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ABSTRACT

Phosphorylation has been hypothesized to alter the ability of tau protein to bind with microtubules (MT), and pathological level of phosphorylation can incorporate
formation of Paired Helical Filaments (PHF) in affected tau. Study of the effect of phosphorylation on different domains of tau (projection domain, microtubule
binding sites and N-terminus tail) is important to obtain insight about tau neuropathology. In an earlier study, we have already obtained the mechanical properties
and behavior of single tau and dimerized tau and observed tau-MT interaction for normal level of phosphorylation. This study attempts to obtain insights on the effect
of phosphorylation on different domains of tau, using molecular dynamics (MD) simulation with the aid of CHARMM force field under high strain rate. It also
determines the effect of residue focused phosphorylation on tau-MT interaction and tau accumulation tendency. The results show that for single tau protein,
unfolding stiffness does not differ significantly due to phosphorylation, but stretching stiffness can be much higher than the normally phosphorylated protein. For
dimerized tau protein, the stretching required to separate the protein forming the dimer is similar for phosphorylation in individual domains but is significantly less
in case of phosphorylation in all domains. For tau-MT interaction simulations, it is found that for normal phosphorylation, the tau separation from MT occurs at
higher strain for phosphorylation in projection domain and N-terminus tail, and earlier for phosphorylation in all domains altogether than the normal phosphor-
ylation state. The residue focused phosphorylation study also shows that tau separates earlier from MT and shows stronger accumulation tendency at the phos-
phorylated state, while preserving the highly stretchable and flexible characteristic of tau. This study provides important insight on mechanochemical phenomena
relevant to traumatic brain injury (TBI) scenario, where the result of mechanical loading and posttranslational modification as well as conformation decides the

mechanical behavior.

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 elec-
trophoretic mobility of tau, some other modes cannot; and phosphory-
lation is correlated to AD PHF, causing cytoskeletal alterations (Baudier
and Cole, 1987). Specifically, tau in AD brain is abnormally phosphor-
ylated protein component of PHF (Grundke-Igbal et al., 1986). There-
fore, 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 me-
chanical loading). Intrinsically disordered proteins (IDP) are special
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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, fi-
bers, 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 abun-
dance of amino acids associated with disorder, including alanine, argi-
nine, 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.
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After clarification on IDPs, we can move on to the specific intro-
duction 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 counter-
part 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 polymeri-
zation (Biernat et al., 1993; Bramblett et al., 1993; Cleveland et al.,
1977). It has also been found as a developmentally regulated phenom-
enon (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 polymeri-
zation 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 phosphory-
lation 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 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/cal-
modulin (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 dis-
orders, as suggested by CSF studies (Sjogren et al., 2001). Experimen-
tally 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; Kopke
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
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phosphorylated (Jho et al., 2010). The abnormally phosphorylated tau
proteins are 3-4 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 3-4A 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 signif-
icantly 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 (Pick-
hardt 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 (Gotz et al., 1995).
Phosphorylation in Ser-202 has been suggested to recapitulate phos-
phorylation 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 (Gotz et al., 1995). In vivo
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 aggre-
gation 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 argu-
ment 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 be-
tween 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 bind-
ing, 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
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Table 1
Selection of phosphorylation sites in tau protein based on earlier studies.

Critical Phosphorylation Site Reference No.

Ser199, Ser202, Ser396, Ser 409, (Biernat et al., 1992; Mandelkow and

Thr231 Mandelkow, 1998; Mandelkow et al., 1995;
Pickhardt et al., 2005; Santarella et al.,
2004; Trinczek et al., 1995)
Thr181 (Biernat et al., 1992; Fitzpatrick et al.,
2017; Goedert et al, 1989, 1992; Gotz et al.,
1995)
Thr231 (Buerger et al., 2002; Haense et al., 2008)

Ser396, Ser 404 (Bramblett et al., 1993; Hu et al., 2002;
Kenessey and Yen, 1993)

Trinczek et al. (1995)

(Biernat et al., 1993; Goedert et al., 1993;
Igbal et al., 1989; Seubert et al., 1995)
Buée et al. (2000)

Ser199, Ser202, Ser262

Ser199, Ser202, Ser 205, Ser 235,
Ser262, Ser 356, Thr212, Thr231

R1-R2 inter-region

effect of phosphorylation of specific sites, because in abnormal condition
(PHF tau), clustering can occur to the sites, giving multiple phosphor-
ylated 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 phos-
phorylated 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 ~10% respectively (Igbal 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 pathol-
ogy). 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 inte-
gration and disintegration mechanism is highly complex and modulated
by other parameters than tau phosphorylation (Avila, 1990). Dephos-
phorylation 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 dephosphorylated 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 phos-
phorylation. 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., 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
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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 phosphory-
lation 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 phos-
phorylated 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. (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.

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 pro-
jection 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 develop-
ment 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 phosphory-
lated 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 2
shows the simulation box sizes used in this study.

By going through the recent computational approaches on intrinsi-
cally 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
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Table 2
Simulation Box Sizes and Setup Used in this Study.
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Phosphorylation State System Simulation box size
(nm x nm X nm)
Domain Phosphorylation Single Tau 30 x12x12
Dimerized Tau 200 x 20x 15
Tau-MT 200 x 20x 15
Residue Phosphorylation Tau-MT 182 x 39 x 33
Tau Accumulation: 2 tau system 40 x 20x 15
Tau Accumulation: 3 tau system 40 x 20x 15
Tau Accumulation: 4 tau system 40 x 20 x 20
Tau Accumulation: 6 tau system 40 x 20 x 20

Setup

MT binding site is fixed and projection domain is pulled

MT binding site of one protein is fixed, MT binding site of another protein is pulled
Upper and lower layers of MT are fixed, tau projection domain is pulled

Upper and lower layers of MT are fixed, tau projection domain is pulled

1ns equilibration

1ns equilibration

1ns equilibration

1ns equilibration

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., 2020).

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 neuropa-
thology 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 1. We have focused on the
residues which are found to have decreased tau-MT bonding in one or
more studies.

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 ™!
term for Coulombic energy calculation, which depicts a simpler calcu-
lation 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).

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 a, two p) and the same type of
subunits are placed beside each other, each having one GTP or a GDP,
along with one Mg?* 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. (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
40 A distance in z-direction, 6 tau system is created by offsetting protein
1, 2, and 3 at 40 A distance in z-direction. In 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 1 ns at 310 KNVT 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 310 K. Single tau, dimerized tau and tau-MT
contained ~6400, ~12,800 and ~33,000 atoms respectively (the
exact number of atoms varied according to the level of phosphoryla-
tion). The LJ potentials are used with inner and outer cutoff of 10 A and
12 A, 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.

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 (2
x 10° 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 (10°s~ ! and 2 x 10° s‘l). 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 sce-
nario, 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 com-
mand is P = (Pxx + Pyy + P;;)/(3xV), where Py, Pyy and P, 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
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Fig. 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) 5 x 1085’1, iii-iv) 1 x 10%~L. Data
smoothened by using moving average.

visualizations of the tensile tests are carried out by OVITO software
(Stukowski, 2010).

All the simulations were carried out by the STAMPEDE2 supercom-
puter of Texas Advanced Computing Center (TACC).
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3. Results
3.1. Domain focused phosphorylation

3.1.1. Single tau unfolding and stretching

We have performed the tensile tests at high strain rates (5 x 108 s~}
and 1 x 10 s71). 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 Fig. 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%-175% strain graphs, while
the stretching stiffness is obtained from that of 200%-~268% strain
graphs. Fig. 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 and Fig. 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 different slopes for
different phosphorylated domain. For phosphorylation in tail, we have
obtained smallest slope in the unfolding region (<100 MPa). 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 manu-
script. 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.

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 2 x 10° s~}
were plotted in Fig. 2a (ii). Several sub-stages are observed as expected
for the strain rate of 2 x 10° s™! which are shown in Fig. 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 do-
mains of the tau proteins (up to 721% strain), vi. Sliding out or pro-
jection domain along with stretching (very fast, occurs at around 722%—
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
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Fig. 1b. Different stages of the tensile test on single tau (normal phosphorylation, strain rate: 1 x 10°s~?). i. Initial single tau structure (strain = 0%), ii. tau protein
being unfolded due to pulling at 10° s (strain = 36%). Color legends: green: projection domain, red: MT binding region, blue: N terminus or tail, white: interrepeats
between the MT binding regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

suggest that phosphorylation can promote accumulation of taus, it may
not be reflected in separated dimerized tau, or domain focused phos-
phorylation 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 Al shows
potential energy plots vs time, which suggests that although potential
energy level is almost the same for all phosphorylation states, it signif-
icantly reduces at separation for all cases.

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 (2 x 10° 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 4. For all
cases, we have observed expected tau protein unfolding followed by
stretching. For normal phosphorylation, we observe vigorous stretching

Table 3
Unfolding stiffness and stretching stiffness of single tau for phosphorylation in
different domains.

Strain Rate 5 x 10%7! 1 x10%7!

Phosphorylation Unfolding Stretching Unfolding Stretching

Domain Stiffness Stiffness Stiffness Stiffness
(MPa) (MPa) (MPa) (MPa)

Normal 129 549 285 1198

Projection Domain 144 442 227 317

MT Binding Sites 128 520 191 1050

Tail 97 731 179 890

All Domains 113 857 175 962

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 phos-
phorylation 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.
Fig. 3a(ii) and 3b shows the stress-strain graphs and the observed stages
in the simulation. In the Appendix, Figure A2 shows the potential energy
trend, which shows that potential energy takes a sharp decrease at
separation for all cases.

3.2. Residue focused phosphorylation

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 prop-
erties 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 pulled the
tau projection domain at two different strain rates (10% ! and 2 x
10%s71). 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
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Fig. 2a. i. Force-Displacement and ii. Stress-strain curve of protein 2 projection
domain for phosphorylation in different domains (strain rate: 2 x 10% ).
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 phosphory-
lation in all domains simultaneously (~600%). Data smoothened by using
moving average.

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 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. Fig. 4a shows the
stress vs strain graph of the tau projection domain for the two strain
rates. Fig. 4b shows the stages of tau-MT interaction in our simulation at
the strain rate of 2 x 10% 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. Fig. 4a and b shows 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 A3 shows the potential
energy trend for the four sets, which suggests that potential energy de-
creases 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.

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 phos-
phorylation simulations, we have placed two, three, four, and six tau
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proteins in the simulation box in presence of explicit water molecules,
minimized the potential energy and equilibrated at 310 K 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 the
Appendix, Figure A4-A7), 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 projec-
tion 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 Fig. 5a shows the snapshots at the
beginning, intermediate stage, and end of the simulation for both cases.
Fig. 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 15 A, 20 A and 18 A 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 phos-
phorylated state. It is to be mentioned that for 2 and 3 tau systems, the
projection domain mass center distances are reported by showing dis-
tances 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 40 A 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. Fig. 5b summarizes the observation that in all
systems, residue phosphorylated proteins show less distance than the
normal ones, which suggests greater accumulation tendency.

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 compre-
hensive study on tau protein mechanical behavior (Khan et al., 2020).
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 accu-
mulation 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
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Fig. 2b. Stages observed during the pull of one protein in the dimerized tau
model (normal phosphorylation, strain rate: 2 x 10%~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 inter-
repeats) for protein 1 and 2, Yellow: N terminal tails of protein 1 and 2. (For
interpretation of the references to colour in this figure legend, the reader is
I;eferred to the Web version of this article.)

phosphorylation-related symptom or disease in human body, but phos-
phorylation 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 me-
chanical 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 me-
chanical behavior of tau protein according to domain-phosphorylated
and residue-phosphorylated states. In other words, from the TBI
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 incor-
porate 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. How-
ever, 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 sce-
nario, especially in the length scale of the simulations we have per-
formed. 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, 2010, 2011).
These studies show that axonal level anisotropy and cellular level het-
erogeneity 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).

Phosphorylation effect on tau protein and its ability to alter me-
chanical 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 aggre-
gation can be phosphorylation independent (Goedert et al., 1992) and
healthy to disordered conformation is reversible (Biernat et al., 1992).
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Table 4
Observation of tau-MT interaction for phosphorylation at different domains
(strain rate: 2 x 10° s™1).

Phosphorylation MT Binding Site Separation (Strain, %)
Normal 1125

Projection 1330

MT Binding Site No (Up to 2000%)

Tail 1330

All 918

First, due to the dynamic nature of tau-MT interaction scenario, it is
postulated that phosphorylation is not the only parameter and a dy-
namic 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 mechani-
cal 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 phos-
phorylation effect (Gustke et al., 1994). The absence of causal re-
lationships 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.
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In order to avoid overemphasizing on solely phosphorylation effect,
the quantification of both domain focused and residue focused phos-
phorylation 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 re-
gion, and justifies the tendency of kinases 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 phosphoryla-
tion sites play equally significant role to determine tau-MT interaction,
and therefore, a more comprehensive residue-by-residue phosphoryla-
tion 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
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Fig. 3b. Observation during the pulling of tau along -x direction (normal phosphorylation, strain rate: 2 x 10%~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: o subnit 1,
pink: p subnit 1, blue: « subnit 2, light green:  subnit 2, white: GDP and GTP atoms and Mg?" ion. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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Residue Focused Phosphorylation Effect on Tau-MT Interaction

Fig. 4a. Figure 4a i. Force vs Displacement and ii.
Stress vs Strain graph for the projection domain of
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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 af-
finity. Therefore, the current study can reliably represent the phos-
phorylation 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 se-
lection 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 ac-
count, 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 phosphor-
ylation effect in different domains or multiple domains simultaneously
might be ineffective in presence of extreme mechanical load. On the
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other hand, residue-focused phosphorylation in tau-MT system and tau
accumulation system suggested strong effect of phosphorylation irre-
spective 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 20-40 nm from each other (Ahmadzadeh et al., 2014;
Adnan et al., 2018; Hirokawa et al., 1988; Tang-Schomer et al., 2009).
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
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Fig. 4b. Observation during the pulling of tau in the x direction (normal
phosphorylation, strain rate: 2 x 10%7!). i. Initial stage (strain: 0%), ii.
Unfolding of tau projection domain (strain: 228%), iii. Stretching of tau pro-
jection domain (strain: 932%), iv. MT binding region separation for the phos-
phorylated 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 phos-
phorylated tau (including the interrepeats). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)
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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. 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
etal., 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.

5. Conclusion

In this paper, 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:

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 phosphory-
lation 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 310 K, randomly placed tau
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L-_

Fig. 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: O ps, ii. Normal tau: 100 ps, iii. Normal tau: 500 ps, iv. Normal tau: 1 ns, v. Phosphorylated tau: 0 ps, vi.
Phosphorylated tau: 100 ps, vii. Phosphorylated tau: 500 ps, viii. Phosphorylated tau: 1 ns? Color legends: Red: protein 1, Green: protein 2, Yellow: protein 3. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 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.
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proteins maintain their distance from each other, while the distance
decreases significantly for phosphorylated taus.

Although bottom-up modeling of axon requires mechanical charac-
terization 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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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.
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