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Abstract

Alzheimer’s Disease (AD) is one of the most impacting neurodegenerative diseases world-
wide. The current work aims to deep into one of the principal hypotheses investigated in
the research to find an effective cure for AD: the Tau hypothesis. According to the Tau
hypothesis, Alzheimer’s disease is derived primarily from the hyperphosphorylation of pro-
tein MAP Tau, which makes it detach from microtubules, leading to their disruption and
so to neuronal death. More in-depth, current research is focusing on the role of temperature
and melatonin on the modulation of Tau hyperphosphorylation. Temperature appears as
a determining modulator of the activity of kinases and phosphatases, apparently through
the modulation of the body’s melatonin production and distribution. Computational tools
allowed us to perform atomic simulations and free-binding energy calculations of a system
representative of a microtubule protofilament stabilized by the Tau protein’s microtubule-
binding domain, both with and without the phosphorylation of Tau serines. In addition,
the role of melatonin in modulating this bind has been investigated. In this way, it has
been possible to collect energy data on the system in Alzheimer-like conditions.

ix



Biological Background

1.1 Alzheimer’s Disease

The AD is a neurodegenerative disease first described by Aloise Alzheimer in 1908.
Among the neurodegenerative diseases, it is the one with the major impact at the
global level, with an estimated population of 6.5 million affected by this disease
only in the US and 50 million worldwide[3]. AD is a form of dementia, and so it
manifests with a progressive cognitive deficit that starts with a memory decline
and proceeds with an impairment of visual-spatial skills, language and executive
functions. The major risk factor is ageing but currently, also others have been iden-
tified such as genetic factors, smoking, traumatic brain injuries, depression and
metabolic factors such as diabetes mellitus, obesity and low HDL cholesterol[4].
Anyway, the main mechanism that led to the development of AD remains obscure
and, consequently, the possibility to design an effective therapeutic strategy.

The main hallmarks of AD are the presence of Neurofibrillary tangles (NFTs)
into the neuron body[5] and B-amyloid plaques in the brain’s extracellular
environment[6] that, combined, cause brain atrophy. These two findings gave rise
to the two principal hypotheses that during the last decades tried to explain the
pathological evolution of the AD: the Tau hypothesis and the Amyloid cascade
hypothesis.

Amyloid plaques are extracellular insoluble deposits of B-Amyloid (AB). The



1.2. TAU PROTEIN

Ap is formed by the cleavage of a trans-membrane protein called Amyloid Pre-
cursor Protein (APP) by the a, B and y-secretases. In particular, the APP cleav-
aged by the y-secretases followed by the cleavage of the a-secretases produced
a 40-aminoacids peptide called AP40. If the action of the a-sectretases is sub-
stituted by the B-secretase there is the production of a longer amyloid fragment
called AP42 that is considered the most neurotoxic amyloid species according to
the Amyloid cascade hypothesis. The AB42 has a high tendency to aggregate form-
ing firstly small oligomers that act as primary nucleation sites for the formation
of the fibrils. Interestingly, most of the oligomers resulted from the fibrils them-
selves through a secondary-nucleation mechanism and so, the fibrils are gener-
ated by a positive-feedback loop[7]. However, it is worth noting that recently the
Amyloid-hypothesis was questioned after the discovery of data falsification in the
main works on which the hypothesis was based[5].

On the contrary, according to the Tau hypothesis, neurodegeneration in AD is
due to abnormal phosphorylation of the protein MAP-tau that causes it to detach
from microtubules and, consequently led to their disruption. The detachment of
Tau protein is followed by its aggregation firstly in paired helical filaments (PHFs)
and then in NFTs. The presence of NFTs is a main feature observed in many neu-
rodegenerative diseases including Parkinson’s disease (PD), Huntington'’s disease
(HD) and Pick’s disease (PiD) that are now known as tauopathies. Regarding the
AD, this hypothesis was first developed in 1986, when it was established that the
constituent of the NFTs was the protein MAP-tau[5]. In the same year, other break-
through discoveries were made: Binder ef al. highlighted the presence of abnor-
mal levels of hyperphosphorylated Tau in AD[9] and Ogawara et al. proved that
the hyperphosphorylated tau was the major constituent of the NFTs[10]. The Tau
hyperphosphorylation seems to be a consequence of the dysregulation of the en-
zymes kinase and phosphatase. One of the main pieces of evidence that support
this hypothesis is that the levels of protein Tau in the brain directly correlate to
the severity of the disease. Such correlation is not observed for the Ap. Currently,
there is no agreement on what causes the hyperphosphorylation of tau and there
is also no proof of whether the hyperphosphorylation is a cause of the detachment
or a consequence.

1.2 Tau protein

Tau protein is a microtubule-associated protein first discovered in 1975[11]. It is
encoded by the MAPT gene, which is located on human chromosome 17. Six tau
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isoforms (ON3R, ON4R, IN3R, 1N4R, 2N3R, 2N4R) are generated by alternative
splicing of exons 2, 3 and 10[12, 13]. The tau isoforms differ by having zero (ON),
one (1N) or two amino-terminal (2N) insert and three (3R) or four (4R) microtubule-
binding repeat sequences. Tau can be found in the central and peripheral nervous
systems and, in particular, in the axons, where its main function consists of pro-
moting microtubule assembly and stabilization. Tau is highly soluble but can ag-
gregate into insoluble fibers. Tau protein is an intrinsically disordered protein and
so techniques such as nuclear magnetic resonance and small-angle x-ray scatter-
ing failed to discern a precise three-dimensional structure[14]. However, the nu-
clear magnetic resonance, circular dichroism and Fourier transform infrared spec-
troscopy highlighted the presence of transient secondary structures[15, 16]. Tau
protein structure is characterized by four different regions: the N-terminal domain
(NTD), the proline-rich domain (PRD), the microtubule-binding domain (MTBD)
and the C-terminal domain (CTD). The MTBD is mainly negatively charged and it
presents three or four microtubule-binding repeat sequences, depending on the iso-
type. 3R isotypes missed R2 binding sequence. MTBD presents two aggregation-
prone hexapeptide motifs, PHF6* (**VQIINK*") and PHF6 (***VQIVYK?'!), re-
spectively located on R2 and R3 binding repeats. These two hexapeptides adopt
B-strand conformations[17] and are essential for the aggregation of Tau. The N-
terminal domain
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Figure 1.1: a) The Human MAPT gene encodes six tau isoforms that are resulted from
alternative splicing of exons 2, 3, and 10. N1 and N2 are the N-terminal inserts. P1 and P2
are the two proline-rich regions. R1 to R4 are the four microtubule-binding repeats. R is
the C-terminal repeat-like region. b) Amino acid sequence of 2N4R tau isoform. [1]

1.3 Kinases and Phosphatases

As said below, Tau Hypothesis assumes that the main neurodegeneration driver
in Alzheimer’s Disease is the hyperphosphorylation of MAPtau. In 1993, Igbal et
al. firstly estimate the levels of phosphorylation of Tau in AD patients” brains[185].
According to their work, Tau is found 3-4 fold more phosphorylated in AD brains
than in control brains. In particular, it is reported a concentration of 8 PO4/mol for
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pathological tau. Follow-up studies showed that pathological tau found in PHFs
has at least 40 phosphate groups out of 80 sites found in the 441-tau isoform. In
addition, today several Tau phosphorylation sites and the respective kinases are
well known: //www.kcl.ac.uk/people/diane-hanger.

Following these works, more studies were conducted to elucidate which ki-
nases and phosphatases were involved in the mechanism of Tau phosphorylation.
Taking into account the high amount of phosphorylated residues, all the studies
converge to attribute these results to the synergistic activity of more than one
kinases[19, 20, 21]. Kinases are enzymes that catalyze the transfer of phosphate
groups from high-energy molecules to specific substrates. On the contrary, phos-
phatase enzymes catalyze the hydrolysis of the phosphoestere bound between the
phosphate group and the respective residue. Currently, several proline-directed
protein kinases (PDPKs) and non-PDPKs have been identified. Among the PDPKs
we include MAP kinase, cdc-2 kinase, cdk-2, cdk-5 and GSK-3. Non-PDPks in-
clude PKA, C-kinase, CaMKII, CK-1 and CK-2.

Anyway, the kinases mostly involved in the tau hyperphosphorylation are con-
sidered from glycogen synthase kinase-3 (GSK3) family. GSK3 were discovered
as inhibitors of glycogen synthase and have rapidly been associated with several
other physiological and pathological functions. Currently, two GSK3 isoforms has
been found, respectively named GSK3a and GSK3p . These two isoforms share
an 80% of similarity and the former is the most studied of the two. Expression
levels of this enzyme family were found to increase in AD brains, although its
activation was unchanged[22]. Among the 80 phosphorylation sites found in Tau,
GSK3p phosphorylates at least 30 of them, depending on the phosphorylation state
of Tau[20, 19, 23]. One of the first studies that linked the activity of GSK3 with hy-
perphosphorylated Tau was conducted by Mendelkow et al. in 1992 which tested
several kinases of the PDPKs family[19]. Following this work, several other studies
tried to characterise the residues phosphorylated by GSK3, alone and in combina-
tion with other kinases. The main concept carried on during the following years
was that, assuming the central role of GSK3 in the Tau hyperphosphorylation, it
is necessary cooperation between PDPKs and non-PDPKs to obtain a pathological
level of phosphorylation. Igbal et al. in 1995 demonstrated this phenomenon for
the first time[24]. In particular, they investigated how the capability of GSK3 to
phosphorylate Tau changes after a pre-phosphorylation of different non-PDPKs.
They found out that a pre-phosphorylation by PKA, PKC or CK-2 augmented the
subsequent phosphorylation by GSK3. On the contrary, pre-phosphorylation by
CK-1, CaMKII or Gr kinase did not enhance subsequent GSK3 phosphorylation.
In 1998 they deepened this study by evaluating GSK3 activity with PKA or CK-1
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and trying to find out which phosphorylation sites are phosphorylated with dif-
ferent combinations of kinases. They discovered that the pre-phosphorylation by
PKA was the one that strengthen the subsequent phosphorylation of GSK3[20]. In
particular, GSK3 alone was capable to phosphorylate Ser-181, Ser-184, Ser-262 and
Ser-400 whether, in combination with PKA, phosphorylates Ser-195, Ser-198, Ser-
199, Ser-202, Thr-205, Thr-231, Ser-235 and Ser-262. In 2007, they proposed again a
similar work which focused on different combinations of GSK3, CaMKII, PKA and
cdk5 as well as on the role of PP2A (which will be discussed later)[21]. Anyway,
they showed that kinases alone failed to completely rephosphorylate the Tau after
dephosphorylation by PP2A. In particular, the only combination of kinases able
to completely cover the PP2A work was PKA, CaMKII and GSK3p by phospho-
rylating Ser-198, Ser-199, Ser-202, Thr212, Ser-214, Ser-262, Ser356, Ser396, Ser404,
Thr181, Ser199, Ser202, Thr212, Ser214, Ser217, Thr231, Thr403. However, the ma-
jority of the phosphorylation sites overlap with the GSK3p activity alone. So, these
studies proved the central role of GSK3p in the development of pathological hy-
perphosphorylated Tau but they showed also that, for the arising of a pathological
state it is necessary the synergic work of more than one kinase. Finally, Rankin et
al. demonstrated that GSK3 is sufficient to initiate a Tau aggregation similar to the
one seen in AD. Anyway, it is worth noting that arachidonic acid was used to help
the aggregation[25].

Casein Kinase-1 (CK1) is another kinase strongly associated with neurodegen-
eration. Currently, six isoforms (o, B, 6, y1-3 and €) have been characterised[26, 27].
Studies about the spatial distribution of these isoforms asserted that CKla and
CK16 are the ones mainly found in AD brains, where the former has been mainly
associated with Neurofibrillary tangles and the latter with granulovacuolar de-
generation bodies. Anyway, among the two, CK16 concentration in AD brains
is found elevated 30-fold and its distribution directly correlates with the spread-
ing of the pathology[258]. Moreover, CK16 phosphorylates almost all the Tau sites
found in AD and, in particular, it phosphorylates the sites that participate in tau-
microtubule binding[29]. In particular, GSK3 and CK1 together account for almost
all the Tau-kinase activity[30]. For this reason, CK1 became, along with GSK3, one
of the main pharmacological targets for the treatment of AD.

Another kinase strongly associated with AD is the calcium/calmodulin-
dependent protein kinase II (CaMKII). CaMKII is a large holoenzyme composed
of a six-domains central hub linked to twelve kinase domains[31]. Its activity is
thought to be essential for memory encoding and long-term potentiation[32, 33].
Regarding AD, CaMKII is able to phosphorylate the main tau residues involved in
the tau-microtubule binding. In particular, it is the main kinase the phosphorylate
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Ser-262 and Ser-356. Phosphorylation of these two residues accounts for almost
40% of the tau-microtubule energy binding. In 1993, it was first shown that phos-
phorylation of Ser-262 was necessary but non sufficient to completely detach tau
from microtubules[34]. Starting from that work, it was at the end demonstrated
that CaMKII was the main enzyme, among all the non-PDPKs responsible for the
phosphorylation of Ser-262 and it also was involved in the phosphorylation of Ser-
356[35, 36]. Interestingly, it has been demonstrated that the Tau phosphorylation
at these sites is correlated with tau detachment from microtubules but not with tau
aggregation. In fact, it is a common assumption that because the phosphorylation
is necessary for weakening the Tau-microtubule interaction it also drives the Tau
aggregation. However, several studies showed that this aggregation is more likely
driven by the presence of polyanions or polycations than by the phosphorylation
itself[37, 38, 39].

In total five protein phosphatases were found: PP1, PP2A, PP2B, PP2C and
PP5. Among all of these, PP2A accounts for 70% of the phosphatase activity[40].
However, PP2A was found downregulated in AD brain[41, 42] mainly because an
up-regulation of its inhibitors I;"7?4 and I,'7?A[43, 44]. 1,PP2A inhibits PP2A after
being cleaved by Asparaginyl Endopeptidase in two smaller active fragments[45].
Another factor implicated in the downregulation of PP2A is the apolipoprotein E
whose expression is the main genetic risk in AD[46]. PP2A was shown to dephos-
phorylate almost all the sites phosphorylated by the kinases involved[21] and, in
addition, it regulates the activity of several kinases. For example, its inhibition was
found to up-regulate CaMKII activity, leading to hyperphosphorylation of Tau[47].
On the contrary, its inhibition was correlated with the inhibition of GSK3 by phos-
phorylation at Ser-9[45]. Interestingly, PP2A is found downregulated in many Tau
hyperphosphorylation cases observed. AD animal models showed an increase of
hyperphosphorylated tau in hypothermia conditions. This phenomenon was of-
ten correlated with inhibition of PP2A activity[49, 50, 51]. Interestingly, inhibition
of PP2A and the consequent accumulation of hyperphosphorylated Tau was ob-
served also during the sleep[52] and after anaesthesia[53].

1.3.1 Kinases and Phosphatases as drug targets

In light of the above considerations, kinases and phosphatases are considered po-
tential targets for the design of an effective therapy for AD. Most of the strategies
consist of inhibitors of GSK3p or activators of PP2A. Anyway, none of the clinical
trials led to positive results. Among the GSK3p inhibitors, the most known are
the tideglusib, lithium and the valproic acid[54, 55, 56].All these compounds failed to
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show significant cognitive improvement in Phase II. Anyway, during the last years,
there has been a growing interest in the research in the development of GSK3p in-
hibitors because of GSK3p ubiquitous role in regulating several pathways. Typi-
cally, we can distinguish ATP-competitive or non-ATP-competitive inhibitors de-
pending on if they bind to the ATP binding site. Currently, ATP-competitive in-
hibitors have been designed based on maleimide[57, 58], thiazolylureas[59] and
paullones[60, 58]. Other compound families investigated as GSK3p inhibitors
are Indole derivatives, Pyrazolamide derivatives, Pyrimidine and Furopyrimidine
derivatives, Oxadiazole derivatives and so on. For a complete list of these in-
hibitors see [55]. More recently, taking into account the incredible number of fac-
tors involved in AD, research shifted to a multi-target approach through which
a single compound should be able to regulate more targets[61, 62]. For example,
Cavalli et al. designed an inhibitor for GSK3p and BACE-1, which is a transmem-
brane protease implicated in AP generation[63].

Inhibition of PP2A has been tried to prevent by targeting its two inhibitors,
[;P724 and "4, or by targeting the lysosomal enzyme asparagine endopeptidase.
Anyway, although PP2A is a promising target for drug design against AD, there
are few drugs that have been actually tested.

1.4 Temperature and Alzheimer’s disease

One of the main factors that are currently being studied in order to find an expla-
nation for Alzheimer’s disease development is Temperature. The studies started
by observing increased hyperphosphorylation of Tau in the brains of starving an-
imals. Yanagisawa et. al was the first to describe this phenomenon in 1999 by
applying food deprivation to mice for 1 to 3 days[64]. They showed that the sub-
sequent Tau hyperphosphorylation that followed the starvation was due to the
increased activity of several kinases, but they were still not able to explain what
was happening at a molecular level. In further studies, Planel et. al deep into
this phenomenon[49]. They showed for the first time that alteration of glucose
metabolism led to increased tau hyperphosphorylation by an induced lowering
of the body temperature. So, for the first time, a link between hypothermia and
tau hyperphosphorylation was shown. In particular, some of the most interest-
ing pieces of evidence of this phenomenon are: hypothermia alone was sufficient
to induce tau hyperphosphorylation in acute brain slices and tau phosphoryla-
tion was completely restored to control values by maintaining the animals to nor-
mothermia. Also, some hypotheses on how hypothermia is a driven factor of Tau
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hyperphosphorylation were formulated. In particular, a different inhibition of ki-
nases and phosphatase activity was observed, with the former deactivated linearly
and the latter exponentially. During the same years, Arendt et. showed also a
direct correlation between hibernation and tau hyperphosphorylation[65]. These
introductive works led to an increased investigation of the role of hypothermia
on Alzheimer’s disease development and a decreased body temperature was defi-
nitely recognized as a risk factor[66]. In particular, some conditions that could lead
to hypothermia were elucidated. Ageing is the main risk factor that is associated
with Alzheimer’s disease and is also associated with hypothermia. Elderlies regu-
late body temperature less efficiently than younger people, this could explain why
they are more subjected to Alzheimer’s disease. In addition, elderlies are more
subjected to metabolic diseases, such as Diabetes Mellitus, whose typical outcome
is hypothermia. Hypothermia can be also an outcome of anaesthesia, as demon-
strated by several studies.

In 2011, Arendt et. al tried to investigate which kinases and phosphatases are
more influenced by hypothermia conditions[67]. In particular, they focused the
analysis on three species: arctic ground squirrels, Syrian hamsters and black bears.
Of course, all the conditions that are described by the study are physiological be-
cause all these three animals are hibernators, so all the changing in the activation
levels of kinases and phosphatases that has been observed, as well as the changing
of the Tau phosphorylation levels, have to be considered physiological and totally
reversible when the hibernation condition stop. First of all, they showed that a
lower body temperature induces specific phosphorylation of Tau and not of other
potential phospho-proteins. So, hibernation is a triggering factor for a protective
physiological mechanism that has still to be elucidated. They showed increased
phosphorylation of some Alzheimer’s disease-related phospho-sites such as T231,
5235, T212, 5214, T217. It is interesting to notice that, although GSKS3 is consid-
ered one of the main kinases that drive the development of Alzheimer’s disease,
in this study it is found inhibited through phosphorylation at S9. This can be ex-
plained by remembering that this study refers to physiological conditions, and so
the mechanism that it is shown should be considered normal. On the contrary, in
Alzheimer’s disease, although it is observed a Tau hyperphosphorylation, in some
way differs from the one observed in this study because it is irreversible. However,
in the study, increased activation of cdk5 and ERK1 (p44)has been observed. Along
with GSK3, it has been observed the inhibition of SAPK/JNK and ERK2 (p42). It
is worth noting that the study has not focused on PP2A levels of activation or in-
hibition, which are considered pivotal in Alzheimer’s disease and most likely the
main factor that drives Tau hyperphosphorylation.



1.4. TEMPERATURE AND ALZHEIMER’S DISEASE

One of the first works that highlighted the link between temperature and PP2A
activity was performed by Liu et. al in 2015[68]. In particular, they focused on
the phosphorylation of several proteins in postmortem tissues, before and after
perfusion with an ice-cold buffer.

Several other studies showed the link between temperature and hyperphos-
phorylation of tau[69, 70], and in 2020 for the first time, it is shown, by using an-
imal models, a link between tau phosphorylation and sleep[52]. They showed
for the first time that tau phosphorylation undergoes sleep-driven circadian vari-
ations. More interestingly, they demonstrated that this sleep-modulated phospho-
rylation of Tau is driven by changes in Temperature that induce inhibition of PP2A.
This article for the first time highlights in humans a physiological mechanism that
is currently unknown and that appears as the main metabolic mechanism whose
defects drive Alzheimer’s disease pathology. Under this light, Tau phosphoryla-
tion can not be considered a pathologic mechanism, but more as a neuroprotective
mechanism that is triggered in the body by lowering the temperature in a specific
situation, such as sleep, and if is triggered in wrong situations led to the develop-
ment of neurodegenerative diseases such as Alzheimer’s disease. In 2022, the first
study that correlates temperature to Tau pathology in humans was published[71].
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Computational Methods

2.1 Structures

All the work has been performed using a structure (PDB: 7PQC) composed of 14
tubulins, a segment of Tau Protein (from 202 to 395 residue), 7 GDPs, and 7GTPs.
The structure was obtained through electron microscopy and presented a resolu-
tion of 4.10 A. The initial structure presented bovine beta-tubulins so, it was modi-
tied with MOE in order to obtain a human system. In particular, human g3-tubulin
was added to the structure by substituting the initial f-tubulin through homology
modelling. In addition, MOE was used for adding phosphorylate groups to the
twenty serines of the Tau segment. In this way, four structures were achieved, re-
spectively called: 7PQC, 7PQC_H, 7PQC_P and /7PQC_HP. After performing the
analysis on these structures, it was decided to investigate the influence of mela-
tonin on the modulation of Tau-microtubule binding. So, four additional struc-
tures with seven melatonin, one for each dimer, collocated in specific sites identi-
tied by the MOE site finder were created.

11



2.2. MOLECULAR OPERATING ENVIRONMENT

2.2 Molecular Operating Environment

The Molecular Operating Environment (MOE) tool allows a combination of visu-
alisation and manipulation of atomic structures. It was used for three reasons:

e Structure manipulation
* Homology modelling
* Molecular Docking

MOE is the tool selected for manipulating the structures. It allows for a change
of aminoacidic sequences of the structure, the protonation state and the phospho-
rylation state. All the structures have been prepared using the MOE QuickPrep
tool by selecting a 7.4 pH and the PROPKA algorithm for defining the protonation
state of the aminoacids. MOE includes a site finder tool that allows the identifica-
tion of potential binding sites by analysing the geometry of the structure.

2.21 Homology modelling

MOE was used in order to construct new structures that more resembled the hu-
man tubulin. In particular, looking at the aminoacidic sequence of the B-tubulins
of 7PQC can be observed that is from a bovine source. So, through homology
modelling has been substituted the former p-tubulin with the human p3-tubulin,
which was chosen because is the most abundant tubulin isotype in the human
brain. The process for substituting the B-tubulin of the initial structure with human
B3-tubulin can be divided in three steps: template selection, alignment and model
construction. The sequence of B3-tubulin-was found on the UniProt database. For-
tunately, B-tubulin structure is well studied and so MOE found several potential
templates for constructing the new model. So, after having identified the potential
template structure, an alignment and a subsequent superposition were performed.
It is worth noting that, because the tubulin C-terminal is a highly disordered se-
quence, this procedure fails to find a good template for this segment and so assigns
it a defined three-dimensional structure.

2.3 Molecular modelling

Molecular modelling refers to all the theoretical and computational techniques that
are developed and used to investigate the molecular system and extract informa-
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tion about its behaviour in different conditions, which can also resemble a patho-
logical state. Typically, these techniques are applied to sub-cellular systems such
as proteins, nucleic acids and membranes.

The number of particles that described a system can make sometimes be pro-
hibitive to perform adequate analysis on a system, because of the computational
resources that are needed. Molecular modelling starts with the physical descrip-
tion of a system, which can change depending on the scale that is used to describe
it. The lower the scale, the better will be the description of the system and the
higher will be the resources needed to perform the analysis.

The best description of a system can be achieved by working at the Quantum
scale, in which each electron is modelled by a single particle. Anyway, this ap-
proach is too computationally expensive, because it assumes the solving of the
Schrodinger equation, and can be used only for small systems or on small portions
of a big system, such as active sites of an enzyme.

The most widely used approach is the Molecular Mechanics (MM) approach
which consists of describing the system at the nanoscale by constructing particles
that include a single atom or groups of atoms, for example including in a parti-
cle also the hydrogens of a heavy atom. The mass of these particles allows us to
describe them with a certain precision, by using the Newton equation.

Both methods allow the extraction of macroscale properties by sampling the
phase states of the system.

2.4 Molecular Mechanics

Molecular Mechanics allows extracting properties of the system by solving New-
ton’s equation of motion. The energy of the system is described by the Potential
Energy Function V which only depends on the relative positions of particles. The
set of parameters that describe the system is called Force Field (FF)

2.4.1 Potential Energy Function

The Potential Energy Function is composed of the sum of two terms: bonded interac-
tions, associated with the covalent bonds of two atoms, and non-bonded interactions,
which are composed by electrostatic interactions and Van der Waals forces.

V= ‘/bonded + Vnon—bonded (21)

The bonded interaction can be divided into three terms: bond, angle and dihe-
dral.

13



2.4. MOLECULAR MECHANICS

V;)onded = ‘/bond + Vangle + Vdihedrul (22)

The bond term refers to the energy components that derive from the presence of
a covalent bond and depend on the distance between two particles that are impli-
cated in the bond. The total energy of the bond term is given by the sum of all the
contributions of the covalent bonds:

‘/bond Z Kz] Tz] rO,ij)z (23)
bonds
where K; is the bond stiffness and r( ;; is the bond lenght at the equilibrium.
Both parameters are included in the Force Field.
The angle term is described by the angle drawn by the reciprocal position of
three atoms. It has modelled by a harmonic potential:

angle - Z 52]]4: ijk — 90,ijk) (24)
angles
where 6, is the bond angle between atoms i,j and k, ;. is the angle stiffness
and 00, ijk is the bond angle at the equilibrium. Also, these parameters can be
found in the Force Field.
The dihedral term is described by four particles and refers to the rotation of a
particle respected to a plane described by the other three. It keeps into account for
steric effect among atoms and can be modelled as a series of cosines:

Viinedral = Y Wijui[1 + cos(n@ijrr — Bo.ijit)] (2.5)
dihedrals
where ¢;;1; is the dihedral angle between atoms i,j,k and 1, 1,1, is the dihedral
stiffness and ¢y ;;x; is the dihedral angle at the equilibrium.
Non-bonded interactions can be divided into long-range interactions, which are
the electrostatic interactions, and short-range interactions, which are the Van der
Waals forces. Electrostatic interactions are modelled by the Coulomb law:

qiq;
VCoulomb == ! (26)
Admene, i

where ¢, is the vacuum permittivity, ¢, the relative permittivity and r;; the dis-
tance between the atoms i and j. Short-range interactions can be described by the
Lennard-Jones 12-6 equation:
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Vvaw = 4¢;; (w) - <Z]> (2.7)
rij rij

r;j is again the distance between the atoms i and j, o;; is the collision diameter,
that is the interatomic distance where the Van der Waals potential is equal to zero,
and ¢;; is the wall depth, such as the minimum of the Van der Waals forces. The
positive term of the Lennard-Jones equation shows that atoms that come too close
to each other are subjected to repulsive forces. This phenomenon is due to the
overlap of the electronic clouds. By introducing all the terms in the initial formula
it is possible to obtain a complete expression of the Potential Energy equation:

V= Z Kz] Tij — 7'01] _'_ Z 5z]k ijk 90,ijk)

bonds angles
+ > Uil + cos(ngip — o))+
dihedrals
7qzq] + 4€ij - — | (28)
47T€0€7«7’Z'j Tij Tij

The non-bonded interactions are the ones that most of all affect the computational
costs of the simulation. Their number increases as the square of the number of
particles in the system. For this reason, several methods has been developed to de-
crease the computational costs of these interactions, such as cut-off distance method,
Shifted Potential method, Switched Potential method, Particle Mesh Ewald and so on.

2.4.2 Periodic Boundary Conditions

In order to create a faithful representation of a physical system, typically the bound-
aries of the system are set and the box that is generated by this procedure is solvated.
However, artefacts can be generated by the collisions of particles on the edge of
the box. In these conditions, a box as big as possible would be needed, leading to
a higher computational cost because of the increased number of solvent particles
tor filling the box. The best, and also most used, way to overcome this problem is
using Periodic Boundary Conditions. The box, and so the entire system, is repeated
in all directions giving the illusion of an infinite system. The particles of the sys-
tem are allowed to jump on adjacent boxes, but this movement is repeated in all
the other boxes. In this way, it is possible to eliminate the artefacts due to rigid
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2.4. MOLECULAR MECHANICS

edges. However, this method allows to limit of the dimensions of the system but
amplified the number of long-range interactions that should be calculated, mak-
ing more necessary the use of one of the methods cited before such as the Particle
Mesh Ewald.

o © o O o ©
o © o © o ©

O 0O O O

O

Figure 2.1: Two-dimensional representation of periodic boundary condition.

2.4.3 Potential Energy minimization

Potential Energy can be described by a multi-dimensional space with 3N coordi-
nates, where N is the number of particles, called Potential Energy surface (PES).
Typically, a system, after its construction, is in a high-energy state. Performing
a simulation in these conditions leads rapidly to failure because the forces applied
to the particles would be too high. The force on each particle is described by the
following law:
F=-V.V (2.9)
This means that, in order to lower the forces on each particle, the atomic posi-
tions should be adjusted in order to move the system in low slope areas on the
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Figure 2.2: Representation of the Potential Energy surface.

potential energy surface. Low slope areas correspond to minima points on the en-
ergy surface and, they can be divided into local minima and global minima. Energy
minimization is a set of techniques that allows a slight adjustment of the atomic
positions in order to find a minimum point, typically the nearest one. We can also
distinguish two sub-families of minimization techniques: derivative methods and
non-derivative methods. The first ones are further divided into first order methods,
such as Steepest Descent and Conjugate Gradient, and second order methods, such
as Newton-Raphson and LBFGS.

2.5 Molecular Dynamics

Molecular Dynamics (MD) refers to a computational technique that aims to study
the evolution of a system in time. It is applied to systems at the nanoscale or bigger.
By calculating a trajectory of a system, it is possible to infer macroscopic properties
such as temperature and free energy.

2.5.1 Statistical ensemble

The concept of an ensemble was introduced by J. Willard Gibbs in 1902. An en-
semble is a collection of a large number of indistinguishable replicas of the sys-
tem under consideration, which interact with each other, but are isolated from the
rest of the universe. The replicas could be in different microscopic states, as deter-
mined by the positions and momenta of the constituent molecules, for example,
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but the macroscopic state determined by the pressure, temperature and/or other
thermodynamic variables are identical. So, an ensemble is a collection of different
microstates that share identical microscopic properties. Each microstate represents
a point of the phase space. Molecular Dynamics allows to sample the phase state,
each frame obtained with molecular dynamics is a microstate of the system. There
are different types of ensemble:

* The Micro-Canonical Ensemble (NVE) corresponds to an isolated system and
it is characterized by a fixed volume, energy and number of atoms;

* The Canonical Ensemble (NVT) corresponds to a closed system and it is char-
acterized by a fixed volume, temperature and number of atoms;

e The Grand Canonical Ensemble (VT) corresponds to an open system and it
is characterized by a fixed volume, temperature and chemical potential;

 The Isobaric-Ensemble (NPT) is characterized by a fixed pressure, tempera-
ture and number of atoms.

By collecting a large number of microstates that define a statistical ensemble, it
is possible to calculate macroscopic properties:

< A > ensemble ™= // dpn dTNA(pN7 TN)p(pN7 TN) (210)

where r is the atomic positions, p is the momenta, A(p",r") is the property of
interest and p(p", ) is the probability density function. The probability density
function is given by:

p(p™, ) = Ci;exp{—H(pN,TN)/ka} (2.11)

where £k is the Boltzmann factor, T is the temperature, H is the Hamiltonian and
Q is the Partition function. The partition function is defined as:

Q= // dp™ dr exp{—H(pN,rN)/ka} (2.12)

Looking at the expression of the partition function, we can see that it represents
the sum of Boltzmann factors over all the microstates. Boltzmann factors assume
higher values in correspondence with low-energy microstates. So, the partition
tunction defines the states that are easily accessible by the system. By solving the
partition function would be possible to obtain all the possible microstates of the
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system, however, this function is not analytically solvable. In order to solve this
function, we can take advantage of the Molecular Dynamics method. Assuming
valid the ergodic hypothesis, it is possible to equalize an average value calculated on
time with the statistical average value defined previously.

17 1 Y
< A >4me= lim = <AQf%t%rN(ﬂ)dtzzEi}:/MpNQrN) (2.13)

— 00 —
T=o0 7 Ji=0 =

So, with a long simulation is possible to collect enough microscopic states to make
the time average tend to the statistical average.

2.5.2 Molecular Dynamics implementation scheme

Molecular Dynamics integrates Newton’s motion equations in order to obtain a
trajectory that describes the evolution of a physical system in time. Each frame
of the trajectory contains three spatial coordinates and three velocity values for
each particle. For each particle, we can define the acceleration that it feels as the
opposite of the potential energy gradient:

oo _Ldv (2.14)
m dr

However, the potential energy function is too complex to be solved analytically
and so, it is necessary to implement numerical methods for solving the motion
equations. firstly, it is necessary to choose an appropriate time-step, that is typi-
cally 1/10 of the minimum oscillation period of the system, which corresponds to
the oscillation period of a covalent bond. At this point, there are several choices as
possible integration algorithms, the most used are Verlet, Leap-frog and Velocity
Verlet.

2.3 shows a scheme of a Molecular dynamics algorithm. It starts by defining
the initial positions of the particles and the time step. After that, potential energy
is calculated and so are the forces acting on each particle. Then, from the forces is
possible to calculate acceleration and the new position e velocity values for each
particle. This process continues until the maximum number of steps is reached.
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2.6. BINDING FREE ENERGY PREDICTION

Give atoms initial r=?) and v(=%, set @ = 0.0, t = 0.0, i = 0, choose short At

I

Predictor stage: predict next atom positions:
— Move atoms: r* = ri) + vl At +1/,a A t2 + more accurate terms
Update velocities: v* = vi! + @ At + more accurate terms

1
Get forces F=-V V(r*) or F=F( Y(r) )and a = F/m
i

Corrector stage: adjust atom positions based on new a:
Move atoms: H*l) = r* + some function of (a, At)
Update velocities: v(*2) = v + some function of (a, At)
!
Apply boundary conditions, temperature and pressure control as needed
{
Calculate and output physical quantities of interest

{

Move time and iteration step forward: t =t + At, i=i+ 1

I

— Repeat as long as you need

Figure 2.3: Semplificated scheme of a Molecular Dynamics algorithm

2.6 Binding free energy prediction

Typically, one of the most important macroscopic properties that are calculated
during the study of a biological system is the Binding Free Energy of two molecules.
The standard binding free energy is defined as:

AG® = AH® —TAS° = —RTIn K, (2.15)

where H is the enthalpy, S is the entropy, T is the absolute temperature, R is the
gas constant and the superscript "0" means that the binding free energy is evalu-
ated at standard conditions. The Molecular Mechanics/Poisson-Boltzmann Sur-
face area (MM /PBSA) and Molecular Mechanics/Generalized-Born Surface Area
(MM /GBSA) methods are the most used for estimating binding free energy values.
They are "implicit solvent" methods, so they approximate the solvent with a con-
tinuum medium. These methods define the free binding energy of one receptor
and a ligand as:

AGhinga =< Gpr, > — < Gp > —< G > (2.16)
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where Gpy, is the energy of the complex, G p is the energy of the receptor and G,
is the energy of the ligand.

However, a typical approach consists of simulating the complex and extracting
the free receptor and free ligand trajectories by simply eliminating the appropriate
atoms. In this way, the previous expression will be:

AGhying =< Gpr, —Gp — G, >pL, (2.17)

The energy of each state (PL, P, L) is calculated according to the following for-
mula:
G = Eppa + Ea + Evaw + Gpoy + Grp = T'S (2.18)

where Ej,, includes the contributions of bonds, angles and dihedrals. £, and
Eyaw are the electrostatic and Van der Waals interactions. G, and G,,, are respec-
tively the polar and non-polar contributions. G, is obtained from the Poisson-
Boltzmann equation or from the Generalized born model. G,,,, is estimated from a
linear relation to the solvent-accessible surface area (SASA):

AGnon—polm‘ - ’YSASA +0 (219)

2.7 Molecular Docking

Molecular Docking refers to a set of low computationally expensive techniques
used to obtain an estimation of the stability of a receptor-ligand complex. In order
to perform such a procedure, the following programs have been used:

e AutoDock
e Autodock Vina

« MOE

2.7.1 Consensus docking

The accuracy of the docking procedure strongly depends on the method used and
the system that is investigated. In order to improve the accuracy, a well-studied
pipeline consists of using different programs to perform the same docking and
compare the results. Poses obtained by more programs are most likely to be the
most probable ones. Autodock, AutoDock Vina and MOE predict the correct
protein-ligan complex with an estimated accuracy of respectively 55%, 64% and
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45%. The use of a combination of these three programs, and so of three differ-
ent scoring algorithms, allows an increment of the scoring by 25-30%. After the
docking process, a rescoring procedure has been carried out using AutoDock Vina.
Following, the complete pipeline can be found:

—

. Preparation of the ligands
Preparation of the targets
Identification of binding sites
Setting of methods’ parameters

Consensus Docking

AN L

Results extraction

2.8 Electrostatic profile

In order to study the electrostatic profile of the structure, the pdb2pqr tool was
used[?]. pdb2pqr allows to include in a pdb file the information regarding the
charges in particular conditions, such as particular pH values.

The pdb2pqr pipeline starts by identifying potential problems in the structures,
such as missing heavy atoms. If it finds missing heavy atoms, it reconstructs
them. The reconstruction included also a "debump" process which checks that
the new heavy atoms are not overlapped with the already existing ones. This pro-
cess is performed by calculating the Van der Waals radii of the nearby atoms. Af-
ter this check, hydrogens are added to the structure. Finally, atomic charges are
assigned to the structure from the chosen force field. In this work, the AMBER
force field was selected. In order to visualise the electrostatic map of the structure
the Adaptive-Poisson Boltzmann solver (APBS) [72] has been used. It solves the
Poisson-Boltzamnn equation for large biomolecular assemblages.

M
6=-VeVo— > ciqie PlaidtVi) (2.20)

The equation describes the electrical potential for M ionic species, which are
described by their charges ¢;, concentrations ¢;, and steric ion-solute interaction
potential V. €is a dielectric coefficient. B is the inverse thermal energy. The tool
can be used through their web-servers[73] which also incorporate the pdb2pqr
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Check for missing PDB
heavy atoms (start)

Reconstruct heavy

Heavy atoms
atoms l
missing?

“Debump”
reconstructed atoms

[ Build and optimize "

hydrogens
Assign atomic ) R
[ parameters » PQR
e &
i APBS | i Generate APBS input
i input ] file i

______________________________________________

Figure 2.4: Flowchart demonstrating the sequence of operations performed by the pipeline.
The process begins with an input PDB file and ends with a parameterized PQR file and,
optionally, an APBS input file.[]

pipeline. The web interface allows the selection of pH, Force field and output nam-
ing scheme for generating the pdb2pqr file. APBS has been used through PyMOL,
which is a visualisation tool mostly developed with Python. PyYMOL included an
extension that allows using the APBS web server and visualises the result directly
inside the PyMOL visualisation environment.
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Results and discussion

3.1 Electrostatic maps

The electrostatic maps of the structure were constructed using the procedure ex-
plained in the previous section.

Figure 3.1: Electrostatic map of the structure, front view

Looking at the electrostatic maps it is easy to see that MAP Tau is located in
a zone with a highly negative charge. This is in accord with the literature, where
it can be found strong evidence that Tau phosphorylation makes Tau detach from
the microtubules. The following, details on the location of Tau serines are shown:
Looking at the details of the serines’ electrostatic maps, it is possible to note
that they are located near regions with a strong negative charge. In addition, non-
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Figure 3.2: Electrostatic map of the structure, side view

SER-214
SER-210

SER-208

SER-202

Figure 3.3: Electrostatic map of SER202, SER208, SER210, SER214

phosphorylated serines have a slightly positive charge that makes them prone to
interact with the negative regions of the microtubule.
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SER-235

SER-237
SER-238

SER-241

Figure 3.4: Electrostatic map of SER235, SER237, SER238, SER241
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SER-262

SER-258

Figure 3.5: Electrostatic map of SER258, SER262

27



3.1. ELECTROSTATIC MAPS

SER-305

Figure 3.7: Electrostatic map of SER305
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SER-320
SER-316

SER-341

Figure 3.9: Electrostatic map of SER341, SER352, SER356
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3.2 Molecular Dockings

In order to construct the four structures that include the melatonin, molecular
docking was performed. The literature lacks information regarding a potential
binding site of melatonin on microtubules. So, firstly, possible binding sites were
found using the MOE site finder for both human and non-human structures. In
particular, the structures were divided into seven dimers and a binding site was
found for each dimer. Unfortunately, the site-finder identifies also binding sites
that overlap with the GTP/GDP binding site. So, the binding sites that do not
overlap were manually identified by looking at them with MOE. In the following
tables can be seen the PLB value for every potential binding site identified for each
dimer. In particular, the following workflow was followed:

1. Firstly, the 7 dimers were extracted from the structure.

2. Then, for each dimer, possible sites were extracted using the MOE site finder.
All the dimers were exactly the same but, because they had slightly different
conformations, the Site Finder found different binding sites for each one of
them.

3. After that, consensus docking was performed (with Autodock, MOE and
Vina) and for each site the best pose was extracted.

4. For each pose, a 100 ns simulation was performed

5. Then, MMGBSA was done on 1000 frames to evaluate the binding energy
and the best site considering all the sites of all the dimers was found.

6. The final structure was built by adding the melatonin in that site in each
dimer.

After the identification of the potential binding sites, consensus docking was
performed using Autodock, Autodock vina and MOE. Following, the scores can
be found:

After having identified potential binding sites, melatonin was added to each
dimer and free-binding energy was estimated by a 100 ns simulation followed by
MM/GBSA.
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Table 3.1: PLB values, Not-Human structure. Bold values indicate binding sites that do
not overlap with the GTP/GDP binding site.

Dimerl1 | Dimer2 | Dimer3 | Dimer4 | Dimer5 | Dimer6 | Dimer7

3.55 4.53 3.35 297 2.99 3.80 4.34
2.38 2.08 2.66 2.62 2.54 3.62 2.71
2.30 1.76 2.33 1.94 1.76 1.53 1.98
1.87 1.71 1.64 1.43 1.65 1.20 1.60
1.45 1.68 1.58 1.43 1.57 1.14 1.40
1.41 1.04 0.67 1.42 1.27 / 1.12
1.16 / 0.55 1.17 1.13 / 1.07
1.15 / / 1.10 1.00 / /

Table 3.2: PLB values, Human structure. Bold values indicate binding sites that do not
overlap with the GTP/GDP binding site.

Dimerl \ Dimer2 \ Dimer3 \ Dimer4 \ Dimer5 \ Dimer6 \ Dimer7

3.43 2.52 3.31 5.31 2.36 4.21 3.76
2.83 2.34 2.62 1.93 2.20 2.40 3.55
2.24 2.30 2.08 1.06 1.65 1.80 0.77
1.57 1.64 1.49 / 1.45 1.01 /
1.52 1.37 1.17 / 1.33 0.74 /
1.31 1.34 1.10 / 1.31 0.64 /
0.72 0.90 / / 1.25 0.64 /

/ 0.77 / / 1.22 0.61 /

/ 0.70 / / 1.05 / /

/ / / / 1.01 / /
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Site | Rescoring Vina | Consensus Score | Software
sitel -5.285 -5.212 moe
site2 -5.701 -5.790 autodock
site3 -6.059 -6.700 vina
site4 -5.710 -5.625 moe
siteb -7.003 -7.500 vina
site6 -5.499 -5.500 autodock
site7 -5.149 -6.220 autodock
site8 -6.108 -6.300 vina

Table 3.3: Docking results, dimerl non-human

Site | Rescoring Vina | Consensus Score | Software
sitel -6.795 -7.400 vina
site2 -6.420 -6.140 autodock
site3 -5.219 -6.300 vina
site4 -5.686 -6.340 autodock
siteb -5.388 -5.900 vina
site6 -5.226 -5.338 moe

Table 3.4: Docking results, dimer2 non-human
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Site | Rescoring Vina | Consensus Score | Software
sitel -6.525 -6.131 moe
site2 -6.476 -6.110 autodock
site3 -5.252 -5.600 vina
site4 -5.291 -5.740 autodock
siteb -6.134 -6.200 vina
site6 -5.904 -6.510 autodock
site7 -7.515 -7.800 vina

Table 3.5: Docking results, dimer3 non-human

Site | Rescoring Vina | Consensus Score | Software
sitel -7.402 -6.674 moe
site2 -7.409 -6.550 autodock
site3 -6.607 -7.800 vina
site4 -4.864 -5.200 vina
siteb -5.825 -6.000 vina
site6 -6.355 -6.490 autodock
site”/ -5.676 -5.900 vina
site8 -7.036 -6.687 moe

Table 3.6: Docking results, dimer4 non-human
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Site | Rescoring Vina | Consensus Score | Software
sitel -7.201 -6.180 autodock
site2 -7.079 -6.730 autodock
site3 -6.566 -6.920 autodock
site4 -5.651 -6.310 autodock
siteb5 -6.034 -6.500 vina
site6 -5.792 -6.130 autodock
site” -5.508 -6.000 vina
site8 -6.190 -6.006 moe

Table 3.7: Docking results, dimer5 non-human

Site | Rescoring Vina | Consensus Score | Software
sitel -7.212 -6.390 autodock
site2 -6.182 -7.340 autodock
site3 -5.777 -6.000 vina
site4 -5.309 -5.900 vina
siteb -6.027 -6.300 vina

Table 3.8: Docking results, dimer6 non-human
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Site | Rescoring Vina | Consensus Score | Software
sitel -7.118 -7.400 vina
site2 -6.335 -6.089 moe
site3 -5.035 -5.700 vina
site4 -5.890 -6.600 vina
site5 -5.512 -5.780 autodock
site6 -5.519 -6.100 vina
site” -5.573 -6.000 vina

Table 3.9: Docking results, dimer7 non-human

Site | Rescoring Vina | Consensus Score | Software
sitel -5.905 -6.100 vina
site2 -5.649 -5.450 autodock
site3 -7.117 -7.070 autodock
site4 -6.004 -5.820 autodock
site5 -5.705 -6.000 vina
site6 -5.053 -5.100 vina
site7 -4.760 -5.560 autodock

Table 3.10: Docking results, dimerl Human structure
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Site | Rescoring Vina | Consensus Score | Software
sitel -7.112 -7.700 vina
site2 -6.912 -7.000 vina
site3 -5.240 -6.300 vina
site4 -7.118 -7.400 vina
site5 -6.838 -6.410 autodock
site6 -6.027 -5.920 autodock
site7 -5414 -5.900 vina
site8 -5.561 -5.800 vina
site9 -5.864 -6.200 vina

Table 3.11: Docking results, dimer2 Human structure

Site | Rescoring Vina | Consensus Score | Software
sitel -7.168 -7.700 vina
site2 -7.181 -7.300 vina
site3 -5.313 -5.630 autodock
site4 -5.906 -6.325 moe
sited -6.309 -6.239 moe
site6 -6.001 -5.460 autodock

Table 3.12: Docking results, dimer3 Human structure
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Site | Rescoring Vina | Consensus Score | Software
sitel -7.197 -7.800 vina
site2 -7.526 -7.900 vina
site3 -4.747 -5.300 vina

Table 3.13: Docking results, dimer4 Human structure
Site | Rescoring Vina | Consensus Score | Software
sitel -5.879 -5.621 moe
site10 -5.489 -6.000 vina
site2 -6.408 -6.600 vina
site3 -6.026 -6.300 vina
site4 -5.485 -6.000 vina
siteb -5.202 -5.600 vina
siteb -7.137 -7.400 vina
site7 -7.027 -6.600 vina
site8 -6.186 -7.500 autodock
site9 -6.068 -5.820 autodock

Table 3.14: Docking results, dimer5 Human structure
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Site | Rescoring Vina | Consensus Score | Software
sitel -6.189 -7.310 autodock
site2 -7.247 -7.700 vina
site3 -5.967 -7.450 autodock
site4 -4.803 -4.900 vina
site5 -5.856 -6.490 autodock
site6 -7.257 -7.600 vina
site” -7.282 -7.800 vina
site8 -5.446 -5.600 vina
Table 3.15: Docking results, dimer6 Human structure
Site | Rescoring Vina | Consensus Score | Software
sitel -6.326 -6.500 vina
site2 -6.389 -6.400 vina
site3 -6.512 -6.325 moe

Table 3.16: Docking results, dimer7 Human structure

Table 3.17: Free-binding energy of the melatonin-dimer binding [k]/mol, Non-human

structure]

DIMERI | DIMER2 | DIMER3 | DIMER4 | DIMER5 | DIMER6 | DIMER?

-10.2 £4.1 | -21.1 £4.4 | -19.8 £3.5 | -30.6 £3.5 | -24.7 £4.9 | -23 £4.8 | -22.3 £4.3
-254 £5.0 | -28.1 £2.8 | -17.8 £5.9 | -29.4 +£3.9 | -15.6 3.9 | -30.6 £2.5 | -26.3 £3.2
-20.6 £2.8 | -3.6 £5.8 | -154 £3.2 | -285 +3.8 | -29.8 £3.3 | -29.4 +3.4 | -12.4 +9.6
-11+£5.3 | 224 +£3.4 | -20.8 £4.0 | -14.4 £3.7 | -38.8 £3.3 | -11.4 +£3.3 | -30.3 +4.9
-27.7 £4.5 | -143 £7.9 | -241 £3.2 | -224+£3.2 | -25.8 £6.1 | 9.8 £5.6 | 9.9 +£6.6
-23.6 £3.6 | -17.2£3.4 | -75+£5.0 | -199+34 | -17.6 £3.4 / -9.6 £4.5
-12.8 £3.7 / 278 £7.1 | -22.7 £2.7 | -21.9 £3.3 / -16.2 £5.0
-19.6 £3.2 / / -28.2 +£4.0 | -29.8 £3.5 / /
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Table 3.18: Free-binding energy of the melatonin-dimer binding [k]/mol], human struc-

ture

DIMER1 ‘ DIMER2 ‘ DIMER3 ‘ DIMER4 ‘ DIMERS5 ‘ DIMER6 ‘ DIMER7

-245 445 | -21.2+4.0 | 228 £3.6 | -21.9 £4.0 | -35.5 £3.3 | -21.2 +6.3 | -14.5 +5.2
-10.8 £6.5 | -24 £5.5 | -243 £4.2 | -28.1 £2.9 | -21.1 £3.7 | -28.8 £3.0 | -28.4 £2.9
-319 £3.7 | -16.8 £4.7 | -11.5 £6.3 | -14.5 £7.8 | -14 £4.9 -28 £4.5 | -26.7 £2.9
214434 | -26.9£2.9 | -129 £54 / -21.5+3.9 | -11.2 £6.5 /
-18.6 £3.3 | -22.3 £5.2 | -28.3 £3.5 / -143 +4.4 | -16.4 £8.7 /
-14.4 £3.6 -20 +£3 -18.8 +£3.5 / -249 +£4.9 | -20.6 £4.0 /
-18.4 £4.5 | -15.5 £3.9 / / -33.7+£3.6 | 972 £7.1 /

/ -19.6 £6.9 / / -29.6 £3.8 | -21.6 £2.9 /

/ -16.11 +£5.3 / / -19.9 £5.8 / /

/ / / / -21.8 £9.2 / /
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3.3. MOLECULAR DYNAMICS RESULTS

In this way, it has been possible to select the best binding site of melatonin and
to construct four new structures with seven melatonin each. The best site was the
fourth one of dimer5. So melatonin was added to each dimer in that site.

MELATONIN MELATONIN

MELATONIN

Figure 3.10: Detail of the structure with the melatonin inserted

3.3 Molecular Dynamics results

The Molecular Dynamics work was performed using the AMBER MD suite, which
is, among GROMACS, one of the most popular and complete currently available.
First of all, the system was prepared by using the tleap command. The ff14SB force
tield has been used to parameterize the proteins. TIP3P is the explicit water model
chosen. GDP and GTP parameters were downloaded from the Manchester Univer-
sity database'. Melatonin, if necessary, was parameterized with the GAFF force
tield. The system has been enclosed in a rectangular box with dimensions approxi-
mately of 115x120x620 Angstroms. The charge of the system has been neutralized
and Na+ and Cl- ions were added in order to reach a concentration of 0.15M.
After the construction of the eight structures, molecular dynamics simulations
were performed. Firstly, the eight structures were subjected to two steps of mini-
mization. The first minimization was performed by applying position restraints to
the protein structure in order to minimize the water and the ions. Then 1000 steps

thttp:/ /amber.manchester.ac.uk/
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CHAPTER 3. RESULTS AND DISCUSSION

of steeps descent followed by 1000 steps of the conjugate gradient were performed.
The second step of minimization was performed by applying the position restraint
to the water and the ions in order to minimize the protein structure. Also in this
case, 1000 steps of the steepest descent and 1000 of the conjugated gradient were
performed.

1e6 a) 7pqc b) 7pgc_h

|
b
Ln

|
b
=

7 cdipgcp  ~ d)7pgchp

=
=

Pot. Energy [klfmol]

=]
¥, }

=]
[}

0 500 1000 1500 2000 O 500 1000 1500 2000
Frames

Figure 3.11: Minimization results, structures without melatonin
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Figure 3.12: Minimization results, structures with melatonin

Then, the structure was equilibrated in an NVT ensemble for 1 ns with a time-
step of 2 femtoseconds. As a thermostat, the weak-coupling algorithm was chosen.
The system was equilibrated until 294 kelvins. Also, in this case, position restraints
were applied to the proteins.

Finally, the system was equilibrated in NPT for 1 ns with position restraints
applied to the proteins. The Berendsen barostat was chosen. The reference pressure
was set to 1 bar and the pressure relaxation time to 1 ps. In this case, the Langevin
dynamics was chosen as the thermostat, with a collision frequency of 1 ps—*. 11 frames
were extracted from the last 100 ps of the NPT equilibration and used to perform a
simulation of 100 ns. In this simulation, the temperature was raised to 310 Kelvin
with a Langevin dynamics thermostat. All the position restraints were removed.
Following, the RMSD values of the 88 simulations are shown.
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Figure 3.13: NVT equilibration, structures without melatonin
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Figure 3.14: NVT equilibration, structures with melatonin
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3.3. MOLECULAR DYNAMICS RESULTS

Figure 3.16: RMSD values, 11 simulations of 100ns, 7pqc human
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Figure 3.15: RMSD values, 11 simulations of 100ns, 7pqc
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Figure 3.17: RMSD values, 11 simulations of 100ns, 7pqc phosphorylated
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Figure 3.18: RMSD values, 11 simulations of 100ns, 7pqc human - phosphorylated
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7pqc with melatonin - RMSD
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Figure 3.19: RMSD values, 11 simulations of 100ns, 7pqc with melatonin
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Figure 3.20: RMSD values, 11 simulations of 100ns, 7pqc human with melatonin

46



CHAPTER 3. RESULTS AND DISCUSSION
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Figure 3.21: RMSD values, 11 simulations of 100ns, 7pqc phosphorylated with melatonin
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Figure 3.22: RMSD values, 11 simulations of 100ns, 7pqc human-phosphorylated with
melatonin
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3.4. FREE-BINDING ENERGY ESTIMATION

3.4 Free-binding energy estimation

In total, 8 structures have been constructed and the free-binding energy of tau to
microtubules was calculated. In addition, it has been estimated the contribution
of each serine.

7pqc 7pqc_h 7pqc_p | 7pqc_hp
-197.7 + 44 | 2022 £ 46 | 116.1 £ 68 | 79.9 + 54

Table 3.19: Free-binding energy [k]/mol], Tau-Microtubules, No-melatonin

7pqc 7pqc_h 7pqc_p 7pqc_hp
-175.1 £ 576 | -183.1 £44.4 | 204.6 = 50.6 | 86.3 £ 53.6

Table 3.20: Free-binding energy [k]/mol], Tau-Microtubules with melatonin
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7pqc 7pqc_h 7pqc_p 7pqc_hp

SER208 | -14+36 | 2.7 +2.8 | 1127.6 £121.3 | 1156 +124.2
SER210 | -0.03 + 2.1 0.69 +4 1126.2 +114.7 | 1167 £125.5
SER214 | -194+14 | -33+2.7 | 1140.3 £1084 | 11749 + 119.6
SER235 | -1.1 +2.8 -41+4 1262.8 = 89.1 | 1205.7 +=101.4
SER237 | -3+£3.3 26+35 | 13114 +£79.7 1238.8 £ 96
SER238 | -21+38 | -1.6 £2.6 | 1311.6 =113.4 | 1235 £+ 111.1
SER241 | -394+27 | -34+27 | 12874 +59.1 | 12144 +944
SER258 | -6.3+44 | -10.2+34 | 1328.4 +118.9 | 1202.7 + 116.7
SER262 | -6.24+49 | -76+t5.1 | 1288.6 £111.7 | 1139.6 & 71.3
SER285 | -2.8+3 S5 +21 13214 £115.6 | 1251 +104.4
SER289 | -12.7 +45 | -124+3.7 | 1302.4 4+ 146.6 | 1114.5 £ 87.9
SER293 | -53+44 | -35+4.3 | 1273.7 +£127.6 | 1101.8 & 87.7
SER305 | -224+33 | -35+2.8 | 1218.8 &+ 152.6 | 1121.7 4+ 127.6
SER316 | -04+25 | -19+£1.9 | 1109.3 £164.6 | 1098.9 + 118.8
SER320 | -994+65 | -47+59 1085.3 £152 | 989.5 + 142.1
SER324 | -3.6 =58 | -39+3.8 | 1051.5+147.5 | 962.8 +124.2
SER341 | 0.09 0.5 | 0.002 £0.4 | 5409 +21.9 5214 + 184
SER352 | -044+02 | -04+0.3 450.5 £ 11.8 432.5 £ 8.9
SER356 | -0.7 £0.3 | -0.8+0.1 439.6 £ 11.6 421.6 £7.5

Table 3.21: Free-binding energy [k]/mol], Tau-Microtubules with melatonin
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7pqc 7pqc_h 7pqc_p 7pqc_hp

SER208 | -1.1+3 -19+4 1191.3 + 105.7 | 1124.8 + 123.3
SER210 | 0.7+1.5 |-1.14 +£3.3 | 1185.2 +102.1 | 1141.1 +120.2
SER214 | -27+24 | -23+15 | 1191.9 £106.5 | 1191.3 £131.5
SER235 | -21+£33 | -1.3+2.1 1301.4 + 92 1190.6 + 1054
SER237 | -2.8 £34 5 +3.6 | 1332.7 £121.7 | 1197.2 £ 113.2
SER238 | -0.8 +49 | -3.1+3.1 | 1338.8 +£109.1 | 1203.3 £+ 105.3
SER241 | -45+1.8 | -35+3.1 | 1323.6 +136.3 | 1218.1 + 146.7
SER258 | -10.3 +3.9 | -9.3 +4.1 1266.4 + 109 1239.3 +91.7
SER262 | -6.1 £55 | -95+7.2 | 1219.1 +£829 | 1182.9 £+ 103.2
SER285 | 24 +4.6 | -35+2.7 | 1335+£165.3 | 1224.6 &+ 122.6
SER289 | -13.2 +2.9 | -10.9 £4.1 1243 + 191 1098.9 4+ 97.7
SER293 | -6.8 £6.6 | -3.3+1.7 | 1185.6 1629 | 1084.8 +92.1
SER305 | -4+4.3 -1+£21 1152 +173.6 | 1076.9 + 119.9
SER316 | -2+3.2 3.1+£29 | 10465 +£169.7 | 1089.7 + 148

SER320 | -94+6 -6t7.7 909.6 +£153.8 | 1010.8 =+ 1754
SER324 | -51+33 | -3.7+2.3 | 886.5+129.5 | 987.1 +190.9
SER341 | -0.18 £0.6 | -0.08 =04 | 5319 +44.6 536.6 + 37.9

SER352 | -05+0.1 | -0.3+0.2 442.3 + 18.8 436.8 £ 17.2

SER356 | -0.7+0.2 | -0.5+0.2 4299 +17.2 4249 + 16.5

Table 3.22: Free-binding energy [k]/mol], Tau-Microtubules, No-melatonin
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Figure 3.23: Free-binding energy of the binding of serines to microtubules. 7pqc
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MMGBSA - 7pgc_h
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Figure 3.24: Free-binding energy of the binding of serines to microtubules. Human 7pqc
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MMGBSA - 7pgc_p
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Figure 3.25: Free-binding energy of the binding of serines to microtubules. Phosphory-
lated 7pqc
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MMGBSA - 7pqc_hp
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Figure 3.26: Free-binding energy of the binding of serines to microtubules. Human-
phosphorylated 7pqc
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MMGBSA - 7pqc with melatonin
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Figure 3.27: Free-binding energy of the binding of serines to microtubules. 7pqc with
melatonin.
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MMGBSA - 7pqc_h with melatonin
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Figure 3.28: Free-binding energy of the binding of serines to microtubules. Human 7pqc
with melatonin.
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MMGBSA - 7pqc_p with melatonin
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Figure 3.29: Free-binding energy of the binding of serines to microtubules. Phosphory-
lated 7pqc with melatonin.
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MMGBSA - 7pqc_hp with melatonin
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Figure 3.30: Free-binding energy of the binding of serines to microtubules. Human-
phosphorylated 7pqc with melatonin.
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CHAPTER 3. RESULTS AND DISCUSSION

Looking at the results, we can see the phosphorylation of serines strongly in-
fluences and, in particular, reduces the binding of tau to microtubules. However,
this binding is not influenced by melatonin. Also, there is no difference between
human and non-human structures.
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Conclusions

Alzheimer’s disease is the main neurodegenerative disease that currently afflicts
our society. In this work, the effects of hyperphosphorylation of Tau have been
investigated showing that this is the main factor that drives the detachment of Tau
from microtubules. Unfortunately, the role of melatonin has not been well eluci-
dated, opening questions that can be answered in further research. In particular,
it is thought that melatonin can influence Tau phosphorylation by acting directly
or indirectly on kinases and phosphatases such as GSK3p, CaMKII and PP2A. An-
other factor that can be investigated is the role of Zinc in the progression of the
disease. The main role of zinc is to help the assembling of microtubules so it is
released in the intracellular environment after the disruption of microtubules and
mediates the formation of neurofibrillary tangles. In addition, it can be a possible
link between the disruption of microtubules and the formation of amyloid plaque
in the extracellular environment. In fact, the release of Zinc in the extracellular
environment could be the main factor that induces the nucleation of amyloid-p
and the subsequent formation of amyloid plaques. All these phenomena could be
driven by a change in the temperature and, in particular, by a lowered body tem-
perature, which could explain why old people are more affected by Alzheimer’s
disease. So, this work is just an introduction to a bigger problem that currently is
not well understood but that has seen an increased number of theories during the
last years that tries to explain it. In particular, the Temperature theory could be
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CHAPTER 4. CONCLUSIONS

the one that could explain why Alzheimer’s disease seems to be driven by several
factors at the same time.
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