interface. However, the scenario is different at 

higher strain rate, as the tensile loading gets less amount of time to be propagated through the spectrin 

filament and manifested at the interface region. Therefore, it is observed that the more damage-prone area 

is the inter-repeat regions of spectrin – same observation obtained in standalone spectrin tensile tests 

performed in this study. In other words, at a single TBI scenario, there could be occurrence of different 

failure along the periodic actin-spectrin lattice: such as separation of spectrin from actin surface, substantial 

spectrin unfolding, or both. In any case, the result is disorientation of the axonal cytoskeleton of neuron, 

regarding which this study provides a novel, strictly mechanical insight from TBI perspective. However, 

for more comprehensive insight, length-dependent tests could also be performed as the F-actin models in 

this study. For this purpose, different number of repeats might be implemented in the actin-spectrin models. 

Optimistically, the near future works will be considering coarse-grained models to accommodate longer 

filament lengths and multiscale approach to obtain lattice-level mechanical response.   

 

6.5     Conclusion 

In this study, mechanical behavior of actin, spectrin, and actin-spectrin interaction at high strain rate are 

determined. The major findings can be summarized as below:  

1. Actin: Both short and long F-actin filaments show stiffer characteristics at higher strain rate. Short 

filament tends to fail at the G-actin to G-actin junction, while long filament shows increased 

stretchability.  

2. Spectrin: Both α-spectrin and β-spectrin show high stretchability. Unfolding of inter-repeat regions 

is strongly manifested at higher strain rate.  

3. Actin-spectrin: Failure occurs at actin-spectrin interface at lower strain rate, while significant 

unfolding of spectrin occurs at higher strain rate.  
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This study not only substantiates recent findings on periodic axonal structure of cytoskeleton, but also 

provides novel insights regarding the mechanical behavior and interaction. Therefore, this study will 

provide pathway for bottom-up axon modeling, contribute to refinement of existent computational axon 

models, and invoke further research focusing TBI scenario. 
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CHAPTER 7 

SUMMARY AND FUTURE STUDIES 

 

 

7.1 Summary  

We have completed five (5) computational studies on tau protein and NFs, which cover their strain rate 

dependent mechanical behavior, phosphorylation effect, and viscoelastic modeling of them. The following 

points summarize the findings of the studies, and the parameters or aspects we have determined:  

1.  Effect of strain rate on single tau, dimerized tau, and tau-MT interface interaction have been 

determined. Here we have shown the strain rate dependent unfolding and stretching phenomena, 

that differs based on strain rate on single tau, separation stretch required in the dimerized tau, and 

separation stretch required to detach tau protein from MT surface, including the comparative 

strength of tau-tau and tau-MT bond, and potential energy aspect of such phenomena.  

2. Domain focused and residue focused phosphorylation in tau have been shown. This study addresses 

the behavior of tau according to the phosphorylated state, and attempts to find out the effect of this 

post-translational modification on single tau unfolding and stretch, dimerized tau separation, tau 

separation from tubulin surface and MT surface, and tau accumulation tendency. We can argue that 

in the first and second studies have successfully given crucial insights on rate dependent aspects of 

tau, and structural and chemical response of this cytoskeletal component.  

3. Strain rate dependent tests on the sidearms of NF isoforms have been performed, and their 

unfolding and stretching behavior, including NF accumulation have been observed. This study, 

although independent, takes a similar approach as we have taken on tau protein, and gives crucial 

insights on rate dependent aspects of NF.  
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4. Tau and NF behavior have been characterized by fitting their relaxation data to established 

viscoelastic model. This study practically completes our understanding on tau and NF behavior 

under the application of high strain rate mechanical loading.  

5. Mechanical properties of actin and spectrin have been determined, along with the actin-spectrin 

separation stretch. This study justifies several mechanical insights present in the literature, and 

provides novel insight at periodic axonal cytoskeleton lattice level from the damage-prone region 

perspective.  

Based on the five (5) studies, we assert that the existent axon models can be enhanced, the FEM models 

can be improved, and a holistic computational axon model can be developed.  

 

7.2 Implementation of the MD Studies 

There are axon models in literature which do not include all the required cytoskeletal components. For 

example, the viscoelastic shear lag model which focuses on the elasticity of MTs and viscoelasticity of tau, 

developed by Ahmadzadeh et al(Ahmadzadeh et al., 2014). In the previous chapter, we have elaborated on 

tau protein and NFs, determining their deformation nature and rate dependent responses. Therefore, the 

existent model can be enhanced by using our study results. The tentative enhanced model might include 

polymerized, or at least dimerized tau protein interaction with MT. Fig. 7.1 Clarifies the limitations of the 

existent model.  
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Figure 7.1: The viscoelastic shear lag model, in which MT is considered as elastic, while tau protein as 

viscoelastic. In this model, MF and NF are absent, which can be enhanced by using the MD simulation 

study results on tau and NF, and literature results on MF.  

  

Furthermore, FEM axon model has been also developed, which require the elastic and viscoelastic material 

properties of MT crosslinks i.e. tau proteins (Hasan et al, 2020, Multiscale Mechanics and Physics 

Laboratory, University of Texas at Arlington). Moreover, inclusion of MFs and NFs are also important in 

order to attain comprehensive axon model. Admittedly, MT controls majority of the property and behavior 

of axon, but the individual component response, and interaction aspects as well as properties are highly 

important under the application of impact loading and high strain. Hence our studies will be instrumental 

to complete the FEM axon models. Fig. 7.2 shows ANSYS snapshot of the FEM axon model under 

construction, which incorporates tau protein, but here NF and MF are absent.   
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                                               a                                                                             b 

Figure 7.2: FEM axon model under construction, which includes MT and tau protein absorbed in axoplasm. 

a. MT and tau protein are absorbed in axoplasm, b. MT-tau structure shown separately from axoplasm.  

 

In short, our studies facilitate developing a realistic and comprehensive computational bottom-up axon 

model, which will consist all major cytoskeletal components – MT, tau, NF, and MF.    

 

7.3 Future Direction 

One of the promising aspects of our completed studies is the length-scale transition. By dint of the molecular 

dynamics simulations on tau proteins and neurofilaments, and approaches to obtain insight regarding the 

mechanical behavior of axonal cytoskeleton, we can conduct meaningful experiments and computational 

studies, especially location-focused impact or deformation studies to determine the damage-prone areas. 

More specifically, our possible next step will be linking up the bottom-up approach of axon modeling and 

top-down approach of macroscale impact tests on head models, which will validate substantial amount of 

data originated by our effort. However, the direction will be dependent upon our access to and interpretation 
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of highly biofidelic head model and insightful FEM simulations to determine the regions most susceptible 

to damage due to developed stress and strain. One example is the deformation test of cerebral cortex model 

of Simpleware software, which was converted to a coarse-grained FEM model and simulated in ABAQUS 

for observing deformation and stress responses (Fig. 7.3). The preliminary test shows that the highly 

susceptible areas for damage are the gyri and sulci regions (rises and falls or wavy shaped regions), and 

therefore, a meaningful bottom-up step will be to model a small area of one of those regions. Furthermore, 

a highly sophisticated area will probably consist of the effect of the supporting cells of brain, namely glial 

cells. In association with implementation of high-resolution and high frame rate cameras, we will be able 

to determine the deformation of damage-prone regions experimentally and validate our computational 

model, too.   
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                                                                               b 

Figure 7.3: Determination of damage-prone areas in an FEM model of cerebral cortex (Source: Simpleware 

software pre-built models obtained from the laboratory of Dr. Jun Liao, Department of Mechanical and 

Aerospace Engineering, The University of Texas at Arlington. The meshing is coarse, 88000 elements, and 

exposed to an instantaneous loading. Deformation and stress values are calculated by ABAQUS). a) 

Deformation, b) von Mises stress developed. The red circles depict that the damage-prone areas are the gyri 

and sulci.    
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APPENDIX 1 

PREDICTED STRUCTURE OF TAU PROTEIN 

 

A1.1 i-TASSER Methodology  

In the manuscript, we have studied the single tau, dimerized tau, and tau-MT interaction. The structure of 

tau protein which is an intrinsically disordered protein (IDP) is obtained by using predictor software i-

TASSER (Zhang, 2008). i-TASSER uses a hierarchical protein structure modeling approach based on the 

secondary-structure enhanced Profile-Profile threading Alignment (PPA) (Cozzetto et al., 2007) and the 

iterative implementation of the Threading ASSEmbly Refinement (TASSER) program (Wu and Zhang, 

2007). In order to address the problem of predicting 3D structures of proteins in structural biology and 

completely automate the system by computer algorithm while admitting the importance of intervention of 

human expert, i-TASSER has set a methodology to obtain reliable predicted structure for protein with 

appropriate quantification of the quality of the models. Due to the reliability of its predicted structure, i-

TASSER has been ranked as the best method in the server section of the 7th CASP (Critical Assessment of 

Structure Prediction) experiment (Zhang and Skolnick, 2004a).  

The scoring function (C-score) of this software, is based on the relative clustering structural density and the 

consensus significance score of multiple threading templates. In order to validate the reliability of the 

scoring system, the developer group of the software has performed a large benchmark test on 800 non-

homologous single domain random proteins, which demonstrates a strong correlation between the C-score 

and the TM-score (a structural similarity measurement with values in [0, 1]) of the first models with a 

correlation coefficient of 0.91. Using a C-score cutoff > -1.5 for the models of correct topology, both false 

positive and false negative rates are below 0.1. Combining C-score and protein length, the accuracy of the 

I-TASSER models can be predicted with an average error of 0.08 for TM-score and 2 Å for RMSD.  
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Although we have cited the paper which describes the quantitative measure i-TASSER takes to ensure the 

model reliability, we are briefly discussing the C-score and TM-score here for relevance.  

The C-score is defined as:  

 

𝐂 − 𝐬𝐜𝐨𝐫𝐞 = 𝐥𝐧⁡(
𝐌

𝐌𝐭𝐨𝐭𝐚𝐥
×

𝟏

〈𝐑𝐌𝐒𝐃〉
×

∏ 𝐙(𝐢)𝟒
𝐢=𝟏

∏ 𝐙𝟎(𝐢)
𝟒
𝐢=𝟏

)                                                                                          (A1.1) 

 

where M is the multiplicity of structures in the SPICKER cluster (Zhang and Skolnick, 2004b); Mtot is the 

total number of the i-TASSER structure decoys used in the clustering; 〈RMSD〉 is the average RMSD of the 

decoys to the cluster centroid; Z(i) is the highest Zscore (the energy to mean in the unit of standard deviation) 

of the templates by the ith PPA threading program and Z0(i) is a program-specified Z-score cutoff for 

distinguishing between good and bad templates. The first two factors of the equation accounts for the degree 

of structure convergence of the SPICKER cluster, while the third factor accounts for the quality of the 

threading alignments. The logarithm is taken to ensure the even adjustment of the distribution of the C-

score. The previous definition of C-score proved the strong correlation between the C-score and the 

reliability of the predicted models (Zhang and Skolnick, 2004a), while the definition of C-score is slightly 

different due to the normalization of Z-score, which extends the scope of the definition to the cases where 

different threading algorithms might be used to predict the same template. Furthermore, it accounts for the 

consensus of the alignment confidence of multiple threading programs.  

The second scoring function, the TM-score (Zhang and Skolnick, 2004c) is defined as:  

 

 𝐓𝐌− 𝐬𝐜𝐨𝐫𝐞 =
𝟏

𝐋
∑

𝟏

𝟏+
𝐝𝐢
𝟐

𝐝𝟎
𝟐

𝐋
𝐢=𝟏                                                                                                                       (A1.2) 
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where di is the distance of the ith pair of residues between two structures after an optimal superposition, 

𝐝𝟎 = 𝟏. 𝟐𝟒√𝐋 − 𝟏𝟓
𝟑

− 𝟏.𝟖, and L is the protein length. TM-score stays in [0, 1] with higher values 

indicating better models. Statistically, a TM-score ≤ 0.17 corresponds to a similarity between two randomly 

selected structures from the PDB library; a TM-score > 0.5 corresponds approximately to two structures of 

the similar topology. One advantage of the TM-score is that the meaning of the TM-score cutoffs is 

independent of the size of proteins.  

 

A1.2 Predicted Structure of Tau Protein from i-TASSER:  

After submitting the tau protein amino acid sequence to i-TASSER queue, we have obtained 5 predicted 

“pdb format” models as output. For each target, i-TASSER simulations generate a large ensemble of 

structural conformations, called decoys. To select the final models, i-TASSER uses the SPICKER program 

to cluster all the decoys based on the pair-wise structure similarity and reports up to five models which 

corresponds to the five largest structure clusters. The confidence of each model is quantitatively measured 

by C-score that is calculated based on the significance of threading template alignments and the 

convergence parameters of the structure assembly simulations. C-score is typically in the range of [-5, 2], 

where a C-score of a higher value signifies a model with a higher confidence and vice-versa. TM-score and 

RMSD are estimated based on C-score and protein length following the correlation observed between these 

qualities.  

According to i-TASSER policy, they report C-score for all the five models but provide TM-score and 

RMSD values for only the first one (the most reliable model in most cases, because of the usage of the 

biggest cluster for the first model). Fig. A1.1 shows the five models they have reported.  

The first model is used for our simulation, which has the C-score of -0.03, estimated TM-score = 0.71±0.12, 

and estimated RMSD = 7.1±4.2Å. As it is at the very reliable end of the C-score, and the TM score is far 

higher than >0.5 which ensures a good topology, we have proceeded with the reported structure. We already 



 

205 
 

know that tau protein is an intrinsically disordered protein (IDP), and there can be multiple stable 

conformations. However, by strictly following the reliability parameters defined by i-TASSER, we can 

proceed with the first predicted model.  

 

 

             a                                   b                                c                                  d                               e 

Figure A1.1: Predicted tau protein structure models from i-TASSER. a. Model 1: C-score = -0.03, 

estimated TM-score = 0.71±0.12, and estimated RMSD = 7.1±4.2Å (used for our simulations), b. Model 2: 

C-score = -0.03, c. Model 3: C-score = -3.57, d. Model 4: C-score = -3.14, e. Model 5: C-score = -3.91. The 

color coding is blue to read, meaning from C-terminal to N-terminal.  

 

A1.3 Limitations of the Prediction of Tau, which is an IDP:  

The authors of this manuscript are completely aware that it is intuitive to question the reliability of the 

predicted structure of an IDP. However, to pave the pathway to characterize the material properties of tau 

protein, we must compromise between the available experimental repertoire and the convenience that the 

computational approaches provide. Experimentally, the research groups have tended to determine the 3D 

structure of tau protein of only diseased tau proteins by dint of cryo-EM procedures, which facilitated the 

development of structure and availability of diseased tau protein in the Protein Data Bank (PDB). It has 

been possible to obtain the filamentous structure of tau protein for chronic traumatic encephalopathy (CTE) 

(Falcon et al., 2019), pick’s disease (Falcon et al., 2018), or Alzheimer’s disease (AD) (Fitzpatrick et al., 

2017) affected tau protein, which are in general formed by the result of abundance of hyperphosphorylation 
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sites, or repeated impact on the head leading to neuropathology. From the experimental data in the literature, 

the filamentous structure, paired helical filaments (PHF), or neurofibrillary tangles (NFT) are only formed 

in diseased tau protein and/or their aggregates. To find the mechanical properties, we must proceed with 

normal (healthy) tau protein structure, which is not yet experimentally determined. Even the partial 

structures of diseased tau proteins are made available in the PDB very recently (Falcon et al., 2019; Seidler 

et al., 2018) (in the years of 2019-2020, prior to which our study begun, and we have continued to review 

the literature to cope up with the very recent advancement of protein structure determination).  

Therefore, our computational approach has addressed certain aspects of tau protein that have not yet been 

addressed by any experimental means to date, according to the best knowledge of the authors. Furthermore, 

we have justified the reliability of the predicted structure in this supplementary material. The limitation of 

this work is that due to computational constraint, other conformations of tau protein which are competitively 

reliable from the perspective of C-score and TM-score have not been statistically explored. However, we 

plan to address this issue as well in the continuing study. We admit that there are certain unanswered areas 

in the study of tau protein which are not revealed by experimental means conclusively to date (such as the 

mechanism of phosphorylation in altering the properties of tau protein, which we plan to address in our 

continuing study), and based on the recent molecular level tau studies, we can proceed with our 

representative structure of tau, which can be suggested as “one possible conformation which is stable with 

reliable mark of confidence”. In the main manuscript, we have cited some relevant tau studies which have 

used i-TASSER predicted structure.  
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APPENDIX 2 

MD SIMULATION: EXPLICIT VS IMPLICIT SOLVENT  

 

A2.1 Difference Between Explicit and Implicit Solvation 

 

A molecular dynamics simulation can be carried out in two ways – with explicit solvation or implicit 

solvation. In explicit solvation, the simulation box is filled with explicit water molecules, whereas in case 

of implicit solvation, the interaction between the molecule of concern and implicit water molecules is 

defined analytically. The definitions of such interactions have been defined by establishment of a handful 

of models e.g. models which consider mean potential force (Kleinjung and Fraternali, 2014), or models 

which consider distance-dependent electrostatic interaction (Chen et al., 2008). Aside from the established 

importance of explicit water molecule solvation which is closer to the realistic physical phenomenon, it is 

relevant to discuss the validity and reliability of using implicit solvation technique. A direct study 

comparing the effect of the solvent molecule type on the mechanical behavior of tau protein is not currently 

available in the literature. However, this supplementary material is an attempt to explain the expected 

difference between the two types of simulations.  

In the studies, explicit solvation has been used for single tau simulations, but implicit solvation was used 

for dimerized tau and tau-MT simulations due to the bigger box size involved. Using implicit solvent 

techniques in some of the simulations consisted adjustment of coulombic terms by modifying 1/r terms to 

1/r2. The advantages for this method are two-fold, such as:  

1. Ability to ignore Ewald sum or potential mean force type interaction,  

2. Accommodating large deformation associated with the applied high strain rate. 
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While these provide certain level of conveniences while simulating mechanical response of the respective 

axonal cytoskeletal components of neuron at high stretch, the solvent-molecule surface charged layer 

interactions are being ignored. Keeping these in consideration, differences can be expected in the calculated 

stress values, because:  

1. The initial length of the proteins in the two systems will not be equal,  

2. In explicit system, the tau protein will be stretched against resistance of solvent molecule 

interaction,  

3. Incremental stretch will expose more charged (Chau et al., 1998; SERRANO et al., 1985; Silber et 

al., 2004) and hydrophobic surface (Rosenberg et al., 2008) of the flanking (projection) domain of 

tau protein in case of explicit system, unlike in implicit system,  

4. Solvent accessible surface area will continuously change as the protein unfolds and moves in the 

box during equilibration and tensile test. Note that the projection domain and the tail domain are 

not constrained in space,  

5. Irrespective of the box orientation and filament orientation, the length scale of tau protein will be 

always significantly smaller than the box size due to the inherent disordered portion (Rosenberg et 

al., 2008) of tau protein structure, and therefore, explicit water molecule interaction cannot be 

ignored.  

Considering the abovementioned differences, it is expected that the stress development will be significantly 

higher in case of tau protein stretching in explicit solvent than that in implicit solvent, meaning implicit 

solvation will undercalculate the development of stress.  

Now, as a direct comparison between the explicit and implicit equilibration and tensile tests that are 

performed to obtain an insight regarding the difference in stress-strain relation and the energy terms, a 

comparison test is also performed for single tau (the methodology is the same as Chapter 2). The comparison 

test equilibrates two systems with the same initial structure of tau protein, equilibrates in the same condition, 
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and then performs tensile test at 1x108s-1 strain rate up to 80% strain of the projection domain. The objective 

is to compare the structural and energetical differences that occur during the comparison test.   

The equilibration and tensile test are completed in two steps:  

1. Equilibration for 100ps at 1fs timestep to equilibrate the system adequately,  

2. Performing the tensile test by fixing the MT binding region and pulling the projection domain 

towards the -x direction up to 80% strain.  

It is to be noted that in the implicit solvation, the system contains only 6424 atoms of the protein, while for 

the explicit solvation, it contains 410197 atoms in total. The appropriate density of water is maintained 

automatically by CHARMM-GUI.  

Below, the steps will be detailed with appropriate data analysis and snapshots.  

 

 

A2.2 Equilibration and Tensile Test Comparison 

Step 1: Equilibration for 100ps with 1fs timestep 

Figure A2.1 shows the comparison between potential energy graphs in the explicit and implicit system. 

Figure A2.2 shows the Snapshots of the initial, intermediate, and final snapshot of the protein structure.  
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                                         a                                                                                                   b 

Figure A2.1: Equilibration: Potential energy vs time for a) explicit solvation, b) implicit solvation. Both 

systems are well-equilibrated, as both the graphs show that potential energy changes negligibly over time.  

 

                         0ps                                                 50ps                                             100ps 

  

                           a                                                      b                                                     c 

 

                       d                                                         e                                                     f 

Figure A2.2: Equilibration: Structural snapshot of the tau protein for a-c) explicit solvation, d-f) implicit 

solvation at left: 0ps, middle: 50ps, right: 100ps. Legend: Blue: projection domain, Red: MT binding sites 

including interrepeats, Yellow: tail.  

As Figure A2.2 depicts, the major structural difference occurs over this 100ps equilibration. Due to the 

continuous interaction with explicit water molecules, the projection domain retains its expanded structure 

(expands ~2Å by the end of the 100ps equilibration, meaning no unfolding or significant structural change 

occurs) for explicit solvation, while due to continuous interaction between the positively and negatively 

charged region, the projection domain shrinks on itself, or “tightens” the existent folds. At the end of the 

100ps equilibration, the length of the projection domain (determined by the difference of the highest and 
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lowest x coordinate of atom in the projection domain) becomes significantly smaller, ~39Å, which is 

~57.6% shrinkage. This leads to a significant difference of the initial length for the tensile test.   

 

Step 2: Performing the tensile test by fixing the MT binding region and pulling the projection domain 

towards the -x direction up to 80% strain 

Figure A2.3 shows the comparison between stress vs strain in the explicit and implicit system. Finally, 

Figure A2.5 shows the Snapshots of the protein structure at every 8% incremental strain for insight of 

unfolding phenomenon.  

 

                                  Explicit                                                                   Implicit 

  

  

                                         a                                                                               b  

 

Figure A2.3: Tensile test: Stress vs strain for a: explicit system and b: implicit system.  

 

From the PDB file cartoon representation (Figure A2.4) it is evident that there are three major tertiary folded 

regions in the projection domain: 1) Residue 1-80 containing one α-helix in between, 2) Residue 87-160 
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containing another α-helix in between, and c) Residue 187-242. For convenience, these regions will be 

called as regions A, B, and C afterwards in this section.  

 

 

 

 

 

Figure A2.4: Cartoon representation of the PDB file of the initial structure. Regions A, B, and C are marked 

by red circles. Visualization by PyMol (DeLano, 2002). 

While the tension is applied towards the -x direction, simultaneous unfolding begins to take place in these 

three regions. It is important to verify that both the systems with explicit and implicit solvation can capture 

similar trend of unfolding. Furthermore, the intermediary portions in between the regions A, B, C will be 

also unfolded or stretched, and these are to be considered as well. However, the folding situation is 

significantly different in case of implicit system, as the whole protein is shrunk on itself. To make a direct 

comparison, the gradual evolution of the equivalent portions will be tabulated.  

 

                                                    Explicit                                                                   Implicit 
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56% 

 

 

64%  

 

 

72%  

 

 

80%  

 

Figure A2.5: Tensile test: Structural snapshot of the tau protein for Left: explicit solvation, Right: implicit 

solvation. For the convenience of visualization, only the projection domain is shown. Legend: Yellow: First 

major fold, Green: second major fold, Blue: third major fold, Maroon: intermediary region between the 

major folded regions.  

 

Now, Table A2.1 below summarizes the unfolding phenomena that take place for explicit and implicit 

solvation.  

Table A2.1: Gradual Progression of Unfolding of Single Tau 
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Strain Observation: Explicit Observation: Implicit 

0% Initial Initial 

8% A: initialization of unfolding,  

B: unfolding in multiple places,  

C: initialization of unfolding,  

Between A and B: straightening,  

Between B and C: straightening. 

A: initialization of unfolding,  

B: initialization of unfolding, 

C: initialization of unfolding,  

Between A and B: initialization of unfolding,  

Between B and C: initialization of unfolding. 

16% A: visible unfolding,  

B: continued unfolding in multiple places,  

C: initialization of unfolding,  

Between A and B: visible unfolding,  

Between B and C: visible unfolding. 

A: initialization of unfolding,  

B: initialization of unfolding,  

C: initialization of unfolding,  

Between A and B: initialization of unfolding,  

Between B and C: visible unfolding. 

24% A: visible unfolding,  

B: visible unfolding,  

C: initialization of unfolding,  

Between A and B: visible unfolding,  

Between B and C: visible unfolding. 

A: visible unfolding,  

B: initialization of unfolding,  

C: initialization of unfolding,  

Between A and B: initialization of unfolding,  

Between B and C: significant unfolding. 

32% A: visible unfolding,  

B: visible unfolding,  

C: initialization of unfolding,  

Between A and B: significant unfolding,  

Between B and C: significant unfolding. 

A: significant unfolding,  

B: initialization of unfolding,  

C: significant unfolding,  

Between A and B: initialization of unfolding,  

Between B and C: significant unfolding. 

40% A: significant unfolding,  

B: significant unfolding,  

C: visible unfolding,  

A: significant unfolding,  

B: visible unfolding,  

C: visible unfolding,  
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Between A and B: significant unfolding,  

Between B and C: significant unfolding. 

Between A and B: visible unfolding,  

Between B and C: significant unfolding. 

48% A: significant unfolding,  

B: significant unfolding,  

C: significant unfolding,  

Between A and B: significant unfolding,  

Between B and C: significant unfolding. 

A: significant unfolding,  

B: visible unfolding,  

C: visible unfolding,  

Between A and B: visible unfolding,  

Between B and C: significant unfolding. 

56% A: significant unfolding,  

B: significant unfolding,  

C: significant unfolding,  

Between A and B: significant unfolding,  

Between B and C: significant unfolding. 

A: significant unfolding,  

B: significant unfolding,  

C: significant unfolding,  

Between A and B: visible unfolding,  

Between B and C: significant unfolding. 

64% A: significant unfolding,  

B: significant unfolding,  

C: significant unfolding,  

Between A and B: significant unfolding,  

Between B and C: significant unfolding. 

A: significant unfolding,  

B: significant unfolding,  

C: significant unfolding,  

Between A and B: significant unfolding,  

Between B and C: significant unfolding. 

72% A: significant unfolding,  

B: significant unfolding,  

C: significant unfolding,  

Between A and B: significant unfolding,  

Between B and C: significant unfolding. 

A: significant unfolding,  

B: significant unfolding,  

C: significant unfolding,  

Between A and B: significant unfolding,  

Between B and C: significant unfolding. 

80% A: significant unfolding,  

B: significant unfolding,  

C: significant unfolding,  

A: significant unfolding,  

B: significant unfolding,  

C: significant unfolding,  
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Between A and B: significant unfolding,  

Between B and C: significant unfolding. 

Between A and B: significant unfolding,  

Between B and C: significant unfolding. 

 

From Table A2.1 it is evident that the unfolding mechanism differs between the explicit and implicit system 

for up to 56% strain which can be attributed to the difference in the initial structure. For explicit system, 

the A, B, and C regions are well-separated from each other by the intermediary region. However, for 

implicit system, the A, B, and C are not well-separated due to the shrinkage of the projection domain. It 

takes up to 56% strain to unfold and get separated from each other for the regions. This is expected because 

it is already substantiated that during equilibration the projection domain faces shrinkage of ~57.2% of its 

length. After that, it can be observed that all the A, B, and C regions as well as intermediary regions reach 

“significant unfolding” state for both explicit and implicit system. This structural evolution analysis depicts 

that both systems predict the similar mechanical behavior after their orientations become similar after a 

certain stretch (~56%).  

The only issue remaining is the difference between the stress-strain values in the systems with explicit vs 

implicit solvation. This discrepancy can be resolved if it is considered that in implicit system, the solvent-

surface charged layer interaction is absent. However, the internal stress component can be obtained from 

the surface force. If it is considered that the tau protein single strand radius is approximately 0.5nm (Ruben 

et al., 1993), then the area on which the surface force is acting can be calculated. The area multiplied by the 

surface tension will be equal to the surface force at static equilibrium. Therefore, we can write,  

F = 2πrγ = −σx(πr
2), or⁡σx = −

2γ

r
                                                                                                  (A2.1)          

 

Now, despite having significant charge difference along the filament length,  the tau protein surface 

interacts with weakly hydrophilic MT surface, and therefore, the surface tension of tau protein surface can 

be approximated with that of water, which is 0.072N/m at 310K. Putting this value in the above equation, 
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it can be calculated that σx=-288MPa, which is ignored in the implicit solvation system. After adding this 

amount of stress with the stress values calculated for the implicit system and then plotting with the explicit 

system values, it can be observed that the stress values are remarkably close (Figure A2.6). The slight 

difference can certainly be attributed to the difference of conformation of the projection domain. Therefore, 

it can be concluded that if the surface force is included to the calculation, both explicit and implicit systems 

will show nearly the same stress-strain relation.  

 

 

 

 

 

 

 

 

 

Figure A2.6: Comparison between the explicit and implicit system stress-strain relation after considering 

the correction originated from calculating the surface force.  

 

Therefore, despite the constraints that must be dealt with in molecular dynamics simulation, the implicit 

simulations for single tau protein, dimerized tau protein, and tau-MT interaction system are providing 

important insight regarding the behavior of tau protein from strictly mechanical viewpoint which is relevant 

from traumatic brain injury (TBI) perspective, and the first of its kind. The difference between the explicit 
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and implicit system behaviors can be compensated by including the surface force to the calculation. To the 

best knowledge of the authors, this work has particularly shed light on strain-rate dependent behavior of 

tau protein in polymerized state, and highlighted different damage mechanisms in sub-axonal level, which 

were not explored entirely in earlier studies.  
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APPENDIX 3 

i-TASSER Predicted Models: Reliability of Independently Predicted Structures 

 

 

When an amino acid sequence is submitted to i-TASSER server, it produces five (5) models with reliability 

score at descending order. It is relevant to determine to test the stability of independently predicted models 

under the same equilibration and tensile condition to determine whether a particular model with a particular 

reliability score is representative. We have, therefore, compared the potential energy vs time for 

equilibration of two models of single tau protein (Model 1 and Model 2, both with C-score of -0.03). Later, 

we have carried out tensile test to find out whether the two models show similar trend of tensile stress vs 

strain (up to 80% strain, at applied strain rate = 1x109s-1). If in both cases they show similar values, we can 

be sure that the C-score is reliable, and that independently predicted structures with similar C-score are 

similar, both with respect to stability and mechanical behavior. Fig. A3.1 and A3.2 depict our finding. The 

methodology is the same as Chapter 2.  
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Figure A3.1: Potential energy vs time for two models. We find that potential energy for both models 

converge towards similar value over time.  

 

Figure A3.2: Tensile stress vs strain for two models. We find that they show similar trend after initial 

discrepancies. The slight variation can be attributed to unconstrained movement in the space. Linear fit 

shows that for up to 80% strain, the unfolding stiffness for Model 1 is ~227MPa, while for Model 2 is 

~126MPa, which are very comparable.  

 

From Fig. A3.1 and Fig. A3.2, it is evident that two independently predicted models of single tau protein 

show similar stability and mechanical behavior, which strengthens the reliability of the C-score of our 

predicted model, and justifies using the model with highest C-score in our studies.   
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APPENDIX 4 

Potential Energy vs Time Graphs for Phosphorylation Effect on Tau 

 

We have plotted potential energy vs time for the dimerized tau, tau-MT, and tau accumulation test for both 

normal and phosphorylated systems. For dimerized tau and tau-MT systems, these curves are plotted to 

determine whether any energetical artifacts generate due to the separation of tau from tau or tau from MT 

surface. In the accumulation test, we plot potential energy vs time to ensure that both systems are well 

equilibrated. In this appendix, the potential energy vs time graphs are presented.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            Figure A4.1: Dimerized tau: potential energy vs time for the domain phosphorylated systems.  
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      Figure A4.2: Tau-MT interaction: potential energy vs time for the domain phosphorylated systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Figure A4.3: Tau-MT interaction: potential energy vs time for the residue phosphorylated systems.  
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Figure A4.4: Tau accumulation test: 2 tau system: potential energy vs time during the 1ns equilibration.  
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Figure A4.5: Tau accumulation test: 3 tau system: potential energy vs time during the 1ns equilibration.  

  

 

Figure A4.6: Tau accumulation test: 4 tau system: potential energy vs time during the 1ns NVT 

equilibration.  
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Figure A4.7: Tau accumulation test: 6 tau system: potential energy vs time during the 1ns NVT 

equilibration.  
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APPENDIX 5 

Comparison Between CHARMM and OPLS Results: Tensile Test on α-Spectrin 

 

To compare CHARMM with respect to OPLS, two identical models are created for α-spectrin, and the 

tensile test is performed at strain rate 1x108s-1 as per the “Method” section in this manuscript. Figure A5.1 

shows the stress-strain response for both force fields, which depicts that both force fields similar results. 

Furthermore, Figure A5.2 shows that both CHARMM and OPLS shows similar manner of unfolding in α-

spectrin. Considering these findings, it can be concluded that both force fields are equally eligible 

candidates for such simulations.  

 

   

 

 

 

 

 

 

 

Figure A5.1: Comparison between CHARMM and OPLS tensile test results for α-spectrin. For CHARMM, 

the stiffness is 1164MPa, while for OPLS, it is 1120MPa.  
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Figure A5.2: Tensile test snapshots at 0%, 5%, and 10% strain for α-spectrin created by a-c) OPLS, d-f) 

CHARMM. Atoms being pulled are shown in red color. For the rest, the default coloring by OVITO is 

retained.  
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