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ABSTRACT

Alzheimer’s Disease (AD) which is a progressive, neurodegenerative and geriatric
disease is multi-faceted in nature with genetic, environmental and some unknown mechanism
associated with it. The main culprit behind the etiology of the disease is believed to be the
extraneuronal senile plaques made up of Amyloid-Beta (AB) proteins and intraneuronal
neurofibrillary tangles (NFTs) of hyperphosphorylated tau protein. Amongst these two, AB
fibrils have been reported to be the principal clinical hallmark due to its direct involvement in

the neurotoxicity and degeneration leading to AD.

The therapeutic approaches have been broadly classified into two viz. inhibition of the
aggregation of the AP monomers and disaggregation of the preformed AP fibrils. The use of B-
sheet breakers, nanoparticles, small molecules and natural compounds have been studied for
the same purpose. The failure of the clearance of the drugs from inhibition strategy has
motivated the in depth investigations for the disaggregation approach. In this view the role of
natural compounds have been preferred owing to their natural non-toxicity and

biocompatibility with the human system.

In the present work, various natural compounds from different category have been
studied by means of Molecular Dynamics (MD) simulation, wherein they were made to interact
with disease relevant A fibril (PDB ID: 2BEG). Herein the caffeine from alkaloids, caffeic
acid, gallic acid, epigallocatechin and ellagic acid from polyphenols, omega-3 polyunsaturated
fatty acids (PUFASs) and lycopene from terpene have been investigated. The mechanistic details
on the interaction of caffeine (CFF) with preformed AP fibril has been obtained wherein the
destabilization of the fibril is observed. Four major phenolics from plants have been screened

iii
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by docking and studied by MD simulation for their destabilization potential. The outcome of
the study observed ellagic acid (REF) as the best binder and destabilizer of A fibril wherein
it binds to chain A of the fibril by accessing fibrillar cavity. The significant role of Omega -3
fatty acids, Eicosapentaenoic acid (EPA) and Docosahexaenoic acid (HXA) specifically in
destabilization of the AP fibril has been assessed. The crucial role of EPA and HXA in
maintaining brain integrity and destabilization potential on AP fibril, makes them a suitable
drug candidate for treating AD. The amphiphilic nature of these PUFAs was found to be the
supportive for the better binding with the fibril, wherein polar head binds to K28 (positively
charged residue) and long carbon tail to the hydrophobic residues of the fibril. This brings
effective destabilization by compromising the inherent hydrophobic interactions coupled with
loss of B sheet content. The detailed analysis of lycopene as a potential destabilizer of different
polymorphic form of AP fibril has been done. The lycopene was found to interact with the
surface and cavity of the fibril depending on the architecture. Conclusively, from all the studies,
the major governing principles behind destabilization of the fibril was observed by loss of H-
bonds, breakage of salt-bridges and loss of hydrophobic interactions in the fibril upon ligand
introduction. The loss of B-sheet content indicates the collapse of highly organized structure
indicating disorganization in the presence of the ligand curbing neurotoxicity of the fibril. The
need to investigate the fate of the destabilized fibril upon removal of the ligand has also been
conducted. This study highlights the enhancement of the destabilized structure upon removal
of the ligand, REF in this case, thereby inhibiting the refibrillation, indicates towards the non-
neurotoxicity of the fibril obtained. This establishes the efficacy and prophecy of
destabilization of preformed AP fibril by natural compounds as a promising therapeutic

approach for treating AD.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Proteins

Proteins (Greek proteios, which means "first" or "foremost") are the macromolecules that form the
building blocks of any living system.! They are the expression of all the information hidden in
cellular DNA. They are the workhorses of the cell and have crucial role in functioning of any living
system. They play significant role as enzymes, hormones, neurotransmitters, cytokines, growth

factors, cellular products, transcription factors and basically all functions.
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Fig. 1.1. Levels of Organization in a protein
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Chapter 1: Introduction

A polypeptide chain, the primary structure of a protein composed of 20 amino acids, which arrange
themselves in a unique pattern explaining the functional repository of an organism. The
information for folding are inclusive to primary structure that defines structure and functionality
of any protein.2 The overall stability of proteins relies upon peptide bonds at primary level and
hydrogen bonding, di-sulfide linkages, salt bridges and hydrophobic interactions at secondary,
tertiary and higher levels of organization (Fig. 1.1). The answer to the existing enormous functional
repository of the proteins lies in the possible arrangements of amino acids in an exclusive pattern

and conformations by virtue of amino acid sequences.

1.2 Protein Folding

The multidimensional structure of a protein translates into a specified function, which is
fundamental to the biology of all living systems. Protein folding is the key feature which helps in
attaining a certain structure by the protein thereby imparting stability to carry out desired
functions.® The primary structure holds all the cues for folding, which is a prerequisite for its
specified biological activity.* In 1968, Levinthal proposed that a protein folds rapidly because its
constituent amino acids interact locally thus limiting the conformational space that the protein has
to explore and forcing the protein to follow a funnel-like energy landscape (energy funnel).® The
Levinthal paradox explains the capability of proteins to traverse through the enormous

conformational space of possible states within a microsecond.

The protein thus formed, has specific fate (described in Fig. 1.2) to either (1) fold, (2)

remain unfolded or (3) misfold. All these states can interchange between each other at any point
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of time with unclear reasons. This entire regulation is maintained by the protein homeostatic

machinery in humans that checks upon any erroneous productions.

A protein sequence must satisfy two requirements: one is thermodynamic and other one is
kinetic. The thermodynamic requirement is that the protein should adopt a unique folded
conformation (native state), which is stable under physiological conditions. The Kinetic
requirement is that the denatured polypeptide chain can fold into the native conformation within a
reasonable time.® Ellis, in 1987, explained that the folding is a spontaneous process mediated by
another class of proteins called chaperones. Sometimes the proteins are not able to fold properly
leading to loss of function as observed in cystic fibrosis, Tay-Sachs disease and various forms of

cancers.

N t Peptide Ch
/ ascent Pep U G 1 Folding Functional Protein
Native State (Generally Soluble)

Chaperons

Ribosome
ox@?
Not properly Folded
Disordered clumps
v (Amorphous Deposits)

I Ubiquitinylation I

Inclusion Bodies

Autophagy
(sequestration)

Ubiquitin-Proteasome
Degradation and clearance of the Protein

Fig. 1.2. Fate of Protein: Conformational Stability (Adapted from Chiti and Dobson, 2017)’
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Collectively, the ubiquitin proteasome system and chaperons constitute the protein homeostatic
machinery. Despite of involvement of several check points, proteins tend to misfold in the cellular

space, which lead to so many disease conditions.

1.3 Protein Misfolding: Proteinopathies

Cellular proteostatic collapse, mutation, oxidative stress, erroneous post-translational
modifications and ageing®® encourages protein to attain a misfolded state.'® Misfolded proteins are
generally sequestered and degraded by proteasome and autophagy in the cellular space but
sometimes evade this regulation facility. Henceforth, the misfolded protein gets aggregated due to
protein overload and triggers the agglomeration amongst themselves. The protein aggregation
eventually gives rise to various disorders, collectively called as proteinopathies.!*? These
misfolded conformers obtain alternative energy minima, even more stable than the native state.
The coexistence of unfolded, misfolded, folded and intermediate folded state creates a pool of
different conformations in a cellular space at any instance.'® Remarkably, they often able to interact
with other native copies of the same protein and catalyze their transition into the misfolded toxic
state.!* Because of this ability, they are known as infective conformers. The newly made toxic
proteins repeat the cycle in a self-sustaining loop, amplifying the toxicity and thus leading to a

catastrophic effect that eventually kills the cell or impairs its function.

Misfolding of proteins triggers conversion of soluble form (random coil) of protein into highly
ordered fibrillar aggregates (B-sheet) which are mostly insoluble, known as amyloid fibrils or

plaques. The phenomena of formation of amyloid fibrils is called as amyloidosis.’> The major
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factors contributing towards agglomeration of misfolded proteins are hydrophobicity, propensity

of amino acid sequence to form B-sheets and low net charge of peptide.'6-1’

The proteinopathies caused from misfolding of different proteins can be localized to a certain
organ or can spread to different parts of the body i.e. systemic in nature. Type-2 diabetes, caused
by toxic aggregates of the islet amyloid polypeptide (IAPP) cause cytotoxicity of  cells of
pancreas and spread over other organs as well that manifests in sugar imbalance and thus

hyperglycemia in the body.*®

1.4 Functional Amyloids

Despite of the well-known detrimental effects of amyloids, they still play some crucial structural
and physiological roles in living systems from microbes to humans.?® The tight regulation of
functional amyloids preventing toxicity to humans adds to their significant existence and functions

in humans.?’ The notoriety is overshadowed by their following roles.

e Melanin biosynthesis is guided by fibrous structures of Pmel17 (premelanosome protein)
protein during melanosome formation which are very important for skin pigmentation and
prevention from skin cancer.?

e Tissue-type plasminogen activator act as a regulatory structure in formation and clot

clearance mechanisms by activating Blood clotting factor XII protein and the entire

cascade mechanism thereafter.?
e A fibrils also play essential role in protecting brain from pathogens by creating a trap,

thereby possessing antimicrobial, antibacterial and antifungal properties.
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e AP intercepts oncogenic virus and suppresses tumor growth, act as sealant for Blood brain

barrier (BBB) and maintains synaptic communication in hippocampus region of the brain

thereby contributing to memory consolidation in humans.?*

1.5 Neurodegenerative Disorders

The neurodegenerative proteinopathies are of bigger concern owing to their higher prevalence in

the society and the socio-economic burden adhere to it. Neurodegenerative disorders (NDs) like

Alzheimer’s Disease (AD), Parkinson’s Disease (PD) and Huntington’s disease (HD),

Amyotrophic Lateral Sclerosis (ALS) are characterized by an array of misfolded proteins as

described in Table 1.1 that agglomerates abnormally? to form insoluble aggregates, hindering the

normal functioning of the brain.?®

Table 1.1. Common NDs and their Causative Proteins?®

S. No. | Disease Aggregating Protein Characteristic Pathology
AP peptide Amyloid Plaques
1 Alzheimer’s _—
Tau Neurofibrillary Tangles
Disease (AD)
a-synuclein Lewy Bodies
2 Parkinson’s a-synuclein Lewy Bodies and Neurites
Disease (PD)
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3 Huntington’s Huntington with | Intracellular inclusions and
Disease (HD) tandem glutamine | cytoplasmic aggregates
repeats
4 Amyotrophic Superoxide Dismutase | Inclusions of disarrayed
Lateral Sclerosis neurofilaments in lower motor
(ALS) neurons

1.6 Alzheimer’s Disease

AD is a multi-faceted chronic, neurodegenerative, progressive, and geriatric disease with unclear
roots and mechanisms.?’ Firstly reported in 1907 by Alois Alzheimer, AD is multidimensional in
nature owing to its association with genetics (familial),?® lifestyle and environmental factors
(sporadic) that interplay for the disease incidences. AD is the most prevalent amongst NDs and is
increasing at an uncontrolled rate.?® According to the World Alzheimer’s report,2021 by WHO,
55 million people across the globe are living with dementia, which is forecasted to reach to 78
million by 2030.%° The number of people getting affected by this debilitating disease is increasing
at an uncontrollable rate expected to reach to 152 million people by 2050 globally as quoted by
Alzheimer’s disease International (ADI).3! Dementia is explained as a cognitive impairment

comprising of memory loss leading to poor judgment, inability to process daily information, and
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social withdrawal affecting the normal sustenance of a person. The devitalizing effects of dementia

connotes personal, societal and global healthcare burden adhered to AD.

The typical histopathological hallmarks of AD are reported to be senile Ap plaques of AP
proteins, extraneuronal in location?® and neurofibrillary tangles made up of hyper phosphorylated

tau proteins present intraneuronally.®2

1.7 Hypothesis related to AD

Many hypothesis have been proposed explaining the causes for AD, with Amyloid cascade

hypothesis being the most supported, studied and accepted one.

1.7.1 Cholinergic Hypothesis: This theory postulates the decline in amount of acetylcholine, a
neurotransmitter, to be the reason for memory deficit in AD patients.®? This age old
hypothesis indicates enhanced activity of acetylcholinesterase enzyme that breakdowns
acetylcholine thereby hindering synaptic communication, affecting cognitive abilities

severely. 3

1.7.2 Tau Hypothesis: The tau hypothesis states about involvement of neurofibrillary tangles
(NFTs) made up of hyperphosphorylated tau protein in pathology of AD and other
tauopathies.® Mis-stabilization of tau protein leads to synaptic impairment and
mitochondrial integrity.3* Tau has been reported to have inter-relation with Ap peptides in

causing neurotoxicity.
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1.7.3  Amyloid Cascade Hypothesis (ACH): According to the amyloid cascade hypothesis, insoluble
mature AP fibrils formed by aggregation of AP peptides during amyloidogenic pathway,
reported to be the main culprit behind AD and its etiology.®® AP plaques trigger a cascade
from neuritic injury for the formation of NFTs via tau protein that eventually leads to

neuronal dysfunction in AD (Fig. 1.3).

Changes in AP metabolism- Increase in total AP production, Increase in AB40/
AP42 ratio, and Reduced AP degradation/clearance

[ Oligomerization of AB42 and initial (diffuse) AB42 deposits ]

[ Subtle effects of soluble AB42 oligomers on synaptic function ]

Inflammatory responses (microglial and astrocytic activation) and
amyloid plague formation

[ Progressive synaptic/neuronal injury ]
[ Altered neuronal ionic homeaostasis and oxidative iniurv ]
{ Abberant oligomerisation and hyperphosphorylation of tau ]

[ Widespread neuronal dysfunction and cell death associated with ]

V [ Dementia with AP plaque and tau NFTs pathology ]

Fig. 1.3. Amyloid cascade hypothesis (Adapted from Hardy and Selkoe,’2002)%’

1.7.4 AP Oligomer Hypothesis (AB0): The soluble intermediate products formed during fibrillation

are called as APO claimed to be more toxic than AP mature fibrils.*® The presence of ABO
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in AD patients and mouse models entrenches the toxic and pathogenic role of ABO in

progression of AD.%

The greater acceptance of ACH hypothesis is pertinent to significant and direct involvement
of senile AP plaques in AD. There have been various drugs proposed time to time to treat AD
that consider different drug targets such as, acetylcholinesterase, tau proteins and AP for
therapeutic purposes. The failure of drugs in clinical trials has encouraged the interest and
investigation towards anti amyloid therapy.*® The long age debate between the pathological
potential of A fibrils and ABO is still undergoing that needs a lot of investigations. Although
in the eye of the currently available evidences, AP fibrils are found to be neurotoxic causing

etiology of AD.

1.8 AP Production

The proteolytic processing of APP (Amyloid Precursor Protein), which is a 639-770 residue long
protein, present in chromosome 21 forms A peptide by two different pathways viz. normal non-
amyloidogenic and toxic amyloidogenic pathway (as illustrates in Fig. 1.4). The non-
amyloidogenic cleavage of APP by a-secretase enzyme results in production of a-APP fragments
and C-terminal fragments, a(C83) having neuroprotective effects.*! The product from this pathway

has proposed to have vital functional roles as discussed in section 1.4.

However, the alternating amyloidogenic enzymatic cleavage of APP also leads to AP
biogenesis but neurotoxic this time. This happens due to sequential cleavage of § and y secretase

to form AP peptide having 37-42 residue long. In both of the pathways a common fragment called

10
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AICD (APP intracellular domain) is produced, which upon phosphorylation, facilitates the
interaction of APP with various cytosolic factors that regulates its intracellular trafficking.*? The
major isoforms produced are 40 and 42 residue long, with 42 reported to be the more aggregation
prone, rigid and toxic one.*® AP peptide formed from this pathway then undergoes aggregation to
form neurotoxic AP fibrils, interfering with the normal synaptic functioning. The AP fibril is the
pathological hallmark and of greater clinical importance, as explained by amyloid cascade
hypothesis below.**® The mechanism of fibrillation and structure has been explained in the

subsequent sections.

APP
N-terminal

Ap Oligomers

3
y
L4 / l
sAPPB y-secretase +
ﬁ

Extracellular
o > 2 C99
3 =P
3 Emyloidogenic Pathway
v 3 Af Senile Plaques
—
Cytoplasm
C-terminal

1=

P3

Non- Amyloidogenic Pathway

sAPPa
C83

Fig. 1.4. Overview of APP Processing (Adapted from Chow et al.,2011)*?
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1.9 Mechanism of Fibrillation

Amyloid fibrillation is a self-assembly phenomenon of misfolded AP peptides into a more stable
and organized structure. The most widely accepted model is “Nucleation dependent
polymerization mechanism”.%” The fibrillation process commences with the misfolded state of AB
protein that gets clumped with formation of intermediate soluble oligomers followed by the
formation of mature insoluble neurotoxic fibrillar aggregates. Furthermore, secondary nucleation
can form higher order aggregates via fibrils interacting with upcoming monomers, soluble
oligomers or even fibrils. The kinetic studies by ThT assay (Thioflavin-T) provides insight on the
sigmoidal nature of fibrillation process wherein four different phases viz. (i) Lag phase (ii)
Elongation phase (iii) Polymerization phase and (iv) Secondary nucleation phase exists.*® The ThT
is the most acceptable dye that gives the clear picture on fibrillation, which is directly proportional

to the amount of fibrils present.

% [ Fibr ﬂ.lar
Ml folded Oligomers

nnnnnn
m— O T
Nativ
Monomer
Protofibril
Prefibrillar Oligomers

(Critical Nuclaua)

Secondary
Nucleation

uo||!|\|aluﬁlu_{

ThT Fluorescence

Mature

Fibril (Toxic)
On-] Paﬂlwny
Off-Pathway Intermediates(Toxic)
Secondary Nucleated

Oligomers :
(Non-Toxic) Nucleation Phase Oligomer (Toxic)

Lag Phase Elongation Phase Secondary

Nucleation
Time >

Fig. 1.5. Fibrillation Mechanism (Adapted from Taneja et al., 2015)*°
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As illustrated in Fig. 1.5 above, the lag phase comprises of formation of a critical nucleus having
sufficient number of monomers to enter elongation phase. A nucleus is defined as the state wherein
the rate of formation exceeds the rate of dissociation of monomers. After that, monomers attach to
each other and form protofibril (during elongation phase), which can dissociate by fragmentation
or can form mature fibrils. After a critical concentration of the mature fibril is reached, the
secondary nucleation takes over the elongation phase and result in higher order aggregates. All the
structures formed during the entire fibrillation process are toxic with variable degree and the

formation is concentration dependent.*®

1.10 Structure of Amyloid Fibril

As explained in above section 1.3, hydrophobicity and -sheet propensity of amino acids in A
peptide (Fig. 1.6) drives its aggregation and organization in a -sheet structure. This entails further

pathway of aggregation and senile plaque formation.

f Higher pB-sheet propensity \
o and B-sheet conformation

H2N11 234561 8I 9101112131415 16@7 181920 zy 2223 24 25 26 27| 28 29 30 31@ 33 34 35 36 37 38 39 40 41 4zBOOH

Disordered Configuration

~B Turn
~B Turn B

Central Hydrophobic Cluster Highly Hydrophobic Region
\N—DAEFRHD S8 GYEVHHQKLVFFA2l EDVG S N2 KGAIIGLMVGGVVIA%*.C )

Fig. 1.6. Amyloid Beta Peptide (1-42) Sequence®

AP fibrils are recognized by fibrillar morphology and cross f-sheet arrangement as mark of
identification and, are insoluble and protease resistant in nature. The conventional methods such

as single crystal X-ray crystallography and solution nuclear magnetic resonance (NMR)

13
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spectroscopy cannot be used owing to insolubility of the fibrils. Therefore, X-ray fiber diffraction,
electron microscopy (EM), solid state (ss) NMR, Fourier transform infra- red spectroscopy (FTIR)
and circular dichroism (CD) can be used to study amyloid structures. The information about the
structure of AP fibrils is crucial in order to gain knowledge about fibrillation mechanism which in
turn facilitates understanding of AP as an important biomarker, drug target and structure-based

drug designing in lieu to cure AD.

All the amyloid fibrils in general possess following characteristics, which form basis of their

structural studies as well as identification.>:>?

e Conformational switching from a-helix or random coil to a 3-strand configuration.

e The fibril appears to be composed of several protofilaments twisted around each other as
revealed from a cross-sectional view

e Some polypeptides having Poly-Q repeats have inherent property to form amyloids.

e Structural monitoring done by binding dyes like Thioflavin-T (ThT), congo red that gives
green birefringence when examined under cross polarized light.

e AP have shown that -sheet may be arranged parallel or anti-parallel with inter-strand
distance of 4.8 A° and inter sheet distance as 6-12 A° (Fig. 1.7).

e Fibrils possess cross B structure in which stacked B-strands are oriented perpendicularly
(Fig. 1.7) to fibrillar axis as studied by X-ray crystallography and ss-NMR (solid state-
Nuclear Magnetic Resonance).

e The mechanical strength and stability as reported by AFM studies is attributed to highly

organized structure due to cross B sheet structures.>

14
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Fig. 1.7. AB Fibrils: Different Patterns of B-strands (Adapted from Loquet et al,’2018).>*

1.11 Therapeutic Strategies for treatment of AD

The role of AP as critical initiator and propagator of AD has well been discussed in the earlier

section of the thesis. On the molecular level, the anti-amyloid therapy has different points for

intervention, starting from decreasing AP production, modulating its transport, inhibition of

aggregation of AP monomers and AR immunotherapy to disaggregation of AP fibrils.>® A brief

introduction of all these therapeutic approaches is discussed as follows:

e Decreasing AP production: Increasing activity of a-secretase and reducing y-secretase

may enhance non-amyloidogenic pathway of APP metabolism. Epigallocatechin-gallate

from green tea has been reported to enhance a-secretase activity.>® Eight FDA approved

NSAIDs have also been reported to lower Az in-vivo by targeting y-secretase activity.>’

TH-2989_166107106
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e Modulating AP transport: The role of Apolipoprotein (apoE4) as major transporter of
cholesterol and AP from blood to brain has been indespensable.®® The crucial role in
transportation of AP from blood to brain qualifies apoE as suitable target for modulating
the AP transport, despite being a genetic risk factor that can modify deposition of A in the
cerebrovasculature. Various compounds targeting apoE such as, bexarotene, pyrazolines
and probucol etc. have been reported to target apoE to alter its production, its lipidation,

and lower blood cholesterol level leading to AP clearance.®

e Inhibition of Aggregation of AB: The failure associated with restraining production of
AP monomers, directs the prevention of inhibition of AP fibrillation as a promising
strategy. There have been various natural compounds reported as potential anti-aggregators
of AP monomers, such as, melatonin, curcumin, wgx-50, brazilin, morin, resveratrol,
tashinone.®® They prevent aggregation of AR monomers and hence evade neurotoxicity and

thereby restoring normal cognitive functioning.

e AP immunotherapy: Anti-amyloid immunization is the basis of this line of treatment to
inhibit AP proliferation and fibrillation. Monoclonal antibodies®! when tested in transgenic
mice, found promising in targeting AP protein and plaques thereby curing AD. However,
failure in clinical trials dwindles their effective role in treating AD. The FDA approval of
biogen’s Aducanumab under AP immunotherapy has triggered a scientific division

globally.®?
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e Destabilization of preformed A fibrils: Another line of treatment for AD is believed to
be the destabilization of the preformed AP fibrils. Nanoparticles,®* B-sheet breakers,%

and natural compounds®-®° are reported as potential destabilizers of Ap fibrils.

All these interventions either manages the progression of the disease or ease the symptomatic
discomfort. Meanwhile, the skepticism about the disease mechanism streamlines investigation of
potential drugs involving inhibition of aggregation of AP monomers or destabilization of AP
fibrils.” Failure of numerous drug leads in clinical trials accessed for inhibition strategy ignited
the consideration of destabilization of preformed AP fibrils as a fruitful alternative line of treatment

of AD.

1.12 Destabilization of Ap Fibril by Natural Compounds

Disaggregation of AP fibrils is relatively newer strategy that needs detailed investigation to gain
insights on the molecular details and potential of this therapeutic approach. The perturbations
introduced in the AP fibrillar structure curbs toxicity caused by the fibril and restrains the

formation of higher order aggregates as well, explaining dual advantage of this therapy.

The antioxidant, anti-cancerous, neuroprotection and various other health benefits of
natural compounds add to their suitability to be used as drugs for a wide array of human diseases,
including AD.”*"> Natural products can be obtained from numerous living systems including
marine, plant, and animal resources. Amongst all the origins of natural compounds, the plant-based
phytochemicals are the safest choice due to fair availability, extractability and broad spectrum of

applicability.”*"® Some of them are: resveratrol, a polyphenol present in red wine and trans-
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gvinferin®, curcumin,® ferulic acid,®* tannic acid,®? serotonin, melatonin and other indole
compounds.®® Dihydrochalcone, a bioactive from daemonorops draco tree®* have been reported
for its anti-amyloidogenic property, inferred from its role in destabilizing AP fibril. The

destabilization effect of morin®® was well studied mechanistically by means of MD simulation.

The computational studies not only traverse atomic-scale mechanisms by means of MD
simulations but also validates in-vitro findings.®® Brazilin®” and hematoxylin® from Sappan wood
were reported to redirect A} monomers and mature fibrils into unstructured AP aggregates when
studied by in-vitro methods and MD simulation, restricting their primary and secondary
nucleation. A recent finding on inhibition and destabilization of A} monomer and A protofibril,
studied computationally, by a hybrid of resveratrol and clioguinol reinforces the importance of
phenolic compounds in prospecting new drug candidates for AD.® Finding new drug candidates
from plants to treat AD by means of computational studies is exemplary and a continuously

evolving process.

The destabilization of AP fibrils by natural compounds as studied by MD simulation is the
focus of the present study. Herein, various compounds and classes of natural compounds have

been accessed in the subsequent chapters via MD simulation for their destabilization potential.

1.13 Computational Tools for the Atomistic details in different aspects of AD

The importance of computational tools for studying any processes in science has been exemplary
due to desire for mimicking the system, saving resources to a greater extent, and helps in
preplanning and validating the experimental studies more comprehensively. The role of

computational tools particularly MD simulation, has been quite significant in case of AD,
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specifically studying AP protein that lies in skepticism associated with AD. The unknown roots of
disease occurrence, progression and possible therapeutic treatment has encouraged the use of
computational tools for studying various aspects of these diseases to understand the mechanism
better and plan the experimental studies and vice versa. The computational studies complements
well in understanding the polymorphic nature of the disease in context to A3 monomers, protofibril
and fibrils that translates into different phenotype.®® The polymorphism has been suggested to be
related to the different environmental conditions that dictates different self-assembly and
conformations of the AP monomer.* Mutational studies as studied by computational tools
explained the significance of even one amino acid substitution, crucial for increment or decrement
for the toxicity of the AP thus formed.?> Computational studies ease the same set of calculations
at different pH level, so as to gain more insights in the pH related structural and functional toxicity

of the fibril.%

Hence, the computational tools find greater utility in better assessment of the protein-ligand
interactions, the prerequisite for entire drug designing process.®*® The molecular level
understanding on crucial interactions between protein and the ligand forms the basis of drug
screening, drug discovery, drug designing and drug testing along with the efficacy of the drug.*®
The protein-ligand interaction studies are therefore important to avoid failure of the proposed drugs
in the clinical trials. This study in turn saves the substantial amount of effort, time and cost invested
in proposing one drug lead compound. The use of computational tools along with the experimental
studies saves energy, time and cost and enhances the possibility of the development of promising

therapeutic approach for treatment of AD.
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1.14 Summary

Unfortunately, there have been 115 years since the discovery of AD but the unclear roots, elusive
mechanism of progression, lack of biomarkers and question on suitable drug targets makes it
troublesome for people working in this field. The constantly growing incidences and plight of
people worldwide ads to the misery of this debilitating disease. The socio-economic burden cannot
be neglected but cannot be answered also due to lack of any promising treatment for AD. Although,
recently only one monoclonal antibody got FDA approval but has created a division in the
scientific community over acceptance. Inspite of availability of vast pool of reports, findings,
observations and manuscripts for AD in all the domains of mechanism, diagnosis and treatment,

any promising treatment still appears a distant dream.

In the present thesis, after going through the literature available, we have concentrated on
determining the destabilization of AP fibrils by natural compounds, studied by MD simulation,
thereby proposing drug leads to cure AD. There have been various compounds from varied classes
of bioactives that are scrutinized and reported for the treatment of AD in the present work. The
destabilization strategy as therapeutic intervention needs special attention due to its dual
advantage. This strategy helps in desisting the progression of the disease and prevent further

aggregation as well thereby ensuring a holistic cure and not just the palliative one.

Conclusively, the use of computational tools may help in initial screening and
understanding of the drug leads in terms of their efficacy, mechanism of action and dosage. The
information thus obtained can be tested by in-vitro and in-vivo methods ensuring a larger
possibility of clearance in clinical trials. The amalgamation of computational and experimental

approach can help find drug leads from natural compounds cure to AD.
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1.15 Organization of the Thesis

A brief introduction to the Alzheimer’s disease and the culprit protein associated with it, is
provided in Chapter 1. In Chapter 2, the motivation and objectives of the thesis have been
discussed. In Chapter 3, we discuss the methodology of the molecular docking, molecular
dynamics simulation protocols and MM-PBSA tools. Chapter 4 we present a study where we
determine the destabilization potential of Caffeine molecule on AP protofibril. The Chapter 5
presents studies with screening of different phenolics for the destabilization potential. In Chapter
6, another class of natural compounds, i.e. Omega-3, healthy acid fatty acids have been studied for
disruption profile of A fibril. Chapter 7 contains the investigation of lycopene (from terpene
family) for its destabilization potential on AP fibril. The Chapter 8 checks upon the refibrillation
possibility after the ligand is removed from the destabilized structure. Finally, in Chapter 9, we

present a summary of the thesis with a discussion on the scope for future studies.
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Chapter 2

Motivation and Objectives

2.1 Motivation

Inhibition of aggregation of amyloid-beta (Ap) peptides by natural compounds have been explored
extensively for their implication as a potential therapeutic strategy to treat AD.** However, failure
of any proposed drugs in clinical trials, based on this anti-aggregation approach raised global
concerns. Tramiprosate, a naturally occurring compound from seaweed have been discontinued in
2007 after phase 3 clinical trial due to lack of consistent cognitive performance data.’> Colostrinin,
a proline rich polypeptide have also been discontinued in 2009 after phase 2 clinical trial due to
lack of efficacy reported in cognitive assessment over period of 15 days to a month.® These are the
few examples that explains inhibition of aggregation as an insignificant therapeutic strategy, and
hence triggers the investigation of an alternate therapeutic approach to treat AD.

The failure of the drugs proposed for inhibition of aggregation, motivates exploration of
disaggregation of the neurotoxic AP senile plaques (made up of aggregation of A monomers), as
an alternative promising therapeutic intervention for AD. The FDA (Food and Drug
Administration) approval of aducanumab (a monoclonal antibody targeting AP deposits in the
brain)’ affirms the probable success of other drugs as well for disaggregation of senile plaques.
However, the mere approval does not stop the quest and need to find new drugs for AD, pertinent
to the controversy associated with the approved drug.® The literature available on the
disaggregation of preformed aggregates by natural compounds and the underlying mechanism is
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limited and needs immediate attention. Therefore, a detailed investigation of natural compounds
as potential disruptors of the A fibrils have been taken into consideration for the present work.
There are some advantages associated with the disaggregation of preformed fibrils, reported in the
literature, that are outlined as follows:

1. Disaggregation mechanism has lot of potential in clearing preformed Ap fibrils.

2. The natural compounds could be a preferred choice as drug owing to their inherent biocompatibility
and no toxicity.

3. Disaggregation of AP deposits as a therapeutic strategy posits additional advantage of prevention
of further aggregation of deformed aggregates, ensuring non neurotoxicity.

4. The detailed investigation in the mechanism of disaggregation can be done thoroughly by

computational studies involving molecular dynamics (MD) simulation.

2.2 Objectives

The major objective of the thesis is to investigate various natural compounds for their
destabilization potential on preformed AP fibrils. The present work focus upon searching different
compounds from major classes of the natural compounds from both plant and animal sources.
For this purpose, four major classes have been considered - Alkaloids, Polyphenols, Fatty
acids and Terpenoids. Single or many molecules from each class have been considered to check
for their destabilization potential on AP fibrils. From alkaloids, caffeine (CFF), a popular
psychostimulant, has been considered. Different polyphenol compounds having antioxidant
properties such as, caffeic acid (DHC), gallic acid (GDE) and ellagic acid (REF) from phenolic
acid category and epigallocatechin (EGT) from flavonoids have been investigated. Three major

Omega-3 polyunsaturated fatty acids (PUFAs) viz. Eicosapentaenoic acid (EPA),
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Docosahexaenoic acid (HXA) and Alpha-linolenic acid (LNL) have been considered. The essential
role of these PUFASs in maintaining brain integrity have prompted their selection for the present
work. Lycopene (LYC), a carotenoid, reported for its highest antioxidant potential from terpenoids

(largest class amongst phytochemicals) have also been studied in the thesis.

Natural Compounds
(Plants/Animals)

/

ALKALOIDS

TERPENOIDS
/ POLYPHENOLS
Caffeine (CFFI)/ FATTY ACIDS
Phenolic acids Carotenoid
» Caffeic Acid (DHC) Lycopene (LYC)

- Gallic Acid (GDE) Flavonoids |
- Ellagic Acid (REF) Epigallocatechin Omega-3 PUFAs

(EGT) * Eicosapentaenoicacid (EPA)
* Docosahexaenoic acid(HXA)
* Alpha-linolenic acid(LNL)

Fig. 2.1. Natural compound from different classes

The point of similarity in all these natural compounds are as follows:

e Their antioxidant and overall health benefits and other pharmacological effects.
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e Role in neuroprotection coupled with penetration in blood brain barrier makes them suitable for
formulating any neurodegenerative disease in general.

e Reports available on interaction with AP plaques encourages their selection for current study.

e Limited scientific reports on the direct destabilization of the AP fibril for these compounds
instigates their selection for current work.

e All these natural compounds have been investigated for their destabilization potential of A fibrils
by means of MD simulation. The objectives that are organized as different chapters in the thesis

are summarized below.

2.2.1 Destabilization of AP Protofilament by Caffeine: Insights from all-atom

MD Simulations

We have implemented MD simulation by randomly inserting one Caffeine molecule in A fibril.
The all-atom simulation has provided an in-depth understanding on the mechanism of caffeine
molecule in destabilizing A fibril. There have been various parameters that were evaluated to
determine the extent of disruption of the fibril by caffeine, such as, RMSD, Rq, RMSF, secondary

structure content, H-bonds, salt bridges and hydrophobic interactions.

2.2.2 Destabilization potential of Phenolics on AB Fibril: Mechanistic insights

from Molecular Dynamics Simulation

We have considered four different phenolic compounds for this objective. Herein, Caffeic acid,
Epigallocatechin, Gallic acid and Ellagic acid from various fruits and nuts have been considered

and tested for their destabilization potential on AP fibril. For screening the best binder towards
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fibril, docking has been conducted, followed by MD simulation. The determinants for disruption
of AP fibril were RMSD, RMSF, Rg, H-bonds and hydrophobic interactions. The detailed binding
energy profiling has been evaluated by MM-PBSA tool to evaluate binding affinity and residues

involves in binding of the ligand with the fibril.

2.2.3 Destabilization of A Fibril by Omega-3 Polyunsaturated Fatty Acids: A

Molecular Dynamics study

For this objective, another class of nootropic substances has been considered i.e. omega-3 fatty
acids owing to their crucial role in promoting brain health. Herein, we present the destabilization
potential of three -3 PUFAS viz., Eicosapentaenoic acid (EPA), Docosahexaenoic acid (HXA)
and o-linolenic acid (LNL) by Molecular Dynamics simulation. The destabilization potential was
gauged by various parameters, such as, RMSD, B-sheet content by DSSP tool, H-bonds and
hydrophobic interactions. The MM-PBSA tool was employed to determine the binding energy

between various chains of AP fibril in the presence of -3 PUFAs.

2.2.4 Lycopene Destabilizes Preformed AP Fibrils: Mechanistic Insights from

All-Atom Molecular Dynamics Simulation

For this objective, lycopene, another natural compound from biggest class of secondary
metabolites called terpenes, has been considered to check for destabilization of different
polymorphs (viz., 2NAO and 2BEG) of AP fibrils. One molecule of lycopene has been introduced
in a hexameric AP fibril and MD simulation was conducted. All the systems were analyzed via

RMSD, Ry, SASA, RMSF and H-bonds, -sheet content and other key residue interactions. The
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higher concentration of the lycopene (sixty molecules i.e. AB-LYCgo) has also been assessed for

higher destabilization of the fibril.

2.2.5 Enhanced Stability of a Disaggregated AP Fibril on Removal of Ligand

Inhibits Refibrillation: An All-atom Molecular Dynamics Simulation Study

For this objective, the effect of removal of ligand has been measured for its probability for
refibrillation or enhanced stability of the destabilized complex. For this, the ellagic acid (AB-REF”)
and caffeine (AB-CFF”) has been removed from their respective destabilized complexes and
simulated for 1 us. Following this, RMSD, Rg, and SASA values have been calculated for AB-

Water, AB-REF” and AB-CFF” systems to evaluate the extent of destabilization.

All these objectives have been explained and discussed in a detailed manner with the obtained

results in the subsequent chapters in the thesis.
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Chapter 3

Modelling and Simulation Method

The entire work revolves around the interaction of various natural compounds, primarily secondary
plant metabolites with AP fibril to determine their destabilization potential via MD simulations.
The thesis has been segregated into different chapters, wherein Ap oligomer is made to interact
with different natural compounds. The overall general scheme employs molecular docking, MD
simulation and MMPBSA tool evaluation for detailed binding energy assessment. Three major
methods that needs to be explained here are Docking, MD simulation and MMPBSA calculation.
There are few in-built tools in GROMACS and some external software and tools that are explained

in subsequent sections.

3.1 Defining Protein and Ligand System

3.1.1 AP fibril as protein receptor
(a) 2BEG.pdb (pentamer)

To study the interaction between any protein and ligand, firstly these two systems need to be
retrieved from the RSCB database as pdb structures in GROMACS readable format. In the current

work, the protein taken into consideration are the A fibrils of various lengths, which forms
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neurotoxic senile plaques that are believed to be neurotoxic in nature. The three-dimensional
structure of Api7-42 oligomer (PDB ID: 2BEG)! was taken from the protein data bank (PDB)
designated as receptor. The pentamer is a U-shaped structure having chain length of 26 residues,
starting from 17 and ending till 42. The initial 16 residues are disordered and has very less
contribution to the overall stability of this fibril that is why neglected in the disease relevant
structure. This AP oligomer is a pentamer structure spanning from residues 17-42, which forms
the characteristic B-sheet, a prerequisite for fibrillization and stable organization. The characteristic
B-sheet structure is further divided into three regions; B1 region (18-26 residues), turn region (27-
30 residues), and 32 region (31-42 residues), as depicted in Fig. 3.1. There are five chains in 2BEG
protofibril, designated as A, B, C, D, and E, having the same primary sequence with A and E being

the terminal hains.

B2 (r31-r42) E

F19 B1 (r18-r26)

Fig. 3.1. Initial model of AB17-42 (2BEG.pdb) constructed from solid state NMR.

40
TH-2989_166107106



Chapter 3: Modelling and Simulation Method

There have been various interactions reported in pentamer that are within a single chain (intra-
chain) and between two chains (inter-chain), which provides stability and strength to the structure.?
The salt bridge interaction between D23 (Asp, Aspartic acid) and K28 (Lys, Lysine) residue is one
of the crucial interactions that provide stability to the entire fibril. A similar electrostatic interaction
between Ca of K28 residues for inter-chain pairs provides strength to the backbone of the fibril.
The other key hydrophobic interactions include contact between different residues pairs viz. A21-
V36, L34-V36 and F19-G38 for both intra and inter-chain pairs. The uses of 2BEG as the
representative model for AP fibril have been a preferred choice by numerous studies owing to its

well-established and a very stable structure, employed in numerous studies.?®

(b) 2NAO.pdb (hexamer)

The AP fibril considered for the current study is the disease relevant, dimeric, LS shaped fibril that
appears as a double horseshoe structure.® Each monomeric unit consists of three chains making it
a hexameric fibril, wherein chains are arranged in two subunits as A, B, C, and D, E and F, as
depicted by VMD representation in Fig.3.2. All the six chains are full residues length from 1 to
42, wherein residues 1-14 are reported to be partially ordered and in B-strand conformation. The
15-42 residues are relatively densely packed and forms the double horseshoe shape structure
consisting of maximally buried residues with hydrophobic side chains. The fibrillar sequence is
further divided into five B-sheet regions observed for all chains, wherein residues 2-6 represents
B1 region, 15-18 (B2 region), 26-28 (B3 region), 30-32 (B4 region) and 39-42 marks 5 region.
Each chain has characteristic cross B-sheet, the prerequisite for fibrillation and stable organization

of amyloids.
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In Fig. 3.2, all the six chains of the hexamer have been depicted from A, B and C in one
unit and D, E and F in another unit. The N and C terminus has been mentioned. All five beta
regions viz., B1to B5 has been illustrated in CPK representation in colour red, green, pink, cyan

and purple colour for B1, B2, B3, p4 and BS5, respectively. The same arrangement has been observed

in all other five chains as well.

’ C-Terminus

N-Terminus

B3 (r26-r28)

Fig. 3.2. Initial model of ABs2 (2NAO.pdb) constructed from solid state NMR.

3.1.2. Natural Compounds as Ligands

There have been an array of natural compounds that are considered as ligands for interaction with
the AP fibril to check their destabilization potential. We have considered Caffeine (CFF) in

Chapter 4 and four polyphenolic compounds viz., Caffeic acid (DHC), Epigallocatechin (EGT),
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Gallic acid (GDE) and Ellagic acid (REF) in Chapter 5 as potential ligands. Similarly, in Chapter
6 we have screened destabilization potential of three major -3 PUFAs, which are
Eicosapentaenoic acid (EPA), Docosahexaenoic acid (HXA) and alpha-linolenic acid (LNL). In
Chapter 7, a terpene molecule called lycopene has been considered for its destabilization potential
on AP fibril. After covering major classes of natural compounds, the after effect of ligand removal
has been tested. For this purpose, the ligand Ellagic acid and caffeine has been removed from the

destabilized structure and simulated for 1ps.

The retrieval and topology generation for individual ligand has been explained in the

respective chapters.

3.2 Molecular Docking of Protein and the ligand

Molecular Docking studies were performed using AutoDock Suite 4.2.1 with the help of MGL
tools 1.5.6.” This tool has been used in Chapter 5, wherein all the phenolic compounds have been
docked in AP fibril and then MD simulation was conducted. The detailed approach for docking

and related parameters have been well defined in section 5.2.1 of Chapter 5.

3.3 Molecular Dynamics Simulations

Simulations imitate the real system in the closest form and model them in mathematical equation
for understanding and predictive purpose. The general idea behind MD is the capturing of all the
possible configuration that a particle can pass through, if allowed to move in time infinitely. Hence,

the selection of the time scale in MD is dependent on the size and complexity of the system under
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consideration. The successive configurations of any system, in MD, is generated by integrating the
Newton’s second law of motion over a defined time step. The equation below gives the motion of
the particle of mass m; with coordinate x; with F, being the force exerted on the particle in that

direction as described in Equation 3.1.

@xi _ Fx (3.1)

dt? m;

The building blocks towards defining the equation for the calculations of energy and force is called
the force field that defines the accuracy of the simulation further. It is a combination of bonded
and non-bonded interactions terms. The bonded interaction terms (first four terms in Equation 3.2)
such as bond distance r,, bond angles 6,, dihedral angles § and improper angles ¥, (to maintain
the planarity of the ring) which describe a part of the total potential U,,.,; due to interactions
between bonded atoms. The non-bonded interaction includes van der Waals interactions, modeled

by the Lennard—Jones potential, and electrostatic interactions, modeled by Coulomb’s potential.

Utotal= z kr(r—ro)z + Z ke(e—90)2+ Z k<p(1+cos[n<p—y])+ Z kw(w—wg)z

bonds angles dihedrals impropers

+ yatoms g +  yotoms 10 (3.2)

.. |7 T
o |myezimye| #meory,

In equation 3.2, potential energy terms in a force field are on right and energy function used to

derive atomic forces for molecular movement is in left. Herein, r is the bond length; 0 is the bond
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angle; ¢ is the dihedral angle;  is the improper dihedral angle; 7;; is the distance in between atom
iand j; k., kg, k,, and k,, are force constants; r,, 6, and w, are equilibrium positions; €;; is
related to the Lennard-Jones well depth; r,, is the distance at which the potential reaches its

minimum; g; and q; are the charges on the respective atoms; and €, is the dielectric constant.

All these potential terms are calculated at every time step and updated as the simulation
runs keeping periodic boundary conditions and minimum image convention maintained. The
individual MD approach for different ligands has been explained in the respective chapters
defining force field, parameterization of both protein and the ligand and other parameters
necessary for simulation. In Chapter 4, section 4.2.2 highlights the simulation strategy for caffeine
and AP fibril. Similarly, section 5.2.2 of Chapter 5 explains the MD simulation approach for
phenolic compounds and AP fibril. The section 6.2.2 of Chapter 6 and section 7.2.2 of Chapter 7
gives simulation strategy for PUFAs and lycopene with A fibril respectively. A general workflow

of the MD simulation has been illustrated in Fig. 3.3.
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/ e Topology Conversion of AP fibril using\
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Fig. 3.3. General scheme for workflow of MD simulation
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3.4 Analysis of the MD Trajectory

We have calculated various parameters using different tools defined within the GROMACS v5.1.1
package. All the parameters used in the entire thesis, has been mentioned in the analysis sections
of the respective chapters. This includes 4.2.3, 5.2.3, 6.2.3, 7.2.3 and 8.2.3 in Chapter 4, 5, 6, 7
and 8, respectively. A special external tool called MM-PBSA has been set up with GROMACS to
estimate the binding affinity between protein and the ligand. The basic definition and usage has
been explained in section 5.2.4, section 6.2.4 and section 8.2.4 in Chapter 5, 6 and 8, respectively.

The commands has been given in Appendix A for all the tools.
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Destabilization of Ap Protofilament by
Caffeine: Insights from all atom MD
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In this chapter, we presented the interaction between caffeine (CFF) molecule and AP fibrili7.42.

The molecular dynamics simulations studies give insights about the destabilization potential of the

caffeine on the fibril. The disrupted configuration of fibril thus obtained, not only reduce instances

of neurotoxicity but also prevents further aggregation. We observed that reduction in B sheet

content and breakage of H-bonds are the main drivers behind distorted structure of the fibril. These

observations enable us to establish CFF as a potential dug lead to treat AD by destabilizing the AP

fibril.
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4.1 INTRODUCTION

Neurodegenerative disorders like Alzheimer’s Disease (AD), Parkinson’s Disease (PD) and
Huntington’s disease (HD) associate themselves with an array of misfolded proteins that
aggregates abnormally*® to form insoluble assemblages hindering normal functioning of
brain.’®!! AD is described as a chronic, progressive, geriatric and incurable neurodegenerative
disorder having largest share of dementia across the global population.'> Amyloid beta fibril is of
greater clinical importance as it directs formation of NFTs as well, which worsens the case further

as explained by amyloid cascade hypothesis.t

Therapeutic strategies for treating AD are broadly classified into two categories: inhibition
of fibrillation of amyloid-beta monomers and destabilization of preformed amyloid beta fibrils.
There has been a wide array of compounds prospected for their efficiency to inhibit fibrillation
and destabilization of fibrils targeting A monomer and A fibrils respectively traversing atomic-

scale mechanisms by means of Molecular Dynamics simulations.

The potential associated with the in-silico studies establishes ground for the interplay and
essential linkage between in-vitro and in-vivo with in-silico studies.!” A recent report involving
inhibition and destabilization of A monomer and AP protofibril by a hybrid of resveratrol and
clioquinol explains the importance of computational studies in prospecting new drug candidates.8
The inhibitory mechanism of Erythrosine B on AP peptides was studied employing molecular
modeling.*® Recently, EGCG (Epigallocatechin-3-gallate), Ibuprofen, fluorescent dyes (ThT and
PIB, as identifiers) and modified B-sheet breakers are reported to have significant effect upon the
Amyloid beta toxicity by inhibiting aggregation or by converting toxic aggregates into

unstructured non-toxic aggregates as indicated from in-silico studies.?° The destabilization of A
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protofibril by arginine-based short peptides found to be very much promising.?! Fluorinated

compounds have been shown to inhibit fibrillation of AR monomeric form as well as to destabilize

preformed AP fibrils.?

The destabilization of AP fibrils upon interaction with FDA approved drugs®®%*

nanoparticles?2 and natural compounds?° is considered to be a fruitful alternative line of
treatment for AD. Importance of natural compounds in treating diseases has been studied and
applied since ancient times owing to their inherent biocompatibility and general intoxicity to the
biological system. Many compounds of biological origin have been tested in-vitro and in-silico for
their neuroprotective ability. Active compounds in green tea (EGCG)3% and bioactives such as
melanoidins and 5-0-caffeoylquinic acid® present in raw green coffee as well as in roasted coffee,
target pre-formed AP fibrils and disrupt them to form disordered monomers as evidenced by in-

vitro and in-silico studies.3*3¢

The mediterranean diet consisting of fruits, vegetables, citrus, nuts and fish is rich in
antioxidants, healthy fatty acids and a range of several minerals and vitamins, that are reported
to delay the onset of AD and declines cognitive impairment.3~4° Coffee consumption dates back
to centuries ago and is the second most leading beverage consumed across the globe.*! The health
benefits of coffee entails anti-oxidant, anti-inflammatory, anti-carcinogenic, prevention of cardio
vascular diseases and reduced risk of NDs.*>-* Caffeine (1,3,7-trimethylxanthine), present majorly
in coffee, is an alkaloid in chemical identity and a natural psychostimulant®® having
neuroprotective ability thereby a potential role in preventing AD as supported by numerous in-
vitro and animal studies.*®*’ Caffeine was found to have reducing effect on plasma and brain AP
levels when tested in Alzheimer’s transgenic mice,*® and the AP neurotoxicity is found to be

reduced significantly in SHSY5Y cell lines in the presence of caffeine with a wide range of
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concentration.*® Caffeine relieves the overall oxidative stress by adopting different mechanisms
that includes inhibiting formation of ROSs, improving mitochondrial function in neurotoxic
situations, reducing inflammation in brain and by moderating apoptosis that prevents AD as is
evidenced by studies on rat brain.>*? The crucial role of caffeine in inhibiting aggregation of ApB
peptides into neurotoxic fibrils by means of self-aggregation of caffeine molecules around
hydrophobic residues of AP have been studied by MD studies.>® The role of caffeine in
destabilizing preformed AP fibrils needs a detailed investigation that triggers conduction of MD
simulation studies to check the efficacy of caffeine as a potential and promising anti-

amyloidogenic agent to prevent the onset of AD.

The underpinning mechanism of destabilizing A fibrils, which is poorly understood till
date, is a prerequisite to design drugs with higher efficacy in lieu to fetch approval in clinical trials.
The atomistic details obtained by Molecular Dynamics (MD) simulation help in finding the
mechanism involved by providing insights on key interactions involved in disruption of A fibrils.
In the current work, the caffeine molecule is allowed to interact with the AP protofibril, 2BEG, in
explicit solvent (water) system with CHARMMZ22* force field. The MD simulation was conducted
on GROMACS MD simulation package® and analyzed by an array of different tools. The
substantial increase in RMSD and radius of gyration along with the loss of B-sheet content
demarcate a loss in organized fibril structure. The disruption of H-bonds (hydrogen bonds) and
breaking of hydrophobic contacts further weakens the fibril structure, ultimately leading to its
destabilization. The results thus obtained, establishes caffeine as a potent disruptor of A fibril
thereby improved cognitive function and delayed onset of the disease and thus a promising cure

for AD.
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4.2 METHODS

4.2.1 System setup

The model system for human amyloid beta protofilament (AB17-22) as obtained from solid State
NMR has been retrieved from RSCB PDB (protein data bank) with the PDB ID-2BEG, a
pentameric oligomer.>® The protofibril structure consists of five chains, named as A, B, C, D and
E, having strand-loop-strand motif as depicted in VMD representation of 2BEG in Fig. 4.1a. The
entire length of the amyloid beta protofibril has been divided into two major regions - disordered
N-terminal region spanning from residue 1 to 17 (truncated), and mature and stable 3 sheet region
from 18 to 42.% The B sheet region has been further classified into three different regions: P1 (18
to 26 residues), turn (27 to 30 residues) and B2 (31 to 42 residues). The coordinate file for caffeine
molecule was taken from CFF ligand summary page from RSCB PDB and is depicted in Fig. 4.1b
as viewed by VMD package. Caffeine is being studied as a potential molecule to destabilize
preformed amyloid beta fibrils; hence setting up of two simulation systems, one with caffeine (Ap-
CFF) and other without caffeine (AB-Water), has been done for a comparative analysis. The
molecular dynamics (MD) simulation and calculation has been done over (APi7-42) protofibril

structure ranging from 17-42 residues.
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(a) (b)

B2
,:\ Caffeine

\‘_\ % 5

Fig. 4.1. (a) - Initial structure of 2BEG protofibril with Caffeine molecule and (b) - Structure

of Caffeine molecule both viewed in VMD Package.

4.2.2 Simulation Method

All the atomistic MD simulations have been performed in isothermal isobaric ensemble (NPT)
using GROMACS v5.1.1 with CHARMM22*%¢57 with CMAP corrections for proteins (Chemistry
at HARvard Macromolecular Mechanics) force field.*-®° Various simulations have already been
performed to study the inherent stability of APi7-2 protofibril® with different force fields, such as,
OPLS-AA,% Amber 99SB-ILDN,*®* GROMOS 96 53a6,%* Amber ff03%> and CHARMM22* for
proteins®®%6-5% with TIP3P water model to explicitly solvate the APi7-a2 protofibril. However, to
the best of our knowledge, a combination of employing CHARMM22* force field with SPC water
model for APs2 was not executed, though well reported for other proteins’®’*, which in turn
motivated us to select CHARMM force field along with SPC water model for simulating our
system. The initial structure of caffeine taken from ZINC'2 database as mol2 script, was submitted
to Swiss-Param’ to generate topology file, CFF.itp, which is a prerequisite to make it readable by

GROMACS package. There are numerous MD studies conducted wherein biological entities viz.
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DNA, RNA, proteins including AP are made to interact with different small molecules. In all these
studies the small molecules including natural compounds and nanoparticles are parameterized
using SWISS-PARAM.”4"® Hence, the parameterization of caffeine by SWISS-PARAM is
validated and trusted. The details on the CFF.itp file has been given in Appendix lat the end of
the thesis. The 2BEG protofibril is simultaneously converted to .gro file from pdb structure by
pdb2gmx tool, which act as initial feed for simulation. The topology for caffeine and protein have
been combined into a single topology file, complex.gro, depicting the protein-ligand interaction.
The caffeine molecule is allowed to place itself randomly around AP fibril in a manner similar to
the one reported in various studies involving morin,% wgx-50,%° norepinephrine’”® and
dihyrochalcone® as ligands. Both the systems (viz., AB-Water and AB-CFF) were solvated in a
6.8 x 6.8 x 6.8 nm? cubic box with water, represented by SPC water model.& Five sodium ions
were added to the system to make it neutral. Following this, system was energy minimized using
the steepest descent method. The energy minimized structure is then subjected to equilibration
employing NVT and NPT ensemble. The equilibrated structure then finally simulated for 100 ns
at temperature of 300 K and a pressure of 1 atm. The temperature and pressure coupling was done
by velocity-rescaling method® and parinello-rahman method, respectively.2? The LINCS
algorithm® was applied to constrain the lengths of all bonds. The electrostatic interactions were
calculated by PME (particle mesh Ewald method)® with a cutoff distance of 1.0 nm and the van
der Waals interactions were treated using a cutoff of 1.0 nm as well. The periodic boundary
conditions were applied in all the directions in all the systems. All the simulations were repeated
thrice to check the reproducibility, and results have been averaged over three simulations. The

commands for setting up the simulation has been given in Appendix A.
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4.2.3 Analysis

Different tools executable by GROMACS 5.1.1 were employed to calculate various parameters to
obtain simulation details. To make an assessment on structural stability of the pentamer, we have
calculated RMSD (Root Mean Square Deviation), RMSF (Root Mean Square Fluctuation), radius
of gyration (Rg), along with SASA (Solvent Accessible Surface Area), number of h, salt bridge
and hydrophobic interactions. The Coo RMSD for AB-water and AB-CFF, for individual chains and
for different regions has been calculated by g_rms tool. The tool, g_gyrate was used to calculate
Rg of protein for both the systems i.e. in absence and presence of caffeine. AB-CFF system was
further analyzed by calculating residue wise RMSF, and average SASA for all chains by g_rmsf
and g_sas, respectively. The stability of the protofibril on addition of caffeine molecule was
determined by enumerating number of H-bonds in protofibril with the help of g_hbond tool. The
total number of H-bonds has been quantified by counting acceptor and donor group with a cut off
distance of 0.35 nm. The numbers of interpeptide H-bonds have also been calculated between
chain A and B, and chain D and E, for both the systems (viz., AB-CFF and AB-water) to assess the
stability of terminal chains with respect to their neighboring ones. The modification in secondary
structure has been determined by DSSP (Dictionary of secondary structure) content by using DSSP

tool followed by generation of a color plot by g_xpm2ps tool.

Further, to scrutinize more about the destabilization of protofibril when caffeine is
interacted, the distance between Ca-Ca K28 (Lysine at 28" position) has been measured by
g_mindist for chain A and B, and D and E, for both the systems. The salt bridge disruption upon
interaction with caffeine has been established by determining the distance between D23 (Aspartic
acid at 23" position) and K28 (Lysine at 28™ position) for chain A and B for both the systems. The
hydrophobic contacts are known to provide strength and stability contributed by A21 (Alanine on
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21% position), F19 (Phenylalanine at 19" position) V36 (Valine on 36" Position) and G38 (Glycine
at 38" position), where A21 interacts with V36, and F19 interacts with G38. The hydrophobic
interactions have been gauged in terms of minimum distance between above mentioned residues
of chain A and B, and chain B and C. The intrachain hydrophobic interaction for chain E was
calculated by the distance between L34 (Leucine at 34" position) and V36 present in chain E. All
the structures were visualized and represented with the help of VMD (Visual Molecular Dynamics)

package.® The commands for all the tools have been given in Appendix A.

4.3 RESULTS AND DISCUSSIONS

The effect of caffeine on AP protofibril begins with VMD representation of simulated structure
followed by RMSD, Ry and RMSF calculation. The higher beta sheet content, important for A
protofibril formation, is measured by DSSP. The destabilization effect of the caffeine molecule on
AP fibril has been evaluated by calculating number of H-bonds, backbone stability, salt bridges

and hydrophobic contacts for different chains in the following sections.

4.3.1 Validation of simulation data with experimental results

Before proceeding towards destabilization effect of caffeine on AP17-42 protofibril, MD ensembles
obtained after 100 ns simulation were monitored for convergence. We have calculated chemical
shifts in backbone Ca and CP by using ShiftX2% package, which gives details about matching of
MD ensembles produced by MD simulations with experimental data. For this, the NMR chemical
shifts have been calculated using ShiftX2 program for 2BEG and Ensembles obtained after 100 ns
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simulation of AB-CFF system. The correlation between two values is 0.99, establishing the
validation of simulation data with the experimental one (see Fig. 4.2a and b) for Ca and Cp,

respectively sharing similarity with result observed in several studies reported in the literature.'®#’
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Fig. 4.2. Correlation between the theoretical and experimental NMR chemical shifts for Ca

and Cp atoms of AB42 protofibril structure is shown in panel a, and b, respectively. The unit

of NMR chemical shift is ppm.

Three-bond J-coupling constants in Fig. 4.3 have also been calculated by Karplus equation

using Vuister and bax equation®®®°

values for J coupling constant for AB42 protofibril.®°
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shows close agreement between experimental and simulated
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Fig. 4.3. Comparison of simulated 3JHN-Ha coupling constants of the AB42 residues (red)

with experimental measurements.

4.3.2 Simulation of AP protofibril in water and caffeine

The visual inspection of the trajectory obtained by AP alone (with water i.e. AB-water system)

simulated for 100 ns suggested that in the presence of water, the AP protofibril remains stable with

little twisting at the edges of the peptide chains as shown in Fig. 4.4a. The B1 and B2 regions

showed twisting such that B-strands were not entirely coplanar resulting in an increased level of

side chain packing, which helps in stabilizing the amyloid fibril structure as mentioned in earlier

reports.”92 The rationale behind dissolving the Api7.42 System in water is to elucidate the

significant role of water in the stabilization of AB17-42 protofibril structure.%
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(@) (b)

Fig. 4.4. (a) - Final Configuration of 2BEG in water, (b) - Final Configuration of 2BEG when
1 molecule of CFF is added for 100 ns.

The other reason is to have a control system (viz., without caffeine) for better investigation
of the effect of caffeine on APi7-42 protofibril. Hence, it was extremely important to run a
simulation of 100 ns of AB17-42 protofibril with CHARMM22* force field and SPC water model.
Fig. 4.4b clearly depicts disordered arrangement of the fibril structure with the edge chains losing
their B-sheet content, highlighted by yellow in other chains, parting from the intact structure
pointing towards destabilization of the Ap17-42 protofibril structure in the presence of caffeine. The
disruptive effect of caffeine has been further assessed by studying different parameters, which is

explained in sections below.
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4.3.3 Destabilization in the turn and B2 regions

The global structural stability of AB17-42 protofibril has been assessed by calculating Ca-RMSD
over trajectory of 100 ns. The Ca-RMSD for both the systems (viz., Ap-Water and AB-CFF) has
been computed, and marked by black and red color, respectively in Fig. 4.5a. The Ca-RMSD of
protein for AB-water averages to 0.7 nm, which increased to 0.96 nm in case of AB-CFF system,
indicating a destabilization effect of caffeine on Api7-42 protofibril. A comparison on Ca-RMSD
between protein (Pro) only and protein ligand (Pro-Lig) as combination in AB-CFF system (Fig.
4.5b) reveals that the Pro-Lig system shows a higher value (1.48 nm) compared to the Pro system
(0.96 nm). The enhanced value of Ca-RMSD of Pro-Lig system construes the contribution of

caffeine interaction in decreasing structural stability of the preformed protofibril.

To elucidate further about the most affected region of protofibril, Ca-RMSD of 1, turn
and B2 region, as defined in section 2, has been calculated and shown in Fig. 4.5¢c. The trend in
Fig. 4.5¢ clearly shows that the effect of caffeine is more pronounced in 2 and turn region as
compared to B1 region. It has been reported earlier that the instability of B2 region inhibits fibril
elongation, which obstructs the aggregation process,®® highlighting the crucial role of B2 region in
fibrillogenesis. The edge chains (viz., chain A and E) in the pentamer structure, displayed relatively
higher level of disruption compared to the rest of the chains, as concluded by higher value of Ca-

RMSD of 1.33 nm and 0.99 nm for chain A and E, respectively (see Fig. 4.5d).
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Fig. 4.5. Ca RMSD as function of time (a) - Ap —Water and AB-CFF, (b) - AB-CFF Protein
and Pro-Lig System, (c) - AB-CFF p1 Region, Turn and B2 Region, (d) - Ap-CFF for all

chains.

Conclusively, the disruptive effect of caffeine on APi7-42 protofibril can clearly be
interpreted by the higher Ca-RMSD values for different selections like entire protein, individual
chains of the pentamer and different regions like B1 region, turn and B2 region over a trajectory of
100 ns.
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4.3.4 Structural Stability of Api7-42 protofibril

Radius of gyration (Rg) is a measure of compactness of any protein structure. Fig. 4.6 presents the
Rg values average over three sets of simulation (100 ns each) with a good reproducibility along

with statistical significance.

2.0 3
: AB-CFF
1.8

1.s-§

Rg (nm)

1.2-§

- P rrer Ry s PO S o :

Fig. 4.6. Statistical significance of all three simulation runs by mean and standard deviation
across Rgq for all three sets in AB-CFF for 100 ns.

In Fig. 4.7a, Ryg of protein for AB-Water and AB-CFF systems after 100 ns simulation was
found to be 14.3 A and 14.96 A, respectively, suggesting the role of caffeine in disarranging
pentameric structure. A larger fluctuation in Rg implies a higher perturbation, which increases
mobility of five chains of Api7.42 protein. The conformity by simulation outcome of study
employing Api7-42 protofibril and D744, fluorinated compound, showed similar increase in Rq in
AB protofibril-D744 complex than protofibril alone.®” The increase in Ry clearly indicate the

potency of caffeine in destabilizing A fibril contributing towards curing AD.
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The SASA is an important property to determine protein conformation in water, and gives
a fair idea on the area that is exposed to solvent, accounting interactions with hydrophobic and
hydrophilic residues.** The SASA for side chain atoms for APi7-42 protofibril in Fig. 4.7b
illustrated higher value of turn region for chain A, while B1 and B2 region for chain E in the
presence of caffeine molecule. The average value of SASA for Chain A, B, C, D and E is 0.82,
0.41, 0.36, 0.50 and 0.87 nm?, respectively. The greater SASA values for terminal chains reflect
upon loss of hydrophobicity and an increase in hydrophilicity, which leads to an elevated loosening
of these chains from the pentamer structure. The findings are in corroboration with the belief that
helix conformation of a protein correlates with its hydrophilicity.®® The results thus obtained, are
in correspondence with the simulation study conducted on A monomer and a - sheet breaker
(LPFFD), wherein they found decrement of hydrophobicity of the C-terminal residues of monomer
on binding of LPFFD inhibiting further aggregation.®® Similar trends were observed from
simulation study wherein caffeine molecules were checked for their potential to inhibit aggregation
of switch peptides.®> The fluctuations in SASA also indicate towards binding induced
conformational changes in the protein that facilitate better protein ligand interaction as reported
by computational studies on different monomers.®” The role of caffeine in increasing solvent
accessible area and introducing conformational changes adds to its capability for better interaction

with AP protofibril hence introduce more flexibility in edge chains, necessary for destabilization.

The RMSF value per residue for each chain of AB-CFF system for 100 ns has been shown
in Fig. 4.7c, which depicted larger fluctuations in the B2 region of the pentamer. Interestingly, this
trend is found to be in close agreement with Ca-RMSD trend of these regions (see Fig. 4.5c). The
consonance of this finding have been provided by destabilization studies by means of MD
simulation conducted on AP protofibril with morin, wherein maximum fluctuations were recorded
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for turn and B regions.®* The relatable spiked RMSF values have been reported in simulation study
wherein, wgx-50 was found to destabilize AP protofibril by introducing higher flexibilities in
terminal chains assisting interaction of wgx-50 with B2 region of the terminal chains of the
pentamer.®® Caffeine being able to interact with AP protofibril, destabilizes it by introducing higher
flexibility in the terminal chains which establishes it as a potential fibril breaker to barricading

progression of AD.
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Fig. 4.7. (a) - Rg of Protein for Ap —Water and AB-CFF, (b) - SASA of all chains residue wise
of AB-CFF (c) - RMSF of all chains of AB-CFF at 100 ns.
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4.3.5 Beta sheet content

The secondary structure analysis gives insights on the ability of a protein to acquire a defined
secondary order conformation associated with their stability and longevity. The secondary
structure has been analyzed by DSSP (Dictionary for Secondary Structure for Protein) method.%
The evolution of secondary structure with time for ApB-water and AB-CFF systems have illustrated
appearance of a-helix and 310- helix in the terminal chains in AB-CFF system as shown in Fig. 4.8a
and 8b, respectively. Decrease in the B-sheet content with concomitant increase in coil, bend and
turn structure accelerated the disorganization of AP protofibril in the presence of caffeine. The
graphical representation of secondary structures as depicted in Fig. 4.8c shows a higher B-sheet
content present inherently in APi7-42 protein® in water. In contrast, Fig. 4.8d clearly pointed out
an increase of coil, a-helix and 310- helix, in exchange of -sheet content upon interaction with
caffeine molecule for a trajectory of 100 ns. The results thus obtained are found in consonance
with the MD simulation studies wherein a fluorinated compound, D744, is allowed to interact with
AP17-42 protofibril, resulting in a notable decrease in B-sheet content with increasing coil and bend

conformations.®’

The similar trends have been espied after MD simulation conducted on A protofibril with
norepinephrine to check for its destabilization effect on the protofibril.”® The experimental
observations based on congo red birefringence and decrease in intensity of ThT fluorescence,
validates the inhibitory effect of caffeine on fibrillation of functional mimic of AP peptide to AP
protofibril.53 The B-sheet content, a prerequisite for fibrillogenesis, is investigated to check for the
destabilization effect of the caffeine molecule and the resulted decrease in the same establishes

caffeine as a potential anti-amyloidogenic drug lead.
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Fig. 4.8. DSSP and Secondary structure (a) - Ap-water, (b) - AB-CFF system, (c) - Secondary
structure for Ap-water, (d) - Secondary structure for Ap-CFF at 100 ns.

4.3.6 Number of H-bonds

The H-bonds are believed to play a major role in the formation of secondary structures and other
higher order aggregates by contributing immensely towards structural integrity. The stability of
AP fibrils observed by both theoretical®? and experimental® investigations is described by the
virtue of extensive network of H-bonding (intra and inter peptide).We calculated the average

number of H-bonds including both intra- and inter-peptide H-bonds. We observed that the number
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of H-bonds has been reduced from 71.960 (AB-water) to 56.565 (AB-CFF) suggesting disruption
of H-bonds in the presence of caffeine (see Fig. 4.9a). Additionally, the number of H-bonds
between chain A and B have been calculated over 100 ns trajectory, where a reduction from 14.793
in AB-water to 8.362 in ApB-CFF (see Fig. 4.9b) was recorded. The number of backbone H-bonds
between chain D and E has also been reduced significantly from 18.750 for Ap-water to 7.282 for
AB-CFF (see Fig. 4.9c). This significant decrement in H-bonds clearly indicate destabilization of

AP protofibril structure attributed to loss of H-bonds in the presence of caffeine.

@) 190 (®) 5
—_ — AB-Water —_ —— AB-Water Chain A-B
g 904 —— AB-CFF 2 251 ——— AB-CFF Chain A-B
3 8
g 80 g 204
o 11]
g 704 5 154
(o] [=2
O 601 o 101
S S
) >
I 504 T 51
40 T 0

0 20 40 60 80 100 0 20 40 60 80 100
Time (ns) Time (ns)
304
© ~ i —— AB-Water Chain D-E
S 5 —— AB-CFF Chain D-E
8
c 20 4
a
c 154
[ E
o
g 1
el 1
> 1
T 53
0

0 20 40 60 80 100
Time (ns)

Fig. 4.9. (a) — No. of overall H-Bonds of AB-Water and AB-CFF system, (b) - Intra H-bonding
between Chain A and Chain B for Ap-water and AB-CFF system, (c) - Intra H-bonding
between Chain D and Chain E for AB-water and AB-CFF system.
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The findings are in parity with other MD simulation study on A protofibril wherein, the
protofibril was made to interact with morin, a natural compound found in fruits and berries resulted
in loss of interchain H-bonds in edge chains.% The observation was well supported by similar
decrease in interchain H-bonds when wgx-50, compound from Sichuan pepper, was allowed to

insert into AP protofibril %

To elucidate further, the number of H-bonds have been calculated for individual regions of
AP protofibril structure for both the systems (see Table 4.1). It is observed from Table 4.1 that the
number of H-bonds has been reduced significantly in 1, turn and B2 region, affecting B2 region
in the most severe way. These results clearly highlighted the destabilization effect of caffeine on

B2 region, which is known to play a crucial role in fibril growth and elongation.

Table 4.1. H-Bonds of Ap-water and AB-CFF systems for 1, turn and p2 region

Region AB-Water AB-CFF
Bl 21.174 +0.46 16.954 £ 0.40
Turn 6.674 £0.29 3.104 £ 0.25
B2 31.967 +0.16 21.075+0.09

Disrupting H-bonds across B1 region led to relatively slow growth of fibrils, where the stability is

at a stake.®! Evidently, caffeine disrupts H-bonds causing destabilization of AP protofibril,
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attributed to the intrinsic property of caffeine to form H-bonds with the protein system, due to

presence of three hydrogen-accepting sites. %2

4.3.7 Backbone and Salt Bridge stability

The inter-chain K28 Ca-Ca distance was estimated for neighboring chains and found to be 1.584
nm for chain A and B, and 1.161 nm for chain D and E, respectively (see Fig. 4.10a). These
observed values were much higher in contrast to 0.57 nm in A and B, and 0.56 nm in D and E
without caffeine molecule, which marked their disruption, thereby declining stability of the peptide
chains. These results are in congruity with the simulation study conducted on A protofibril with

dihydrochalcone as the ligand.®
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Fig. 4.10. (a) — Inter-chain K28 Ca- Ca distance between Chain A-B for AB-water and Ap-
CFF system, (b) - Average D23-K28 distance between Chain A-B for Ap-water and AB-CFF

system.
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Salt bridge, an electrostatic interaction (intra-peptide and inter-peptide), involving D23 and K28
residues, reported to be a major contributor towards stability of fibril structure and governs
fibrillation rate of full length AP17-42°>1%1% The substantial increase in the interchain distance
between D23 of chain A and K28 of chain B is marked, (see Fig. 4.10b), resulted in interruption
with salt bridge formation. However, a slight increase can also be observed in control (AB-Water)
system, but the value for the AB-CFF system goes beyond 0.52 nm that impedes with salt bridge

formation.

This increase in the D23-K28 distance highlights the disruption of chain A from the
pentamer. The relatable results on disruptive effect of molybdenum sulphide nanoparticles on
terminal chains by breaking salt-bridges of Ap protofibril are in conformance with our finding.1%’
Overall, caffeine by interfering with K28 Ca-Ca bonding and salt bridges, expresses itself as
potential natural compound to destabilize preformed A protofibril thereby keeping a check on

progression of AD.

4.3.8 Hydrophobic Contacts

The hydrophobic contacts for various residues viz. A21 and V36, L34 and V36 and F19 and G38
for all individual chains and neighboring chains have been calculated. The increased interchain
distance between A21 and V36 for chain A and B, and chain B and C in AB-CFF system, as shown
in Fig. 4.11a and 4.11b respectively. This increased distance implies loss of hydrophobic contacts
between these chains. Moreover, the intrachain distance between L34 and V36 residues for chain
E as shown in Fig. 4.11c, found to be increased in AB-CFF system, indicating the loosening of

terminal chain E. Other hydrophobic interactions involving F19 and G38, was also analyzed for
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interchain distance between chain A and B (see Fig. 4.11d), which was recorded higher in the

presence of caffeine.
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Fig. 4.11. (a) - Interchain A21-V36 distance between Chain A-B for Ap-water and Ap-CFF
system (b)- Interchain A21-V36 distance between Chain B-C for Ap-water and AB-CFF
system (c)- Intrachain L34-V36 distance between Chain E for Ap-water and Ap-CFF system
(d)- Interchain F19-G38 distance between Chain A-B for Ap-water and AB-CFF system.

The noteworthy increase in the distance between residues A21-V36, and F19-G38 in Ap-

CFF system for chain A-B, B-C, and L34-V36 intra-chain distance for chain E gave insights on
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weakening of these bonds in the presence of caffeine. The hydrophobic stability of APi7-42
pentameric structure gets highly compromised reinforcing binding of caffeine molecule to
hydrophobic B2 region of the protofibril. These results have been found in parity with simulation
studies conducted on AP protofibril involving morin® and B- sheet breakers.?? Similar findings
were also recorded in case of chemically synthesized drugs having anti-cholinesterase activity

tested in-vitro as well as by simulation, leading to disruption of preformed AP fibrils.'%

According to PASA (Principle of Amyloid Self-Assembly),}%* the structures that have
maximum intra- and inter-peptide hydrophobic interactions and salt bridges have higher tendency
towards fibrillation. Hydrophobic core comprising the B2 portion of the aggregate has been
proclaimed to be the crucial stabilizing element in AP aggregation process.®! The results obtained
clearly indicate that an increase in inter-residual distance leading to breakage of hydrophobic

contacts destabilizes AP protofibril in the presence of caffeine.

4.4 CONCLUSIONS

In this chapter, the MD simulation details of interaction of caffeine with A protofibril have been
presented in order to expound molecular details about destabilization effect of caffeine molecule
on AP protofibril. The VMD representation of simulated structure showed perturbations and
deflection of terminal chains from the rest of the protofibril. The structural instability caused due
to insertion of caffeine was verified by RMSD analysis where higher deviation was observed for
B2 region of edge chains without much effect observed for other chains in the pentamer. The
magnitude of radius of gyration and RMSF also recorded higher fluctuations in the presence of

caffeine. The secondary structure conformation showed transition from [-sheet to turn
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configuration along with formation of both a-helix and 310 helix in the terminal chain when
simulated for 100 ns. The destabilization of AP protofibril is attributed to the disruption of H-
bonds over entire pentamer, largely between chain A and B, and chain D and E causing chain A
and E to loosen up from AP pentamer. The interchain K28 Ca-Ca distance between chain A and
B, and chain D and E enlarged, resulted in disruption of these crucial interactions. The D23-K28
salt bridge, known to provide stability, was disrupted with a substantial increase in average
interchain distance between them. The interchain hydrophobic contacts between A21-V36 for
chain A and B, and chain B and C was disturbed as distance increased between neighboring chains,
in presence of caffeine. The results obtained from MD simulation provides mechanistic details
about role of caffeine in destabilizing AP fibril that establishes caffeine as a potent anti-
amyloidogenic drug. This finding also opens up new arenas for further investigation of natural
compounds for their potential applicability to control neurotoxicity, and thus proposes a preventive

therapeutic strategy towards preventing Alzheimer’s disease.
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Chapter 5

Destabilization potential of phenolics on
AP Fibril: Mechanistic insights from
Molecular Dynamics Simulation

\ Ellagic Acid (REF) J

In the current study, we have investigated four phenolic compounds from food sources for their

potential in destabilizing the A fibril. We have employed docking to see for the best possible
interaction between phenolic compound and fibril. The docking results proposed ellagic acid
(REF) to be the best binder to AP fibril owing to the minimum binding energy. Further, to test the
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destabilization effect of REF on AP oligomer, MD simulation was conducted. The simulation
outcome obtained henceforth clearly indicates a drift of terminal chains from the A oligomer,
leading to the disorganization of the characteristically organized cross B structure of AP fibrils.
The MM-PBSA results revealed the binding of REF to chain A of the AP oligomer. The
destabilization potential of ellagic acid, as explained by the MD simulation study, establishes it as

a promising drug to cure AD.

5.1 INTRODUCTION

AD is a multi-faceted chronic, progressive, and geriatric disease with unclear root causes and
mechanisms.! The AP fibril is of greater clinical importance as it is the foremost step in aggregation

and also directs the formation of NFTs further, as explained by amyloid cascade hypothesis.?™®

The clinical failure of drugs employing an anti-aggregation strategy motivated researchers
to focus on destabilization as a therapeutic approach.® For the purpose of disrupting preformed
AP fibrils, natural compounds have been a preferred choice owing to their biocompatibility and
non-toxicity to the human system. The antioxidant, anti-cancerous, neuroprotection and various
other health benefits add to the suitability of natural compounds as drugs for a wide array of human
diseases, including AD.”** Natural products can be obtained from numerous living systems
including marine, plant, and animal resources. Amongst all the origins of natural compounds, the
plant-based phytochemicals are the safest choice due to higher efficacy, fair availability,

extractability and broad spectrum applicability.1>14

A diverse range of phytochemicals, including alkaloids, terpenoids, and polyphenols etc.

have been studied for finding drug cues for AD. Curcumin from Curcuma longa was found to

88
TH-2989_166107106



Chapter 5: Destabilization of Ap fibril by Phenolics

inhibit AP fibril formation and destabilize preformed AP fibrils by in-vitro studies.™® Quercetin
and Rutin show their neuroprotection ability by inhibiting aggregation of A monomers as well as
destabilizing AP fibrils.’® 7-Methyl gallic acid (methanolic extracts from T.Chebula and T.arjuna
plant) was reported to inhibit and disaggregate AP oligomers, when tested in-vitro.!” The role of
melatonin, serotonin, tryptamine, and tryptophan from plant sources, studied in-vitro, exhibited
neuroprotection ability of phytochemicals.!® Ferulic acid has been proposed as a promising
destabilizer of AP fibrils by in-vitro testing.'® The in-vitro investigations proposed all these natural
compounds as potential drug leads but their molecular level mechanism remains
incomprehensible, so augmentation of both in-vitro and in-silico studies is desirable.?°

The computational studies not only traverse atomic-scale mechanisms by means of MD
simulations but also validate results obtained by in-vitro studies as well.?X Brazilin?? and
hematoxylin®® from the Sappan wood, when studied by in-vitro methods and coupled with MD
simulation, were reported to redirect Ap monomers and mature fibrils into unstructured Ap
aggregates, restricting their primary and secondary nucleation. A recent finding on inhibition and
destabilization of AB monomer and A protofibril, studied computationally, by a hybrid of
resveratrol and clioguinol reinforces the importance of phenolic compounds in prospecting new
drug candidates for AD.?* Morin, a natural bioflavonoid from tea, coffee, red wine, and cereals
were found to alter A fibrils to form non-neurotoxic off-pathway aggregates.?® Dihydrochalcone,
a natural compound from pepper, has shown its ability to destabilize AP fibril, studied by MD
simulation.?® Recently, EGCG (Epigallocatechin-3-gallate), a tea catechin was also reported as f-

sheet breaker converting neurotoxic aggregates into unstructured non-toxic clumps.?’

The growing consensus on the use of plant-derived biophenols possessing aromatic rings?®

embarks their suitability for treating AD.? The antioxidant and neuroprotective abilities of
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biophenols reported to delay the onset of AD.3%3 Dry fruits (walnut, almond, and hazelnut),
berries, fruits, green leafy vegetables, coffee, tea, and spices are rich sources of polyphenolic
compounds. A nut-rich diet containing phenolic acids (caffeic acid, gallic acid, and ellagic acid)
and a flavanol (epigallocatechin) has been considered for the present study.3* The caffeic acid
from walnut, coffee, tea, chocolate, and red wine is known to reduce AB-induced toxicity and
improve cognitive ability when tested in mice.®>% Gallic acid from walnuts, pomegranate, grape
seeds, and black tea were also reported to inhibit AP fibril formation®’ and destabilize AP
oligomers®, thus restraining neurotoxicity. Ellagic acid, predominantly found in pomegranates®®,
chestnut, almond, walnut, strawberries, raspberries were found to diminish cognitive decline and
prevents self-aggregation when tested in-vitro and in-vivo.*>** The epigallocatechin, present
majorly in green tea and broad beans, having antioxidant and anti-aggregation properties is
reported to reduce A production and attenuate A induced toxicity when studies were conducted
in a transgenic mouse.*? All these preliminary reports motivated us to examine the interaction and,
thus, destabilization mechanism of AP fibrils by these phenolic compounds, thereby providing a

promising cure to AD.

The atomistic details about destabilization mechanism of AP fibrils by MD simulation
facilitate drug designing in lieu to formulate a clinically approved drug to treat AD. In the present
study, four plant polyphenols, viz., caffeic acid (DHC), epigallocatechin (EGT), gallic acid (GDE),
and ellagic acid (REF), have been considered for screening to select the most potent destabilizer
of AP fibrils amongst them. The study is conducted by docking of these biophenols with A
oligomer that revealed ellagic acid as the best binder to AP oligomer. The docked complexes were
then submitted to MD simulation to check for the most potential destabilizer of AP oligomer. The

substantial increase in RMSD and radius of gyration (Rg) along with the loss of B-sheet content
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and salt bridges demarcates disorganization of A fibril structure in the presence of ellagic acid.
The disruption of H-bonds (hydrogen bonds) and breaking of hydrophobic contacts further
weakens the oligomer structure, ultimately leading to its destabilization. The results thus obtained
after docking and MD simulation establishes ellagic acid as a potent disruptor of A fibril and thus

a promising drug for the treatment of AD.

5.2 METHODS

5.2.1 Selection of Phenolic Compounds and ABi7-42 Oligomer for Molecular

Docking

Molecular docking Studies were performed using AutoDock Suite 4.2.1 with the help of MGL
tools 1.5.6.*3 Three-dimensional structure of APi7-42 0ligomer (PDB ID: 2BEG)* was taken from
the protein data bank (PDB) and was used as the receptor protein in the current study. The AP
oligomer is a pentamer structure spanning from residues 17-42, which forms the characteristic f3-
sheet, the prerequisite for fibrillation and stable organization. The characteristic 3-sheet structure
is further divided into three regions - 1 region (18-26 residues), turn region (27-30 residues), and
B2 region (31-42 residues) as depicted in Fig. 5.1a. There are five chains in 2BEG, designated as
A, B, C, D, and E, having the same primary sequence with A and E being the terminal chains. The
uses of 2BEG as the representative model for AP fibril have been a preferred choice by numerous
studies owing to its well-established and a very stable structure, employed in numerous
studies.?>**4" The ligands that are investigated in the study are phenolic compounds viz., Caffeic
acid (DHC), Epigallocatechin (EGT), Gallic acid (GDE) and Ellagic acid (REF). The PDB

structures for all of these ligands have been taken from the ligand summary page of protein
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database as DHC.pdb, EGT.pdb, GDE.pdb, and REF.pdb, respectively, and drawn by using
ChemDraw*? as shown in Fig. 5.1b-e. After retrieval of structures for both protein and ligands,
four systems have been submitted to AutoDock*® for docking purposes. The definition for all the
systems has been depicted in Table 5.1 as SO, S1, S2, S3, and S4, where SO represents the control
system i.e. without ligand. Docking preparation includes the addition of gasteiger charges to the
ligand and polar hydrogen to both protein and ligand. Each ligand was docked individually with

the same receptor (2BEG).

Since AP oligomer has no specific binding site reported, we have performed blind docking,
which searches the entire protein surface for possible docking sites. The large enough search space
ensures finding all the possible binding conformations between AP oligomer and all four phenolic
compounds. The protein was set as a rigid entity, while ligands were considered as flexible
moieties. The searching space was designed as a grid around AP oligomer of size 126 x 60 x 60
A3, with a default grid spacing of 0.375 A. The Lamarckian genetic algorithm (GA)* was utilized
as a searching tool for docking. The following parameters were used for docking: GA population
size =150, maximum number of energy evaluations = 2.5x108, maximum number of generations
= 27,000, mutation rate = 0.02 and crossover rate = 0.8, keeping all others as default ones. The
docked conformations obtained thereafter were clustered using RMSD (Root Mean Square
Deviation) tolerance of 0.20 nm. The visualization of the docked complex was carried out by
VMD?® to look for the best pose with the minimum binding energy and the residues of AB oligomer
involved in binding with each ligand. Subsequently, we have carried out MD simulation to

investigate the best candidate for the destabilization of AP oligomer.
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5.2.2 Molecular Dynamics Simulation of docked complexes of phenolic

compounds with AP oligomer

The docked complexes of phenolic-Ap oligomer were subjected to MD simulation using
GROMACS v5.1.1.%! The force field employed was GROMOS 96 54a7.52-> The ligand topologies
obtained after docking for all the four phenolic compounds (viz., DHC, EGT, GDE and REF) have
been submitted to PRODRG server® to generate gromos defined coordinates, which are
GROMACS readable. The topologies thus obtained in .gro format were combined with A
oligomer to form complexes as C1, C2, C3, and C4 (Table 5.1). All the complexes then were
solvated ina 7 x 7 x 7 nm?® cubic box with water, represented by the SPC water model.>® Further
the simulation procedure has been followed the same way as described in section 4.2.2 of chapter

4.

5.2.3 Analysis of MD generated trajectories

We have calculated various parameters using different tools defined within the GROMACS v5.1.1
package. There are various parameters that have been analyzed in the same way as has been

explained in section 4.2.3 of chapter 4.

5.2.4 Binding Mode analysis by MM-PBSA

The binding free energy (BFE) of the AP oligomer with the selected phenolic compound was
calculated by MM-PBSA (Molecular Mechanics Poisson-Boltzmann Surface Area method).>"~°
The package was used within the gromacs environment by g_mmpbsa tool, which calculated the
overall binding energy and individual residue contribution.®® MM-PBSA calculates the BFE from

the MD trajectory based on the following equation:
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AGPId = AE, ., + AGPSOW + AGTPSOW — TAS
where,AE,,,,is the molecular mechanics contribution in vacuum AGPS°%is the polar contribution
of solvation energy, calculated by the Poisson-Boltzmann equation; AG™*°%is the nonpolar
contribution towards binding and is determined by solvent accessible surface area (SASA) model.
The high computational demand limits the calculation of entropy contribution. In addition, the
relative change in entropy contribution (AS) towards free energy calculation is negligible and thus
can be ignored.®! The calculation of BFE in the present study was done on the last 10 ns trajectory
with At =100 ps to reduce the computational time. The energetic contribution of individual residue
was also quantified to identify key residues actively involved in binding with the phenolic

compound. The solute and solvent dielectric constants were taken as 4 and 80, respectively.

5.3 RESULTS AND DISCUSSIONS

The system definition for this current study has been given in Table 5.1.

Table 5.1. System definition for Docking and Molecular Dynamics Simulation

System Index Receptor Ligand Complex Index (.gro) for
(Docking) MD simulation
SO 2BEG.pdb (Ap No ligand Control= CO0.gro
oligomer) (Ap+Water)
S1 2BEG.pdb (Ap DHC.pdb (Caffeic Acid) | Test 1 = Cl.gro (AB+DHC)
oligomer)
94
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S2 2BEG.pdb (Ap EGT.pdb Test 2= C2.gro (AB+EGT)
oligomer) (Epigallocatechin)

S3 2BEG.pdb (Ap GDE.pdb (Gallic Acid) | Test 3 =C3.gro (Ap+GDE)
oligomer)

S4 2BEG.pdb (Ap REF.pdb (Ellagic Acid) | Test 4 = C4.gro (AB+REF)
oligomer)

5.3.1 Molecular Docking of phenolics with Ap oligomer
The molecular Docking of AP oligomer (Fig. 5.1a) with four phenolic compounds (Fig. 5.1b-¢).

has been explained in Table 5.2.

AB42 Protofibril (2BEG) Caffeic Acid (DHC)

© @ ©

OH
HO

OH
OH

Gallic Acid (GDE) Ellagic Acid (REF)

Epigallocatechin (EGT)
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Fig. 5.1. Initial configuration of (a) 2BEG (b) DHC (c) EGT (d) GDE and (e) REF.

The present study revealed binding energy, inhibition constant, and residues involved in binding.

The binding energy (4G , kcal/mol) was estimated as -5.17, -5.51, -3.90, and -5.68 for DHC, EGT,

GDE, and REF (Table 5.2), respectively, wherein the negative sign signifies favorable binding.

The lower value of 4G for EGT (-5.51 kcal/mol) suggests that it would be a good binder to Ap
fibril as compared to earlier reports.? However, the lowest value for REF (-5.68 kcal/mol) marks
its strong association with AP oligomer as compared to the other three phenolic compounds under
investigation. The low value of inhibition constant signifies high binding affinity*’ and low amount

of medication® required to inhibit the target enzyme.

The selection of REF as the best candidate is also supported by the lowest inhibition
constant (Table 5.2) of REF compared to other compounds. The VMD visualization of the docked
complex of APi17-.42 oligomer and REF, as shown in Fig. 5.2, represents various residues that are

involved in binding.

Fig. 5.2. Docking representation of Af oligomer with REF.
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The key residues of A oligomer involved in binding with REF are glycine at 37" position
(G37, red) from chain A, B, and C; methionine at 35" position (M35, green) from chain B and C;

and Valine at 36" position (V36, purple) from chain B (Table 5.2).

The binding of REF with hydrophobic residues of B-strands of AP oligomer facilitates its
entry into the hydrophobic cavity. This finding is well supported by exploring various binding sites
of different AP oligomers by numerous tracers, where the hydrophobic cavity or core is found to
be the preferred binding site in AP fibril.**®® The results are also in parity with the report wherein
a flavonoid derivative* and other flavones® were docked and found to destabilize AP oligomer.
The docking investigation of different proposed drugs to AP oligomer® to test their anti-fibrillation
property highlights the importance of Docking in evaluating binding affinity and best orientation
possible. The selection of REF as the best binder is pertinent to its strong affinity to Af oligomer,

which is tested further for its destabilization potential by means of MD simulation of the docked

complex.
Table 5.2. Docking results with all the Phenolic Compounds
Ligand Binding Inhibition Constant
Energy (AG) (ki) (nM) Residues Involved
(kcal/mol)
DHC (Caffeic -5.17 162.05 B(V18,F19); C(L17,F19);
Acid) D(F19,G38,V40); E(G38)
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EGT -5.51 91.77 A(M35,V36);
(Epigallocatechin) B(M35,V36,G37);

C(M35,V/36,G37); D(V36)

GDE (Gallic Acid -3.90 1380 A(K28); B(N27,K28);

C(N27,K28); D(G29,A30)

REF (Ellagic -5.68 69 A(G37); B(M35,V36,G37);

Acid) C(M35,G37)

5.3.2 Molecular dynamics Simulation of phenolic compounds with AP oligomer

The VMD visualization of the final configuration after 100 ns simulation of Ap-water (C0) and
AB-REF (C4) system can be viewed from Fig. 5.3a and b, respectively. The biophenols are
observed to migrate to different possible binding sites along the fibrils,®® but the average ensemble
image has been depicted for all the ligands under investigation. There is a clear demarcation of the
disorganization of AP oligomer in the presence of REF (Fig. 5.3b), which is an indication of good
destabilization potential of ellagic acid. The final configurations of AP oligomer obtained after
MD simulation in the presence of the other three phenolic compounds (viz., DHC, EGT, and GDE),
are also given in Fig. 5.4b-d along with the control system (CO, Fig. 5.4a), where they did not show

much deviation from the control system.
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(@) (b)
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AB+EGT (C2)

AB+GDE (C3)

Fig. 5.4. Final configuration of A with (a) water, (b) DHC, (¢) EGT, and (d) GDE.
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In addition to the visualization of the final structure, C.-RMSD, Ry, Average K28-C, distance, and
D23-K28 salt bridge formation has been determined for all phenolic compounds to screen the best
disruptor among all the four ligands. The highest RMSD and Ry values for AP oligomer in the
presence of REF as compare to the other three phenolic compounds (Fig. 5.5a and b) express it as
the most potential disruptor of AP oligomer. The increased RMSD and Rg values demonstrating
structural instability of AP oligomer is also reported by other natural compounds which supports

our findings.?*4¢

(@) (b)
1.
- —— AB-Water
| =——Ap-DHC
1551 ——Ap-EGT
— 1 —— AB-GDE
£ . 150
= £ ]
=
& = 1.45-
o)
= 14 ]
Y 04- —— AB-Water o
—— AB-DHC
o —— AB-EGT
' —— AB-GDE eat
00 —— AB-REF 1
"o 20 40 60 80 100 0 20 40 60 80 100
Time (ns) Time (ns)

Fig. 5.5. (a) Ca-RMSD of 2BEG in water and all 4 ligands, and (b) Rq of 2BEG in water and
all 4 ligands.

The K28-K28 C, bonding between neighboring chains D and E (Fig. 5.6a) was reported to
be higher in the presence of REF in comparison to the other phenolics. The distance between D23
and K28 for chains D and E, respectively, was found to be increased from 0.22 nm for AB-water

to 0.87 nm (Fig. 5.6b) for AB-REF. This increased distance between K28 residues and D23 and
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K28 residues from chain D and E hinders K28-K28 bonding and D23-K28 salt bridge formation,

thereby resulting in the disorientation of terminal chain E from the A oligomer.

(a) (b)
3.0 3.0
~—— Water_Chain D-E " |———Water_Chain D-E
~——DHC_Chain D-E A Chain D-
28] — eGT Chain D e
~—— GDE_Chain D-E S hl
—— REF_Chain D-E OG0 Shain D.E
2.0 2.0{—— REF_Chain D-E

Average K28 Ca Distance (nm)
o

Average D23-K28 Distance (nm)
o

1.0 1.0

054 0.5
R T N . e : 0.0 hrrrrrerres — A——— a— RR— ,
0 20 40 60 80 100 0 20 40 60 80 100

Time (ns) Time (ns)

Fig. 5.6. (a) Average K28 Ca distance of chain D-E in water and all 4 ligands, and (b) Average
D23-K28 distance of 2BEG in water and all 4 ligands.

Conclusively, the preliminary analysis of the MD trajectory for all the four phenolic compounds
directs the selection of REF as the most efficacious destabilizer of AP oligomer, which needs to

be analyzed further.

5.3.3 Validation of simulation data with experimental results

Before proceeding towards a more in-depth analysis of the destabilization effect of REF on AB
oligomer, MD ensembles obtained after 100 ns simulation were validated with the NMR structure
of AP oligomer used initially for simulation. For this purpose, the chemical shifts in backbone

atoms C, and Cg for both protein and final simulated structure have been calculated by SHIFTX2%°
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package. The input is the structural coordinates (PDB) in this software for both A and AB-REF
system. The high correlation coefficient of 0.99 between NMR chemical shifts from both the
systems instated validation of simulation data with experimental study (Fig. 5.7a and b), which is

also well supported by other studies.*>°

(a) (b)
65 70
Ca = 1 CB
- |
R=0.99 - 60 R=0.99
60 - ] 1
]
— / ~~ 50
E = = . l. E
Q. 554 [ & -
2 ] ~ 40 mum
l- £ am
E L voﬁ T l‘
w50 304 4
204 ™
a1 |
4 5 5 60 65 20 30 40 50 60 70
Bxp (PPM) Bexp (PPM)

Fig. 5.7. Correlation between the theoretical and experimental NMR chemical shifts for Ca
and Cp atoms of AP42 protofibril structure is shown in panel (a), and (b), respectively. The
unit of NMR chemical shift is in ppm.

5.3.4 Structural analysis of AP oligomer in the presence of Ellagic acid (REF)

The detailed structural analysis involves the determination of C,-RMSD value around individual
chains and various regions of A oligomer (defined in the method section above) in the presence
of REF to comprehend the most affected region. The evolution of MD trajectory with simulation
time for individual chains and regions of AP oligomer in the presence of REF is illustrated in Fig.

5.8a and b, which exhibits chain E and turn region as the most severely affected portions. The
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similar observation on destabilization of AP oligomer by a natural novel drug wgx-50, on account

of increased Ca-RMSD value, resonates well with our findings.”

(@) (b)
2.0 2.0
——Chain A | =—B1 Region
= Turn Region
1.6 161 —— B2 Region
E 3
g 1.2+ £ 1.2
= @
2 os- S 0s-
I (14
0.4 0.4
0.0 0.0 Herrrrrrrrer e e PEN— S i
0 20 40 60 80 100
Time (ns) Time (ns)

Fig. 5.8. Ca RMSD as a function of time in the presence of REF (a) for all chains, (b) p1
Region, Turn, and B2 Region.

The RMSF value for both the terminal chains (A and E), is recorded higher than the control
system in the presence of REF. The clear illustration of the increased RMSF value in Fig. 5.9a and
b explain the deviation of A protofibril in the presence of REF, from its parent configuration. The
conformity on destabilization of AP protofibril with Morin is shown through a similar increase in

RMSF value for turn, and B, regions affirm the current observation.?
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Fig. 5.9. RMSF values for Ap fibril in the presence of REF (a) Chain A, and (b) Chain E.

The SASA value, which gives an idea about the solvent (water) accessibility of the protein

accounting to its hydrophobic and hydrophilic composition, is determined.’? This value plays a

decisive role in determining the conformation of a protein when solubilized in water. Fig. 5.10

gives a pellucid portrayal of the increased SASA value from 67 nm? (Ap-Water) to 72 nm? (Ap-

REF), which expresses enhanced solubility (viz., more exposure to solvent) of AP oligomer in the

presence of REF. The greater SASA value for terminal chains indicates a loosening of these chains

from the parent A oligomer, thereby disrupting the stable conformation of APB. A similar increase

in SASA values of AP protofibril by arginine containing short peptides” has resulted in the

destabilization of AP protofibril corroborates well with our findings.
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85
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Fig. 5.10. SASA values of AB-Water and AB-REF.

Conclusively, significantly higher values observed for RMSD, RMSF, and SASA
translates the potency of ellagic acid as a promising destabilizing agent of AP oligomers, thereby

curing AD.

5.3.5 Secondary structure of AP oligomer and AB-REF complex

The secondary structure analysis by the DSSP”* tool delivers the time evolution profile of possible
secondary structure configurations achievable by AP oligomer. The secondary structure has a
direct relation to the overall stability and longevity of the protein. The stability of A fibrils has
been attributed to their higher B-sheet content, which directs the formation of an organized [3-

fibrillar structure. The secondary structure profiling for AB-Water and AB-REF has been shown in
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Fig. 5.11a and b, wherein a prominent decrease in [3-sheet and bend content are recorded for the

later system (viz., AB-REF).
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Fig. 5.11. DSSP and Secondary structure (a) AB-water, (b) AB-REF system, (c) coil content
for AB-water and AB-REF, and (d) B-sheet content for AB-water and AB-REF.

The individual representation of coil and B-sheet content for both the systems has been
presented in Fig. 5.11c and d, which marks an increase of 31.57% in the coil content with a

simultaneous decrease of 30% in B-sheet content from AB-REF to the AB-Water. The significant
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decrease in the B-sheet content ensures an obstruction to the formation of higher order aggregates
barring neurotoxicity of AP fibrils. A similar reduction in 3 sheet content of AP oligomer leading
to its destabilization in the presence of caffeine®®, a fluorinated derivative of curcumin’ and
norepinephrine’, is found to be coherent with the current observation. The remarkable loss in B-
sheet content, required for fibrillogenesis, due to ellagic acid makes it a potential anti-

amyloidogenic drug lead.

5.3.6 Effect of Ellagic acid on various bonds in AP oligomer

There are various types of intra- and inter-molecular bonds that enable the formation and
stabilization of AP fibrillar structure. They encompass H-bonds, salt bridges, and hydrophobic
contacts. Below, we present a detailed analysis of the change in these molecular interactions in the

presence of REF.

5.3.6.1 Hydrogen-Bonds

The theoretical”” and experimental’® studies outline the importance of an extensive H-bond
network contributing towards the stability of AP fibrils. The formation of protein polyphenol
complex is related to the presence of hydrogen binding sites both in protein and ligand.”® We have
calculated the average number of H-bonds including both intra- and inter-peptide (PP) and
observed a noticeable decrease of 9.08 in number of overall H-bonds (PP) from 74.77 (A-Water)
to 65.89 (AB-REF) pointing towards the disruption of H-bonds in the presence of REF (Fig. 5.12a).
A similar decrease of 2.208 in the number of inter-peptide H-bonds between chain A and B for

AB-REF system in comparison to Ap-Water have been depicted in Fig. 5.12b.
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To elucidate further, the number of inter-peptide H-bonds between chain C and D have

been recorded as 16.18 and 9.29 for AB-Water and 9.29 AB-REF, respectively (Fig. 5.12c), which

gives 42.58% loss of H-bonds in AB-REF system.
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Fig. 5.12. Effect of Ellagic acid on the disruption of Hydrogen bonds (a) number of overall

H-bonds of Ap-Water and AB-REF system and intra H-bonding for neighboring chains for
Ap-water and AB-REF system, (b) between chain A and chain B, (c) between chain C and

chain D, and (d) between chain D and chain E.
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Similarly, the number of H-bonds calculated for chain D and E for Ap-water is 13.863 and
for AB-REF is 8.151 as depicted in Fig. 5.12d showed significant decrease in H-bonds in the
presence of REF. The similar drop from 19 to 14 H-bonds was reported for chain A-B of the fibril
in the presence of wgx-50, a novel compound from Sichuan peppers indicating destabilization
thereby supporting our findings.”* The reduction of H-bonds from 21.1 to 13.2 as reported in the
presence of morin leading to destabilization of the fibril are in close agreement with the current
observations.?® The H-bond disruption of AP oligomer in the presence of REF prohibits fibrillar

growth and elongation.

5.3.6.2 Salt-Bridges formation

Salt bridges are defined as electrostatic interactions between oppositely charged amino acid
residues in any protein structure.®%8! The formation of salt bridge is possible when the distance
between anionic carboxylate of negatively charged residue such as glutamate (E) or aspartate (D),
and cationic ammonium group of positively charged residue, such as arginine (R) or lysine (K)
present within a cut off distance of 0.40 nm.®? Salt bridges not only impart the stability to the
protein but also influence its structural conformation, protein recognition, function, degradation

pattern, and catalytic activity.83-8

In the present study, we have calculated the average distance between D23 and K28
residues for the entire protein in both the systems (Ap-Water and AB-REF), as a function of time.
The average distance for these residues was found to be increased in the presence of REF, as shown

in Fig. 5.13 and 5.14. The spike in the inter-residual distance between D23 of chain A and K28 of
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neighboring chain B of 0.53 nm for AB-REF as compare to the ApB-Water system was observed
(Fig. 5.13a). A similar increase of 0.55 nm for chain B (D23) and chain C (K28) as shown in Fig.

5.13b suggests the breaking of the bond and hence misalignment of A oligomer.
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Fig. 5.13. Average D23-K28 distance for Ap-water and AB-REF system (a) between Chain
A-B and (b) between Chain B-C.

The profound increment in D23-K28 distance between chain C and D for AB-REF (0.54
nm) from AB-Water (0.216 nm) system infers breaking of D23-K28 bond in the presence of REF
(Fig. 5.14a). The considerable increase of 0.65 nm in D23-K28 average distance (Fig. 5.14b) from
ApB-Water (0.22 nm) to the AB-REF system (0.87 nm) points towards the deformation of D23-K28
salt bridge between chain D and E in the presence of REF. The results thus obtained are found to
concur with the breaking of salt bridges of AP fibril in the presence of copper ions®’, C-60
fullerene®, and surfactin® molecules, leading to destabilization of AP oligomer. The relevance of
salt bridge disruption in destabilizing the entire AP oligomer in the presence of brazilin?? and a
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flavonoid derivative*® also supports the current observations. Conclusively, the salt bridges,
including inter and intra-peptide, are highly compromised due to an increased distance between
them. Such an increment in the distance is explained by bulky phenolic rings of the REF, which

tries to enter the protofibrillar cavity and thus, destabilizes the entire pentameric structure.
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Fig. 5.14. Average D23-K28 distance for AB-water and AB-REF system (a) between Chain
C-D, and (b) between Chain D-E.

5.3.6.3 Hydrophobic contacts

In addition to the electrostatic interactions, hydrophobic interactions also govern the folding and
stability of proteins.®®®! The burying of hydrophobic residues inside the solvent inaccessible cavity
provides such high strength to amyloid fibrils.?>%* According to the principle of PASA (Principle
of Amyloid Self-Assembly), the fibrillar structure, which possesses the maximum number of inter

and intra-peptide hydrophobic interactions, is the most stable and favorable oligomer structure
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during fibrillation process.” We have determined the inter-residual distance between F19-G38 for
chain A and B, and A21 and V36 for chain D and E in both the systems (viz., AB-Water and Ap-

REF).
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Fig. 5.15. Average F19-G38 distance for AB-water and AB-REF system (a) between Chain A-
B, and (b) Average A21-V36 distance between chain D-E.

The average distance for F19-G38 for chain A and B for AB-REF appears to be higher
compared to AB-Water (Fig. 5.15a). The inter-residual distance for A21-V36 pair for chain D and
E are measured as 0.71 nm in AB-REF, which is remarkably higher from 0.43 nm in AB-Water
system (Fig. 5.15b). Similar findings were also recorded in case of chemically synthesized drugs
having anti-cholinesterase activity tested in-vitro and in-silico, causing disruption of preformed
AP fibrils.*® This increased distance between hydrophobic residues for both the terminal chains
signals breaking of these bonds in the presence of REF, leading to the destabilization of the entire

oligomeric structure.
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5.3.7 Binding Free Energy analysis between Af oligomer and REF

The integration of the MM-PBSA method (see Method Section 2.4 for details) with MD simulation
studies has been done with an objective to gain more insights on the binding affinity of phenolic
compounds towards A protofibril. The other objective is to verify the docking results with the
MM-PBSA. The estimation of binding free energy (BFE) and various other associated energy
terms allows more precision on binding by virtue of specific amino acid residues involved in
binding.®” The detailed BFE analysis for all the phenolics has been tabulated in Table 5.3, which

gives an insight on the lowest value of AGpinqing OF REF (-82.53 kcal/mol) followed by a relatively

higher value for EGT (-59.66 kcal/mol).

The van der Waals contribution seems to be slightly dominating over electrostatic
interactions for both the binders (viz., REF and EGT). This observation is attributed to the
involvement of hydrophobic residues in binding of REF and EGT with A fibril. The AGpinging
for both DHC (107.08 kcal/mol) and GDE (31.18 kcal/mol) have been obtained as a positive value,
classifying them as non-binders. The trend of binding energy observed by MM-PBSA calculation
testifies the docking results and establishes REF as the best binder amongst all the phenolic
compounds under investigation. The detailed description of binding energy terms for REF as
depicted in Table 5.3 highlights the van der Waals interactions (AE,,q4,,= - 89.04 + 2.56 kcal/mol)
and electrostatic interactions (AE,;..= - 75.49 + 2.84 kcal/mol) as favorable for binding. The polar
contribution to the solvation energy (AG,s= 92.33 + 3.75 kcal/mol) does not favor binding unlike
polar contribution of AG,,,,s = - 10.34 + 0.26 kcal/mol. The estimation of all these terms collectively

contribute towards the binding free energy, AGpinging = - 82.53 + 9.40 kcal/mol.
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Table 5.3. Binding free energy (kcal/mol) between AB42 protofibril and all the Phenolics

AB-DHC AB-EGT AB-GDE AB-REF
Energy (Kcal/mol) (Kcal/mol) (Kcal/mol) (Kcal/mol)
Terms
-0.01 £0.00 -105.04 £ 4.26 0.00 +0.00 -89.04 +2.56
AEvdW
123.14 £ 3.58 -73.10+ 0.17 -0.10+0.14 7549 £ 2.84
AEelec
123.13 £ 3.58 -178.14 £ 4.43 -0.10+0.14 -164.52 + 5.40
AEMMa
-15.35+2.84 73.70 +£ 2.36 -5.30+1.40 9233+ 3.75
AGps
-0.70 £ 0.51 4478 £ 0.46 36.58 £ 0.48 -10.34 + 0.26
AGpys
-16.05 £3.35 118.48 +2.82 31.28 £1.88 81.99 + 4.01
AGsolvb
107.08 £ 6.93 -59.66 £ 7.25 31.18 £2.02 -82.53+ 9.40
AGbindingC
b
aAEMM = AEvdW +AEeIec ) AGsolv = AGps + Aans ) CAG'binding = AEMM +AGsoIv
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A similar finding of dominating van der Waals interactions over electrostatic ones have
also been reported for binding of AZD2184, a potential PET tracer with AP protofibril (2BEG),
wherein van der Waals interaction is attributed to the hydrophobic interaction.*’Further, the
individual contribution for the entire oligomer length has been determined and illustrated in Fig.
5.16 to elucidate key residues involved in the binding of REF to AP oligomer. Fig. 5.16a clearly

unveils the major involvement of chain A in AB-REF complexation.
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Fig. 5.16. Individual residue contribution to the total binding energy expressed in kcal/mol
(a) for the entire AP Fibril, and (b) key residues, which contribute the most towards binding

of REF with chain A, are indicated with a label in Orange.

A detailed representation of only chain A (Fig. 5.16b) residues demonstrates the
involvement of F19, L34, M35, V36, V40, 141, and A42 as key residues for binding to REF. These
key residues explain the dual contribution of nonpolar and electrostatic interactions towards Ap-

REF complex formation.®® These results are also in corroboration with the binding of different
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aromatic ligands like curcumin derivatives® and biophenols® to B2 site of Apao fibril involving

M35 in the destabilization of these fibrils as studied by MD simulation.

Table 5.4. Inter-chain binding free energy (Kcal/mol) for chain D and E for system Ap-
Water and AB-REF complex evaluated by MM-PBSA method

Interchain (chain D and E) Interchain (chain D
Energy Terms binding energy for Ap-Water | and E) binding energy

(Kcal/mol) for AB-REF

(Kcal/mol)
AE,qw -333.264 -195.630
AE o -272.517 -81.053
AE yypya -605.781 -276.683
AG,s 443.994 198.096
AGpys -40.843 -23.922
AG g 403.151 174.174
AGpinginge -202.63 -102.509
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The findings from MM-PBSA analysis harmonizes well with the docking results, and
substantiates the entry of REF from terminal chain A. The destabilization effect of REF on terminal
chains can be viewed from Table 5.4, where the binding free energy has considerably been reduced
for chain D and E in the presence of REF (-102.50 +5.15 kcal/mol) as compared to the control
system AB-Water (-202.62+5.73 kcal/mol). The related reports on favorable binding energy
calculation of oligoproline leading to destabilization of AP protofibril is well synchronized with
our findings.*® The supportive results on destabilization of AP pentamer by a di-traizole derivate
also resonates with our observation of binding of the ligand to the terminal chain.®® Determinately,
the MM-PBSA results portray the binding of ellagic acid on the terminal chain and thereby causing
the destabilization of AP oligomer, entrenching it as a promising therapeutic agent for the treatment

of AD.

5.4 CONCLUSIONS

In this chapter, the anti-amyloidogenic properties of four phenolic compounds, which include
caffeic acid (DHC), epigallocatechin (EGT), gallic acid (GDE) and ellagic acid (REF) have been
investigated by means of Docking and MD simulation. Molecular Docking studies discloses REF
as the best binder to AP oligomer owing to its minimum binding energy. All these docked
complexes then subjected to MD simulation subsequently, to gain acumen about the destabilization
potential of these phenolics. The VMD representation of the MD trajectory showed perturbations
form the oligomer structure by REF. Various parameters like RMSD, Rg, RMSF, and SASA
values showed a higher magnitude in the presence of REF, indicating an unstable structure of AP
oligomer. The destabilization effect of REF was further verified by loss in the number of H-bonds

and B-sheet content. The increased distance between D23-K28, F19-G38, and A21-V36 impedes
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the formation of inter and intra-chain salt bridges and hydrophobic contacts, thus evoking
destabilization of A oligomer due to REF. The binding free energy analysis by the MM-PBSA
method corroborates nicely with the docking and simulation results. It revealed that the maximum
binding affinity of REF towards chain A of AP oligomer is mediated predominantly by Van der
Waals interactions. The key residues involved in AB-REF complex formation are F19, L34, M35,
V36, V40, 141, and A42 from chain A. Moreover, the binding affinity between terminal chains D
and E were found to be quite less in the presence of REF, thereby deviating chain E from the Af
oligomer. The deformation of AP oligomer by ellagic acid not only curbs the neurotoxicity but
also inhibits the formation of higher order toxic aggregates. The present work provides mechanistic
details on the significant role of the ellagic acid in destabilizing AP oligomer. These findings pave
the pathway for the investigation of other natural compounds for their neurotoxicity, alleviating

potential, thereby providing suitable treatment for Alzheimer’s disease.
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Chapter 6

Destabilization of AP fibrils by Omega-3
Polyunsaturated Fatty Acids: A
Molecular Dynamics study

—— Water_Chain D-E
——EPA_Chain D-E
~—7~ HXA_Chain D-E

Average Distance D23-K28 (nm)
S g A

In the current study, we have investigated three ®-3 PUFAS viz., Eicosapentaenoic acid (EPA),
Docosahexaenoic acid (HXA) and a-linolenic acid (LNL) by molecular dynamics simulation. The

increased value of RMSD, radius of gyration, and SASA, and reduced number of H-bonds and f3-
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sheet content, disruption of salt bridges and hydrophobic contacts and formation of new bonds
between the tail of PUFA and hydrophobic residues of AP fibril, leading to the destabilization of
fibril. The MM-PBSA results explains the binding of EPA and HXA to AP fibril by interacting
with different residues. The destabilization potential of EPA and HXA establishes them as
promising drug leads to cure AD, and encourages prospecting of other fatty acids for therapeutic

intervention in AD.

6.1 INTRODUCTION

The dementia and cognitive imbalance associated with the Alzheimer’s Disease is the major
concern to the global healthcare system. The dietary interventions of healthy foods are reported
to delay, arrest and reverse the progression of cognitive impairment in humans.! Numerous
epidemiological studies have also fostered the positive correlation between high adherence to
Mediterranenan diet (MeDi) with lower risk of cognitive decline, lower incidences of AD,
enhanced learning and memory function and lower mortality rate in AD.2 MeDi is rich in
polyphenols, flavonoids and good amount of protein, due to inclusion of various fruits, vegetables,
nuts and fish. MeDi also provides a great source of healthy essential fatty acids (FAs) as well due
to the presence of fish. Essential FAs are the ones that can’t be synthesized by humans and hence
demands dietary consumption® from plants or other natural sources. The omega-3 (»-3) FAs are
one such essential FAs which are long chain polyunsaturated FAs (PUFAS), having double bonds
from 3" carbon from the methyl end. The prime precursor for ®-3 FAs in humans are LNL (a-
linolenic acid, C18:3).* The LNL is plant based PUFA, found majorly in chia seeds, flaxseeds,
soybean seeds, walnuts and almonds® which gets metabolized inside the human body to EPA
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(Eicosapentaenoic acid, C20:5) and HXA (Docosahexaenoic acid, C22:6) but with limited
percentage of conversion.® This limited conversion and less bioavailability can be compensated by
dietary supplementation of EPA and HXA. The rich sources of EPA and HXA are mainly marine

fish or fish oil,” macroalgae and microalgae.®

The critical role of m-3 PUFAs particularly EPA and HXA, in memory and learning,® anti-
inflammation in CNS disorders,®!! neurotrophicity,!? prevention of psychosis in adults®® and
lower incidence of AD is exemplary. Being the major constituent of the neuronal cells, PUFAs
are involved in membrane fluidity, optimal synaptic communication between cells and
neuroprotection.®® The low levels of these PUFAs are reported to have implications in overall
neuropsychiatric health including AD,'®*® thereby causing cognitive decline and commencing
dementia. The fish consumption has been recommended as a part of MeDi owing to its higher
contents of EPA and HXA, for maintaining cognitive resilience and memory associated
functions.® There is a crucial evidence on permeation of EPA and HXA through BBB (Blood
brain barrier) that helps in maintaining membrane integrity.?® Passage through BBB, EPA and
HXA also reinforces AP clearance from brain to blood thereby obviating Ap accumulation in
brain.?! These findings emphasizes on consumption of fish, walnuts and almonds, rich in EPA and
HXA for overall good health of BBB and brain.?? In addition to that, diet supplementation with
EPA and HXA was also found supportive in reducing the amyloid burden in older rats?® and
conversely their deficiency invokes depression and loss of memory.'® These PUFAs were also
reported to induce microglial phagocytosis of AP peptides.?* In-vitro and cytotoxic studies on SH-
SY5Y cell lines revealed the inhibitory potential of HXA by preventing ABi.42 polymerization.?®
A recent report on direct interaction of EPA and HXA with A peptides led to 16-84% inhibition
in fibrillogenesis of the peptides.?® These PUFAs also have stimulatory effect on IDE (Insulin
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degrading enzyme) leading to degradation of AP peptide.?’ The reduction of amyloidogenic
processing of APP by stimulating B and y secretase by HXA?® consonances well with the beneficial

role of these -3 fatty acid as possible drug leads for the treatment of AD.

The computational studies not only traverse atomic-scale mechanisms by means of MD
simulations but also validates results obtained by in-vitro studies as well.?° A simulation study that
reported adsorption of AP peptides over the cell membrane in the presence of PUFAs cause weaker
interactions between the peptides itself. This leads to the inhibition of aggregation of AP peptides,
thereby restricting the progression of AD.*® A recent study on inhibition of aggregation prone
fragment (KLVFFA) of AB peptide by HXA helps in understanding its inhibitory potential.*! The
beneficial effects of PUFASs in improving AD by various routes has been provided; however, the
direct interaction and destabilization of AP fibrils by EPA and HXA is still not properly
understood. The unavailability of enough reports instigates the need for more computational based

studies to gain insight into the plausible destabilization mechanism of A fibrils by PUFAs.

In the present work, the focus has been led upon investigating the atomistic details of the
destabilization mechanism of AP fibrils by ®-3 PUFAs. The present study was conducted by MD
simulation, which facilitates drug designing in lieu to formulate a clinically approved drug to treat
AD. The substantial increase in RMSD and radius of gyration (Ry) demarcates disorganization of
AR fibril structure in the presence of EPA and HXA as compared to LNL when each of the complex
systems were simulated for 300 ns. To acquire more in-depth details, the AB-EPA and AB-HXA
complexes have been subjected to longer simulation time of 500 ns. The disruption of H-bonds
(hydrogen bonds), salt bridges and breaking of hydrophobic contacts confirms destabilization of
the AP fibril in the presence of EPA and HXA. These PUFAs were observed to insert themselves

in the hydrophobic cavity of the fibril owing to their amphipathic property. The insertion in the
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cavity is due to flexibility of PUFAs and the chemical interaction involving different residues in
AP fibril highlights amphiphilic nature of EPA and HXA. The hydrophilic carboxylic head is found
to interact with positively charged lysine (K) residue; whereas, the hydrophobic carbon tail
manages to form bonds with other hydrophobic residues in the fibril well testified by MM-PBSA
(Molecular Mechanics Poisson-Boltzmann Surface Area) analysis. These interactions of PUFAs
with different residues in AP fibril competes with native interactions of AP fibril leading to its
destabilization. The results thus obtained after MD simulation establishes both EPA and HXA as

potent disruptors of AP fibril and thus a promising drug lead for the treatment of AD.

6.2 METHODS

6.2.1 Selection of PUFAs and AP17-42 Fibril for Molecular Dynamics

Simulation

Three-dimensional structure of APi7-42 fibril (PDB ID: 2BEG)* was taken from the protein data
bank (PDB) and was used as the receptor protein in the current study. The AP fibril is a pentamer
structure spanning from residues 17-42, which forms the characteristic f-sheet, the prerequisite for
fibrillation and stable organization of amyloid structures. The characteristic B-sheet structure is
further divided into three regions - B1 region (18-26 residues), turn region (27-30 residues), and
B2 region (31-42 residues) as depicted in Fig. 6.1a as derived from VMD (visual molecular
dynamics) package.**There are five chains in 2BEG, designated as A, B, C, D, and E, having the
same primary sequence, with A and E being the terminal chains. 2BEG as the representative model
for AP fibril, employed in numerous studies owing to its well established and stable structure.3+3
The ligands that are investigated in the study are ®-3 PUFAS viz. Eicosapentaenoic acid (EPA),
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Docosahexaenoic acid (HXA) and a-linolenic acid (LNL). The PDB structures for all of these
PUFAs have been taken from the ligand summary page as EPA.pdb, HXA.pdb, and LNL.pdb,
respectively, and drawn by using ChemDraw?® as shown in Fig. 6.1b-d. The definition for all the
systems, for MD simulation, has been depicted in Table 6.1 as SO, S1, S2, and S3 where SO

represents the control system i.e. without ligand.

0

mM\/\/\/\/\/\/\
HO N NIAANCH,

Alpha-linolenic acid (C18:3, LNL)

0
0 L AAAN AN AAN
HO NV IAANNAAH,

Eicosapentanoic acid (C20:5, EPA)

@ O

AB42 Protofibril (2BEG) |
HO o N o - 7 N “CH

Docosahexanoic acid (C22:6, HXA)

3

Fig. 6.2. Initial configuration of (a) Ap fibril, (b) a-linolenic acid (LNL), (c) Eicosapentaenoic
acid (EPA), and (d) Docosahexaenoic acid (HXA) taken from RSCB protein data bank.
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Table 6.1. System definition for Molecular Dynamics Simulation

System Receptor Ligand Complex Index

Index (.gro) for MD
simulation

SO 2BEG.pdb (AB fibril) No ligand Control = CO
(Ap+Water)
S1 2BEG.pdb (AB fibril) EPA.pdb (Eicosapentaenoic acid) Test1=C1
(AB+EPA)
S2 2BEG.pdb (AB fibril) HXA.pdb (Docosahexaenoic Test 2= C2
acid) (AB+HXA)
S3 2BEG.pdb (Ap fibril) LNL.pdb (Alpha-linolenic acid) Test3=C3
(AB+LNL)

6.2.2 Molecular Dynamics Simulation of PUFAs with A fibril

The interaction between PUFAs and AP fibril (w-3-AP) has been studied by MD simulation using
GROMACS v5.1.1,*° with GROMOS 96 54a74%#2 force field. The same force field has been

employed in various other studies as well for system definition.34%43-4¢ The ligand topologies
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obtained from rscb pdb database have been submitted to PRODRG server®® to generate gromos
defined coordinates, which are GROMACS readable. The topologies thus obtained for PUFASs in
.gro format were then combined with AP fibril by means of random insertion to form protein-
ligand complexes: C1 (AB-EPA), C2 (AB-HXA), C3 (AB-LNL), and CO as (AB-Water) (Table
6.1). Further, the simulation procedure is the same as has been explained in section 4.2.2 of chapter
4 for 300 ns for initial screening of all the PUFASs. Further, the simulation time has been increased
to 500 ns for the selected PUFAs amongst investigated molecules to gain insights into the
mechanism of the interaction between protein and ligand. To check the statistical significance and
reproducibility of the results, three sets of each system have been simulated and the data is

represented as an average over three sets.

6.2.3 Analysis of MD generated Trajectories

We have calculated various parameters using different tools defined within the GROMACS v5.1.1
package. The parameters that were analyzed to measure structural changes in A fibril structure
were same as has been explained in section 4.2.3 of chapter 4. Additionally, the interchain distance
for neighboring terminal chains have been calculated by g_mdmat to gain knowledge about the

possible interactions via a distance matrix called contact map.

6.2.4 Binding Mode analysis by MM-PBSA

The binding free energy (BFE) of the AP fibril with the selected PUFA was calculated by MM-

PBSA.>*>2 The package was used within the gromacs environment by g_mmpbsa tool, which
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calculated the overall binding energy and individual residue contribution.>® MM-PBSA calculates

the BFE from the MD trajectory based on the following equation:
AGP™ = AEyy + AGP°Y + AG™P*°Y — TAS

where,AE,,,,is the molecular mechanics contribution in vacuum, AGPS°%is the polar contribution
of solvation energy, calculated by the Poisson-Boltzmann equation and AG™5°%is the nonpolar
contribution towards binding, determined by solvent accessible surface area (SASA) model. The
high computational demand limits the calculation of entropy contribution. Moreover, the relative
change in entropy contribution (AS) towards free energy calculation is negligible and thus can be
ignored.>*>" The calculation of BFE in the present study was done on the last 20 ns trajectory with
At =100 ps to reduce the computational time. The energetic contribution of individual residues
was also quantified to identify key residues actively involved in binding with PUFAs. The solute

and solvent dielectric constants were taken as 4 and 80, respectively.

6.3 RESULTS AND DISCUSSIONS

6.3.1 Molecular dynamics Simulation of PUFAs with Ap fibril

The simulation studies were conducted for 300 ns for all the three PUFA compounds to test their
destabilization potency. The system definition has been tabulated in Table 6.1 in methods section.
The global stability parameters like Ca-RMSD, Rg and SASA, have been calculated for all the
complex systems, which demarcated a trend of EPA and HXA being destabilizers of equal strength
as compared to LNL. The Ca-RMSD value for AP fibril has been calculated for the entire protein,

and for the terminal chain E, separately. The higher value is observed from the time trajectory of
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Ca-RMSD for the entire protein (Fig. 6.2a) and for the chain E (Fig. 6.2b) for AB-EPA and AB-
HXA systems as compared to the AB-Water. This increase in RMSD clearly establishes the
destabilization of the AP fibril in the presence of EPA and HXA. However, LNL is found to be
not much effective as a potential disruptor. The corresponding average Ca-RMSD values for the
entire protein and for the chain E has been plotted for all the systems under investigation as

probability density functions (PDFs) in Fig. 6.2 ¢ and d.
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Fig. 6.3. Time trajectory and PDFs for Ca-RMSD of AP in water and all 3 PUFAs (a and c)

for whole protein and (b and d) for chain E.
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The increase in average RMSD value of 0.967 nm for AB-EPA system cause shift in the
curve as compared to AB-water system. From Fig. 6.2c, it is clearly observed that AB-LNL system
records sharpest peak with average value of 0.810 nm close to 0.821 nm of AB-Water system. The
marginal increased RMSD value of 0.875 nm in AB-HXA system directs towards further
investigation. Similarly, from Fig. 6.2d, increased RMSD value for chain E highlights on the
potential of EPA and HXA as better destabilizer as compared to LNL. The demonstrated structural

instability of AP fibril is also reported by other natural compounds which supports our findings.*®

The higher Rg value for AB-EPA and AB-HXA as compared to the AB-water system as
(Fig. 6.3a and c) indicates the decreased compactness of the fibrillar structure in the presence of
these PUFAs. The trend of SASA (Fig. 6.3b and d) may not be enough to claim destabilization
potential of HXA. However, a marginal increase of SASA by EPA and decrease in the presence
of LNL motivates further testing of EPA and HXA, discarding LNL at this stage itself. A similar
increase in Rg and SASA values of AP protofibril by a flavonoid derivative® and arginine
containing short peptides*® respectively leading to destabilization of AB protofibril corroborates
well with our findings. These observations helped in eliminating LNL for extended run and thereby
restricting further investigations to EPA and HXA only to look for the better destabilizer amongst

the two.
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Fig. 6.4. Time trajectory and PDFs for (a and ¢) Rg and (b and d) SASA of 2BEG in water

and all 3 PUFA:s.

The extension of production run up to 500 ns for three systems, AB-water (C0), AB-EPA

(C1) and AB-HXA (C2) has been visualized and computed with several other parameters to gain

atomistic details on the destabilization mechanism of these PUFAs. The VMD visualization of the

final configuration of C0O, C1 and C2 system has been presented in Fig. 6.4a-c, respectively. The

snapshots (Fig. 6.4a-c) of the trajectory for AP fibril showed binding of the PUFA molecules with
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AB fibril leading to high degree of perturbations in the fibril indicating destabilization potential of

EPA and HXA.

Fig. 6.5. Final Configuration of Ap in (a) water, (b) 1 EPA molecule and (c) 1 HXA molecule.

The binding possibility can be explained from the inherent conformational flexibility of
the n-3 PUFA molecules, which introduce fluidity in the biomembrane upon incorporation. Such
modification in the microenvironment of the biomembrane leads to execution of wide range of
biological functions.®® The presence of different side chain groups in AP fibril and amphiphilic
PUFA molecule makes the conformational rearrangement is such a way that facilitates effective
interactions between these two.%° Both the ligands are observed in linear conformation with
disoriented AP fibril, establishing the destabilization of the fibril. A similar disorganized

conformation of AP fibril was observed in the presence of caffeine,®” which supports the current
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observation. Both the EPA and HXA molecules were observed to access hydrophobic cavity of
the AP fibril via entry from the terminal chain, which is in parity with the interaction behavior of
other phenolic compounds.*® The ability to insert themselves in the fibrillar cavity is associated
with intrinsic flexibility of these molecules.®-%2 In addition to the final trajectory, the snapshots at
300 ns and 400 ns have been illustrated in Fig. 6.5 wherein, Fig. 6.5a and b for CO, Fig. 6.5¢ and
d for C1 and Fig. 6.5¢ and f for C2 system, respectively. The AP fibril in the presence of water
showed a little twisting at the ends of the organized structure with intact representation of coil
(grey), turn (cyan) and B-sheet (yellow) content. The disoriented structure of AP fibril in the
presence of EPA and HXA at various time points of the run ensures the steady progression of the

destabilization phenomena instead of an arbitrary loosening of the fibril.

300 ns

400 ns

Fig. 6.6. Different snapshots of Ap in (a,b ) water, (c,d) 1 EPA molecule and (e,f) 1 HXA

molecule.
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The C,-RMSD, Rq and SASA have been analyzed to check the integrity of the AP fibril in
the presence of EPA and HXA for an extended production run of 500 ns. The time trajectory and
corresponding average for Ca-RMSD value for the entire protein, Chain E and turn region has
been plotted for all the three systems in Fig. 6.6a-c and d-f respectively. The average value for Ca-
RMSD for the entire protein as depicted in Fig. 6.6d was recorded as 0.760, 1.016 and 0.918 nm
for CO, C1 and C2 systems, respectively. A similar increase in Ca-RMSD value has been observed
for the terminal chain E (Fig. 6.6¢), and the turn region (Fig. 6.6f) of the AP fibril in the presence

of EPA and HXA as compared to the AB-Water system.

The current observations resonate well with high Ca-RMSD value on account of
destabilization of AP fibril by a natural novel drug, wgx-50.% The color scheme considered for
three systems is blue for AB-Water, red for AB-EPA and green for AB-HXA system, which is
maintained in other parametric analyses as well, if not mentioned otherwise. The observations
from Fig. 6.2 and Fig. 6.6 emphasize on representation of chain E as the most affected chain of the
pentamer. Henceforth, various parameters have been depicted for chain E separately to gauge the

extent of destabilization.

145
TH-2989_166107106



1.8

(a) 1s{ AB-Water (@ B AB- Water
—— AB-EPA 161 I AB- EPA
. Lt 1.4 B AB- HXA
3 T 1.2 ;
E £
= 0.9- @ 1.0
a 4
= 1 & 0.8-
X o6- =
] g 0.6
] 4
0.3 04
0.2 -
0.0 14 T T T T T 0.0 -
0 100 200 300 400 500 RMSD RMSD RMSD
Time (ns)
1.8
(b) (e I AB- Water
6] M AB- EPA
€ 1.4 B AB- HXA
(= —_—
w E 1.2-
& =
s §) 1.0 ——
5 2 oa]
cg 2 o6
= 3
o —— AB-Water 0.4
5 —— AB-EPA e
——— AB-HXA <]
0.0~ T T T T T 0.0
0 100 200 300 400 500 RMSD_Chain E RMSD_Chain E RMSD_Chain E
Time (ns)
1.5 1.8
©) ® I AB- Water
16 AB- EPA
—_ 12 1.4 | AB- HXA -
E_ E_ 1.2 4
-t
§ 0.9 - g 1.0 4
:l o 0.8 -
2 g .
X 06 e 061
~— AB-Water 0k
— AB-EPA S
0.3 ——— AB-HXA 0.2 +
T T T T T T 0.0 -
0 100 200 300 400 500 RMSD_Turn RMSD_Turn RMSD_Turn

Time (ns)

Fig. 6.7. Time trajectory and bar charts for Ca-RMSD of AP in water, EPA and HXA (a and

d) whole protein, (b and e) chain E and (c and f) Turn region.

The Rg value, indicative of the flexibility, and SASA value, giving an account of

hydrophobic and hydrophilic composition of a protein structure®® have been determined. These

two parameters have been plotted as time trajectory and interval plots with 95% confidence interval

(CI) around mean value in Fig. 6.7 Herein, Fig. 6.7a and ¢ represents Rg and Fig. 6.7b and d
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denotes SASA value for all the three systems. The mean Rg value of 1.377 nm, 1.388 nm and

1.368 nm for CO, C1 and C2 system have been plotted in Fig. 6a and c indicates consideration of

EPA as a potential destabilizer. The increased SASA value observed for AB-EPA system from Af-

water system (see Fig. 6.7b and d) compliments the selection of EPA as a fibrillar disruptor.

However, a clear and detailed picture about role of HXA has been discussed in the next sections.
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The increased RMSD, Rg and SASA values demonstrating structural instability of A fibril
is also reported by other natural compounds which supports our findings.®® Conclusively, higher
values observed for Ca-RMSD, Rg, and SASA translates the potency of both PUFA molecules
(EPA and HXA) as a promising destabilizing agent of AP fibrils, thereby curing AD. All these
global stability parameters demand further in-depth analysis to gain insight on the molecular

details of the interaction between PUFAs and A fibril.

6.3.2 Secondary structure determination

The secondary structure plays a decisive role in the overall stability, longevity and functionality
of the protein. The stability of AP fibrils has been attributed to their higher B-sheet content, which
directs the formation of an organized B-fibrillar structure. The DSSP® tool delivers the time
evolution profile of possible secondary structure configurations achievable by AP fibril. The
percentage content of the different possible secondary structures for all the three systems CO, C1
and C2 has been tabulated in Table 6.2. The coil content for C1 and C2 was recorded as 45% and
42%, which is considerably higher than CO (37%). Contrarily, a marked decrease in B-sheet and
B-bridge content for C1 and C2 systems as compared to CO (Table 6.2) implicates the loss of the

structural stability and integrity of the AP fibril.

The secondary structure profiling for AB-Water, AB-EPA and AB-HXA has been shown in
Fig. 6.8a, b and c, wherein a prominent decrease in f-sheet along with rise in coil and turn content
are recorded for the C1 and C2 systems as compared to the CO. The significant decrease in the 3-
sheet content ensures an obstruction to the formation of higher order aggregates barring
neurotoxicity of AP fibrils.
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Table 6.2. Secondary structure for (a) - Ap-Water, (b) - AB-EPA and (c) - AB-HXA

Secondary AB-Water AB-EPA AB-HXA
Structure (%)
Coll 37 h 051 45 £+ 0.57 42 +£0.57
B-Sheet 38 £ 0.57 37 +£0.57 33+£0.57
p-Bridge 5+0.57 4 +0.57 3+0.57
Bend 14 + 0.57 12+ 0.57 16+1
Turn 3+0.57 2+0.00 3+0.00
a-helix 0+0.00 0+0.00 0+0.00
3-helix 0+0.00 1+0.57 0+0.00
Chain_Separator 3+0.00 3+0.00 3+0.00
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Fig. 6.9. DSSP Secondary Structure evolution with time for (a) Ap-Water (b) AB-EPA and
(c) Ap-HXA molecule.

6.3.3. Backbone Stability

The integrity of the fibrillar backbone, gauged by the probability of bond formation owing to the
distance between Ca of K28 residues of neighboring chains were determined. The same has been
plotted as time trajectory (Fig. 6.9a and b) and as corresponding bar charts Fig. 6.9c and d based

on the mean value.

The average K28-K28 distance for neighboring terminal chains (viz., A-B and D-E) were
found to be increased beyond the cut off limit of bond formation in the presence of EPA and HXA.
Fig. 6.9a and c depicts striking increase in K28-K28 distance from 0.49 nm (AB-Water) to 0.65
and 0.64 nm for AB-EPA and AB-HXA for chain A-B respectively. A similar noticeable increase

for chain D-E has been observed from time trajectory and bar charts from Fig. 6.9b and d,

150
TH-2989_166107106



respectively as 0.85 nm for AB-EPA from 0.39 nm from AB-Water, Fig. 6.9b and d). Such an
enhancement in the distance between these residues conciliates bond formation and hence

compromising on the stability of the AP fibril.
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6.3.4 Effect of PUFASs on various bonds in AP fibril

There are various types of intra- and inter-molecular bonds that imparts stability to any protein
structure at different levels (viz., primary to quaternary). These bonds broadly encompass H-
bonds, covalent bonds, salt bridges, and hydrophobic contacts. Herein, we present a detailed

analysis of the change in these molecular interactions in the presence of EPA and HXA.

6.3.4.1 Hydrogen-Bonds

The theoretical®® and experimental®” studies outline the importance of an extensive H-bond
network contributing towards the stability of AP fibrils. We have calculated the average number
of H-bonds for the entire protein, B1, and turn region, which showed a decreasing tendency in the
presence of EPA and HXA molecule (refer Table 6.3). The average number of H-Bonds for inter-
peptide chain D-E was observed to be 10.1 and 10.4 for C1 and C2 system, which is less as
compared to 11.3 for CO. A similar decrease of 31.74% and 29.06% in C1 and C2 systems,
respectively from CO (Table 6.3) for intra-chain E peptide, testifies the degradation of H-bonds in
AP fibril upon interaction with PUFAs. These observations are in close agreement with the
destabilization of A fibril by wgx-50, a novel compound from Sichuan pepper, which also showed
a drastic decrease in both intra- and inter- chain H-bonds.®® The H-bond disruption of A fibril in

the presence of PUFAs would prohibit further fibrillar growth and elongation.
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Table 6.3. Average number of H-bonds for AB-Water, AB-EPA, and AB-HXA systems

No. of H-Bonds Ap-Water AB-EPA AB-HXA
Overall Protein 751+1.0 74.3+0.8 75.2+0.4
Chain C-D 16.7+0.5 143 +0.8 15.8+0.8
Chain D-E 11.3+0.6 10.1+0.5 104 +£05
p1 Region 25.7%+0.9 22.3+05 25.1+04
Turn Region 42 +0.7 3.6+0.3 49+0.1
Chain E-E 6.7+0.8 46+04 48+0.1

6.3.4.2 Salt-Bridge formation

Electrostatic interactions between oppositely charged residues in any protein structure are called
salt bridges.®®% Salt bridges impart the stability to the protein and influence its structural
conformation, pattern recognition, function, degradation pattern, and catalytic activity.”® In the
present study, we have calculated the average distance between intra and inter D23 and K28
residues for the terminal chain E for all the three systems (viz., CO, C1 and C2). The same plots
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have been drawn here also, with time trajectory and interval plots with 95% CI around mean value

in Fig. 6.10a and b and Fig. 6.10c and d, respectively.
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The average distance for these residues was found to be increased in the presence of Af-
EPA (Fig. 6.10a and c); however, not much changes were observed in AB-HXA (Fig. 6.10b and
d), indicating the ineffectiveness of HXA towards breaking of salt bridges between D23 and K28
residues in the AP fibril. The inter-residual distance between D23 of chain D and K28 of
neighboring chain E was measured as 0.72 nm for AB-EPA, which is considerably pronounced as
compared to 0.28 nm in AB-Water system (Fig. 6.10a and c). A similar increase to 0.37 nm for
intra-peptide chain E (D23-K28) for AB-EPA system from 0.27 nm in AB-Water system (Fig.

6.10b and d) was measured.

Such increased distances indicate bond breaking, and hence misalignment of Ap fibril
around the terminal chain. The results thus obtained are found to be concurrent with the breaking
of salt bridges of AP fibril in the presence of copper ions,’* C-60 fullerene,’? and surfactin’
molecules, leading to the destabilization of A fibril. The salt bridge disruption in destabilizing

the entire AP fibril in the presence of brazillin** corroborates with the current findings.

6.3.4.3 Inter-Chain Distance Matrix

We have determined the residue-residue contact between terminal chain D and E by contact map
analysis. As depicted in Fig. 6.11a, there is a portrayal of contacts throughout chain D and E for
AB-water system. These residual contacts were fairly compromised for AB-EPA and AB-HXA

systems (Fig. 6.11b and c), which can be viewed from presence of blank spaces in the matrix.

The illustration of contact map analysis for the AB-HXA systems provides a well-founded
idea on the reduced contacts between chain D and E, thereby moving E chain apart from the parent

fibrillar structure. Evidently, the contacts between terminal chains are disrupted, which confirms
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the destabilization of the AP fibril. These observations are found in parity with the interchain

matrix observed in the presence of flavonoid derivative.*®

20 30 10 20 30 40 50

Residue Index Residue Index Residue Index
0 Distance (nm) 15 0 Distance (nm) 15 0 Distance (nm) 15

AB- Water-Chain D-E AB-EPA-Chain D-E AB-HXA-Chain D-E

Fig. 6.12. Interchain Distance matrix for chain D-E (a) Ap-Water (b) AB-EPA and (c) Ap-
HXA.

6.3.4.4 Hydrophobic contacts

The major contributors towards the folding pattern and stability of the protein are electrostatic and
hydrophobic interactions. The burying of hydrophobic residues inside the solvent inaccessible
cavity provides remarkable high strength to amyloid fibrils.”* According to the principle of PASA
(Principle of Amyloid Self-Assembly), the fibrillar structure, which possesses the maximum
number of inter- and intra-peptide hydrophobic interactions, is the most stable and favorable fibril
structure during fibrillation process.” There have been various hydrophobic residual contacts that
play a crucial role in the structural organization and strengthening of the AP fibril. The

hydrophobic contact pairs reported for the current pentamer AP structure are A21-V36, L34-V36
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and F19-G38,’® interacting in both intra- and inter-peptide manner. We have calculated mean
distance between these residues as a function of time to estimate the probability of bond formation
between them. The inter-residual distance between A21 of chain C and V36 of chain D (Fig. 6.12a
and c¢) was estimated as 0.52 nm for AB-water system, which was increased to 0.72 nm in the
presence of EPA, and to 0.75 nm when HXA was inserted, impeding A21-V36 bond formation. A
considerable increase in the distance between L34 and V36 residue was also recorded for chain D

and E (Fig. 6.12b and d).
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The L34-V36 distance for Ap-Water system was recorded as 0.40 nm, which was increased to 0.50
and 0.62 in AB-EPA and AB-HXA systems, respectively, hindering the bond formation. The shift
in the PDFs curves towards higher values of A21-V36 and L34-V36 distance observed for AB-
EPA and AB-HXA systems in Fig. 6.12c and d, clearly highlights on the destabilization potential

of both the PUFAs.

A distinct differentiation from time trajectory and interval plots, can also be viewed in
chain A-B and B-C for A21-V36 residual contact for C1 and C2 system (see Fig. 6.13a-d), which

supports the destabilization of A fibril.
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Furthermore, the average distance of F19-G38 for chain D and E (both intra and inter pairs)
have been analyzed and plotted in Fig 6.14a-d. The mean distance for neighboring chains C-D
(Fig. 6.14a) and D-E (Fig. 6.14b) pairs was observed to be 0.86 and 0.61 nm for C1 and 0.66 and
0.62 nm for C2 system which is considerably higher as compared to 0.55 nm and 0.43 nm in CO
system. A simultaneous increase in the intra-residual distance for chain D-D and E-E can also be
viewed in Fig. 6.14c and 6.14d, respectively. The corresponding time trajectory to the average
F19-G38 distance for all these four selections have been plotted in Fig. 6.15a-d, which well

compliments with the above findings.
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The average mean distance for the other end of AP fibril (viz., A-B, B-C, A-A and C-C)
for F19-G38 pair has been plotted in Fig. 6.16a-d with corresponding time trajectory in Fig. 6.17a-
d. Both Fig. 6.16a-d and 6.17a-d shows that there is no bond formation between these residues,
which is attributed to an increased distance between F19-G38, thereby disarraying the pentamer
structure. All these observations clearly manifest the obstruction in bond formation, which

disarrange the organized AP structure.
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Fig. 6.16. Time trajectory for F19-G38 Distance for Ap in water, EPA and HXA ligands for
(a) Chain C-D, (b) Chain D-E (c) Chain D-D and (d) Chain E-E.

Similar findings were also recorded in case of chemically synthesized drugs having anti-

cholinesterase activity tested in-vitro and in-silico, causing disruption of preformed AP fibrils.”’
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This increased distance between hydrophobic residues for the terminal chains implies breaking of
these bonds in the presence of PUFAS, leading to the disruption of the entire fibrillar structure of

AP fibrils.
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Fig. 6.17. Average values of F19-G38 Distance for Af in water, EPA and HXA ligands for (a)
Chain A-B, (b) Chain B-C (c) Chain A-A and (d) Chain C-C.
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Fig. 6.18. Time trajectory of F19-G38 Distance for A in water, EPA and HXA ligands for
(a) Chain A-B, (b) Chain B-C (c) Chain A-A and (d) Chain C-C.

6.3.5 Binding Free Energy analysis between AP fibril and PUFAs

The integration of the MM-PBSA method with MD simulation studies has been done with an
objective to gain more insights on the binding affinity of the neighboring terminal chains in the
presence of PUFAs. The detailed inter-chain binding free energy (BFE) analysis for chain A-B
and D-E for C0O, C1 and C2 has been tabulated in Table 6.4. The lowest Gpnqing Observed for
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chain A-B (-454.5 + 8.4 kcal/mol) for AB-Water system mentioned in Table 6.4 clearly indicates
the highest affinity of these two chains. On the contrary, the higher Gy qing 0f -87.5 £ 7.9 kcal/mol
and -20.9 + 8.9 kcal/mol for AB-EPA and AB-HXA respectively, specifies the lesser binding
affinity between chains A-B in presence of these PUFAs. A similar level of separation of terminal
chain E from the fibril is attributed to the higher Ginqing value for AB-EPA (-151.7 £10.3
kcal/mol) and AB-HXA (-63.7 £ 11.6 kcal/mol) system as compared to -189 £10.8 kcal/mol for
AB-Water (Table 6.4). The estimation of various other associated energy terms, such as, AEyy,
AGPS° and AG™s°™ provide more precision on binding by specific amino acid residues
involved in binding.”® The AE,4, or chain A-B for AB-EPA and AB-HXA systems has been
recorded as -243.7 £ 1.6 kcal/mol and -228.2 + 1.8 kcal/mol, respectively. The AE,;.. for chain
A-B has been calculated as -66.7 £ 2.3 kcal/mol and -3.3 &+ 2.3 kcal/mol for AB-EPA and Ap-
HXA, respectively. The notable lower value for AE,;, as compared to AE,;.. explain the
dominance of van der Waals contribution over electrostatic interactions for chain A-B in the
presence of both the binders (viz., EPA and HXA). The similar observation has been made for
chain D-E as well in presence of both the ligands. The dominance of van der Waals interactions is
attributed to the involvement of hydrophobic residues in binding of PUFAs with A fibril, which
corroborates well with the disruption of hydrophobic interactions, as explained in above section.
The van der Waals interactions dominating over electrostatic ones have also been reported for
binding of AZD2184, a potential PET tracer with A fibril (2BEG), attributed to the hydrophobic

interaction.3*
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Table 6.4. Binding Free Energy (kcal/mol) between Chains A-B and D-E of the Ap42 Fibril
in Water, EPA and HXA.

Energy

Terms

AEvdW

AE elec

AEMMa

AG

ps

AGyps

AG

solv?

AGbindin

“AE

Inter-chain

(A-B) BFE

Ap-Water

(Kcal/mol)

-361.1+2.5

-679.5+1.3

-1040.6 +3.8

631+1.2

-44.9 + 3.3

586 +4.5

-4545+8.4

=AE,,, +AE

TH-2989_166107106

elec

Inter-chain | Inter-chain
(A-B) BFE  (A-B) BFE
AB-EPA AB-HXA
(Kcal/mol)  (Kcal/mol)
-243.7+16 -2282+1.38
-66.7+£2.3 -3.3+23
-3104+39 -2316+4.2
2529+25 2409+29
-30+1.3 -302+1.7
222.8 +£3.9 2106 £+ 4.7
-875+7.9 -20.9+8.9
"AG,,, = AG +AG,,

‘AG

Inter-chain

(D-E) BFE

Ap-Water

(Kcal/mol)

-3339+3.4

-267.6 £2.8

-601.6 £ 6.3

4558+ 1.8

-43.2+26

412.6 +4.5

-189.0 £10.8

binding

=AE,

Inter-chain

(D-E) BFE

AB-EPA

(Kcal/mol)

-301.9+2.4

-128+4.72

-374.7 £6.7

261.4+1.2

-38.4+23

223.0 +3.6

-151.7+10.3

+AG

solv

Inter-chain

(D-E) BFE

AB-HXA

(Kcal/mol)

-313.8+3.2

-83+3.7

-396.9 £6.9

3728+ 2.6

-39.7+19

333.1+4.6

-63.7+11.6

164



Further, the individual contribution for the entire A fibril has been determined and illustrated in

Fig. 6.18a and b for EPA and HXA respectively. This has been done to elucidate the key residues

involved in the binding of PUFAs to the AP fibril. Fig. 6.18a unveils the major involvement of

L17 and K28 form all the five chains of the pentamer highlighted with different symbols and color.

The contribution from V18 and 132 from chain A, L34 from chain B, and V36 from chain C

indicates the hydrophobic interactions pertaining to the hydrophobic residues involved. Similarly,

for HXA binding Fig. 6.18b demarcates L17 and K28 from all five chains. Additionally, the

contribution form V18, F19 and 131 from Chain A, V18, 132 and L34 from chain B, and L34 from

chain C highlights the VVan der Walls interaction. These key residues explain the dual contribution

of nonpolar and electrostatic interactions towards AB-EPA and AB-HXA complex formation.’®
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Fig. 6.19. Individual residue contribution to the total binding energy expressed in kcal/mol
for all chains of AP fibril for (a) EPA and (b) HXA. The key residues highlighted for both

the PUFA molecule.
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The individual residues involved in binding of EPA to AB-fibril are L17 and V18 from B1
region, K28 from turn region and 132, L34 and V36 from B2 region, from all the five chains.
Similarly, the contribution from L17, V18 and F19 (B1 region), K28 (turn region) and 131 and L34
(B2 region) from A fibril in binding to HXA has been observed. The residues involved in binding
synchronizes with the breaking of native salt bridges and various hydrophobic contacts present in
the AP fibril. The involvement of L17, V18 and F19 residues in AB-HXA complex formation are
in close agreement for AP peptide and HXA binding, leading to inhibition of fibrillation.3* The
presence of same residues were also reported in binding of PUFAs with AP fibril?® studied by
docking, clearly testifies our results. The binding pattern of different aromatic PUFAs, such as,
curcumin derivatives*® and biophenols*® to AP fibril supports the current observation. Our results
well corroborate with the binding pattern of oligoproline® with Ap fibril and di-triazole derivate®’
with the terminal chain leading to the destabilization of the fibrillary structure. The MM-PBSA
results reveal the mechanistic details on the binding of PUFAs to the A fibril by interacting with
different residues over the entire chain length. The access to fibrillar cavity by EPA and HXA led

to destabilization of AP fibril, establishing it as a promising therapeutic agent for the treatment of

AD.

6.4 CONCLUSIONS

The destabilization of amyloid fibrils is considered to be one of the most promising therapeutic
strategies for AD. The natural compounds are believed to be suitable drug candidates owing to
their biocompatibility and dietary consumption. The present work focuses on the screening of three

major ®-3 fatty acids (PUFAs) for their destabilization potential on AP fibrils. The anti-
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amyloidogenic properties of three PUFASs viz., Eicosapentaenoic acid (EPA), Docosahexaenoic
acid (HXA), and a-linolenic acid (LNL) have been studied by MD simulation. After initial
screening of PUFAs for 300 ns, EPA and HXA were considered for further extended run up to 500
ns. The VMD representation of the MD trajectory thus obtained for both AB-EPA and AB-HXA
systems showed maximum perturbations and deflections of the terminal chains of AP fibril due to
the insertion of these PUFAs in the fibrillar cavity. The increased values of RMSD, Rg, and SASA
in the presence of EPA and HXA as compared to AB-water system, indicate a disoriented structure
of AP fibril. The increased distance between D23-K28 inhibits the formation of inter and intra-
chain salt bridges by EPA, without significant effect of HXA. However, the destabilization effect
of both PUFAs was verified by loss in the number of H-bonds and B-sheet content. The increase
in average distance for hydrophobic pairs (viz., K28-K28, A21-V36 and F19-G38) prevents
sustenance of these interactions, thus promoting destabilization of AP fibril in the presence of
PUFAs. This explains the destabilization potential of both EPA and HXA on A fibril. The BFE
analysis by MM-PBSA tool demarcates less binding affinity of the terminal chains A-B and D-E
in the presence of EPA and HXA compared to the control system, pertinent to high binding energy.
The involvement of positively charged residue (K28) and hydrophobic residues (viz., L17, V18,
F19, 131, 132, L34 and V36) collectively elucidates electrostatic and van der Waals interactions
between PUFAs and AP fibril, owing to amphiphilic nature of the PUFAs. The electrostatic
interaction is observed between polar carboxylic head and K28 residue, whereas the long non-
polar carbon tail interacts with hydrophobic residues (L17, 131, 132, L34 and V36). The minor
dominance of van der Waals interactions over electrostatic interaction can be assessed from the
higher contribution of hydrophobic residues involved in binding. This led to the insertion of these

two PUFA molecules in the fibrillar cavity thereby assisting the destabilization of the pentamer.

167
TH-2989_166107106



The deflection of terminal chains, A and E from the parent pentamer structure is observed on
account of the decreased binding affinity, attributed to the increase in the BFE as measured by

MM-PBSA method.

The deformation of AP fibril by @-3 PUFAs not only curbs the neurotoxicity concerns but
also inhibits the formation of higher order toxic aggregates upon interacting with upcoming
monomers. The present work provides the mechanistic details on the significant role of the PUFAs
in destabilizing preformed AP fibril, thereby providing a promising cure to AD. The better
interaction and destabilization of AP fibril due to amphiphilic fatty acid makes them promising
drugs to cure AD, as they can access fibrillar cavity much better than other small molecules. These
findings pave the pathway for the investigation of other natural amphiphilic compounds to measure
their destabilization potency. Such compounds can be utilized for better targeting of AP fibrils

thereby providing suitable treatment for Alzheimer’s disease.
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Chapter 7

Lycopene Destabilizes Preformed AP
Fibrils: Mechanistic Insights from All-

Atom Molecular Dynamics Simulation
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In this chapter, lycopene, a major antioxidant natural compound from terpenes (largest family of

secondary metabolites from plants) have been tested for its destabilization potential on A fibril.
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This involves investigating the underpinning mechanism of destabilization of lycopene on
different polymorphic forms of A fibril viz. PDB ID: 2NAO and 2BEG via molecular dynamics
(MD) simulation. The destabilization of the fibrils is evident by breakage of inherent H-bonds and
hydrophobic interactions and lesser B-sheet content in the presence of one lycopene molecule. The
larger size and inherent rigidity of the lycopene molecule allows binding to the upper surface of
the 2NAO. However, the availability of the larger fibrillar cavity in 2BEG allows lycopene to
access the cavity unlike 2NAO. The destabilization observed by lycopene on two major
polymorphs of A fibril explains its potency towards developing an effective therapeutic approach

in treating AD.

7.1 INTRODUCTION

The significant role of the natural compounds in managing symptoms or treating Alzheimer’s
Disease has been established well in recent times. There have been reports about crucial role of
alkaloids, polyphenolic compounds and omega-3 fatty acids, however the role of terpenoids
remained elusive and uninvestigated.

The terpenoids family is the largest class of volatile secondary metabolites from plants having
diverse structures that imparts fragrance, pigments and taste in the plants.! The terpenoids play a
crucial role in plant growth, development and overall physiological processes.? These bioactives
are reported largely for their pharmacological value as antioxidants, anti-tumor agents, anti-
inflammatory and neuroprotection. The neuroprotective and anti-aging properties of lycopene (a
terpenoid) has been established by in-vivo studies in rat model.® This finding triggers the
investigation towards destabilization potential of lycopene on A fibril to look for a prospective

treatment for AD.
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Lycopene (CaoHss) is a dominant carotenoid, which is responsible for pink to red
pigmentation in tomatoes, papaya, watermelons, apricots, guava and pink grapefruit.*®> The
coloration depends on the concentration of the lycopene present in different sources. Lycopene is
a linear, polyunsaturated hydrocarbon with thirteen double bonds, in which eleven are conjugated
bonds (C=C), existing in all-trans form.® This naturally occurring lipophilic’ compound needs

8 The free radicals and lipid

dietary consumption, as humans can’t synthesize it on their own.
peroxyl radicals scavenging capacity of lycopene is reported as highest amongst the different
carotenoids.®>!% The therapeutic role of lycopene in cardiovascular disease, non-alcoholic fatty
liver, malignant tumor has already been established owing to its antioxidant,** anti-inflammatory
and anti-proliferative properties'?. The higher lycopene blood levels are inversely related to age,
plasma lipid levels, total cholesterol and triglycerides points towards the possible connection
between dementia and its concentration. >4

The role of lycopene in treatment and prevention of various neurodegenerative diseases
like Alzheimer’s (AD) and Parkinson’s disease (PD) have also been reported, attributed to its
antioxidative properties.’>® The positive correlation between lycopene levels and anti-ageing
effects has been exemplary wherein the younger people has higher blood concentration levels of
lycopene.®'” Lycopene has been found to mitigate the neuroinflammatory markers thereby
diminishing the AP deposition in the hippocampus tissues.'® The significant suppression of
neuroinflammation and thereby curbing neuronal apoptosis by lycopene explains its
neuroprotective ability. The down-regulation of neuroinflammatory cytokines by lycopene helps
in ameliorating the spatial learning and memory impairment, making it a suitable cognitive

promoter.t® The administration of lycopene reported to manage dopamine levels in the rat study

demonstrates its potential role in treating PD .16%° The epidemiological studies confirm that higher
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the lycopene level, higher is the cognitive enhancement, and hence lower is risk of death from
AD_21—24l

The AP, main culprit behind AD, that induced cognitive impairment, has been found to be
diminished by lycopene loaded microemulsion.? Lycopene treatment reported for reduction in the
secretion of A4z peptides in SH-SY5Y cells establishes its potency for treatment of AD.?® The
penetrance of lycopene in the blood brain barrier, its natural storage in the brain and pool of
promising in-vitro studies adds to the preferential and potent choice of lycopene as a drug for
treating disorders of central nervous system, especially, AD.?’

The profound capabilities of neuroprotection, cognitive enhancement and anti—ageing of
lycopene collectively encourage the determination of its destabilization potential on AP fibrils. In
the present study, lycopene has been considered as the representative molecule from terpenes
family to determine its destabilization potential on AP fibril by molecular dynamics (MD)
simulation. For this, one molecule of lycopene has been introduced in hexameric A fibril (PDB
ID: 2NAO) and simulated for 500 ns. Two systems viz. AB-Water and AB-LYC; after simulation,
have been analyzed by determining various parameters like RMSD, Ry, SASA, RMSF and
Secondary structure content. The crucial role of H-bonds, salt bridges and hydrophobic contacts
have been assessed by minimum distance analysis between interacting residues. The increase in
RMSD, Rg, SASA and RMSF in AB-LYC;, are indicative of destabilized fibril obtained in the
presence of the lycopene. The binding profile of lycopene has been observed to be on the outer
surface of chain F of the fibril. The binding was mediated by G9, K16 and V18 (van der Waals)
and Y10 and F20 (n-m interactions) residues of the fibril with the methyl groups and C=C bonds
of the ligand, respectively. The interaction between the fibril and lycopene translates into breaking

of inherent H-bonds and hydrophobic interactions, leading to the destabilization of the fibril. The
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low B-sheet content exhibits the disorientation of the fibrillar structure inhibiting further higher
order aggregation. The higher concentration of the lycopene (sixty molecules i.e. AB-LYCeo) has
also been assessed for higher destabilization but a linear correlation is not observed. The
destabilization of other virulent polymorphic form of AP fibril (PDB ID: 2BEG) has also been
investigated for destabilization by lycopene. The ability of the lycopene to access fibrillar cavity
of pentameric form explains the destabilization of the fibril. The disorganization of 2BEG is
evaluated by increased RMSD and lower -sheet content with simultaneous increase in the coil
conformation. These findings collectively establish the potency and prophecy of lycopene towards
destabilization of the different polymorphic forms of AP fibrils, and paves the pathway for

formulation of lycopene (and different terpenes) as a suitable drug to treat AD.

7.2 METHODS

7.2.1 MD simulation of AP fibril and Lycopene

Protein- The AP fibril considered for the current study is the disease relevant, dimeric, LS shaped
fibril that appears as a double horseshoe structure.?® Each monomeric unit consists of three chains
making it a hexameric fibril wherein chains are arranged in two subunits as A, B, C, and D, E and
F as depicted in Fig. 7.1a. All the six chains are full length residues from 1 to 42 wherein residues
1-14 are reported to be partially ordered and in B-strand conformation. Residues 15-42 are
relatively densely packed and form the double horseshoe-shaped structure consisting of maximally
buried residues with hydrophobic side chains. The fibrillar sequence is further divided into five p-

sheet regions observed for all chains: B1 (residues 2-6), B2 (residues 15-18), B3 (residues 26-28),
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B4 (residues 30-32), and B5 (residues 39-42). Each chain has characteristic cross B-sheet, the

prerequisite for fibrillation and stable organization of amyloids.

Fig. 7.1. (a)-VMD representation of 2NAO.pdb (AP fibril) and (b)-ChemDraw structure of

Lycopene.

Ligand- Lycopene is the acyclic tetraterpene with eight isoprene units as represented by
ChemDraw representation in Fig. 7.1b.%° It has been designated as LYC in the entire manuscript.
The structure for LYC has been obtained by automated topology builder (ATB). The obtained pdb
coordinates further, are defined according to the GROMOS 96 54a7 force field to obtain the
LYC.itp (topology file) that is gromacs readable.*® This is further used for setting up the simulation

system, as explained in the subsequent sections.

Simulation Systems- In order to study the destabilization effect of lycopene on AP fibril, the
topology for protein and ligand has been combined, applying the same force field. The MD
simulation of the systems has been performed using GROMACS v5.1.13! with GROMOS 96
54a7%2%* force field. This force field has extensively been employed in various other reported

studies.®>%-4 There are two systems reported in the present study — S1 and S2 (Table 7.1). S2
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consists of AP fibril, water with one molecule of lycopene, while S1 consists of AP fibril and

water, and serves as a reference system.

Table 7.1. Systems definition for Molecular Dynamics Simulation

System Index Receptor Ligand (Lycopene, Complex Index (.gro) for
LYC.pdb) MD simulation

SO 2NAO.pdb No ligand Control= S0.gro (Ap-Water)

S1 2NAO.pdb One Molecule of LYC.pdb | Test 1 =S1.gro (ApB-LYCy)

The systems under investigation were solvated in a 10 x 10 x 10 nm?® cubic box with water,
represented by the SPC/E water model wherein protein is kept in the center of the box, and placed
at least 1.0 nm from the box edge.*? Further, the simulation procedure is the same as has been
explained in section 4.2.2 of chapter 4 with production run for 500 ns. Three sets of each system
have been simulated here also and the data is represented as an average over three sets. The
repeatability gives the statistical significance and reproducibility of the results. The visualizations

of MD trajectories were done using VMD (visual molecular dynamics).*®

7.2.2 Analysis of MD generated trajectories

We have calculated various parameters using different tools defined within the GROMACS v5.1.1
package. The parameters that were analyzed to measure structural changes in AP fibril structure
were same as has been explained in section 4.2.3 of chapter 4. Additionally, the contacts between

different residues have been determined by calculating the possible number of contacts and
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average minimum distance between them by g_mindist tool. The contact maps have been drawn

for neighboring chains by using g_mdmat tool.

7.3 RESULTS AND DISCUSSIONS

7.3.1 Validation of simulation data with experimental results

Before proceeding towards measuring different parameters to assess destabilization of the fibril
due to lycopene, MD ensembles obtained after 500 ns simulation were monitored for convergence.
In the present study the NMR chemical shifts for backbone Ca and C atoms of 2NAO.pdb given
in original pdb structure and ensembles obtained after 500 ns simulation of AB-LYC; system has
been compared by the help of SHIFTX2 package.** The higher correlation represented by R? value
0f'0.99 and 0.98 for Ca and Cp, respectively (Fig. 7.2a and b) signifies validation of PDB structure

(experimental) and simulated ensemble.

65 4
» Ca (AB-LYC,) . 704 = Cp (AP-LYC,) = Experimental
R%=0.99 ¢ R%=0.98 841 ¢ Simulation
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E 0
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Fig. 7.2. Correlation between the theoretical and experimental NMR chemical shifts. (a)-Ca.

and (b)-Cp atoms of A4 fibril structure and (c)-Comparison of simulated 3Jun-na coupling

constants of the A4z residues (red) with experimental measurements (black).
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The similar validation for PDB ID: 2BEG has also been reported 4>4¢ which well supports
the validation of PDB ID: 2NAO as well by the same method. Three-bond J-coupling constants
illustrated in Fig. 7.2c, calculated by Karplus equation using Vuister and bax parameters*’4® have
been found as 4.34 Hz for experimental and 4.36 Hz for simulated one. The close agreement found
for Three-bond J-coupling constants reported by Chong et al. for Ap monomer (PDB ID: 11YT)

are well in accordance with current findings.*°

7.3.2 Visual inspection of the trajectories of the systems

The visual inspection of both the systems (viz., S1 and S2) considered for MD simulation has been
presented in Fig. 7.3 and 7.4, respectively. Fig. 7.3a and 7.3b represent the initial configuration
(i.e. at zero ns) and after the completion of production run of 500 ns respectively for S1 system.
At the end of the simulation, a twisted structure of the fibril is observed (Fig. 7.3b). The twisting
without unwinding indicates that the secondary structure remains intact with a stable fibrillar
structure. Similar reports for the AP fibril (PDB ID: 2BEG) with enhanced stability and packing
of the side chains of the fibril without structural modification substantiates the current

observations.?51
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Fig. 7.3. VMD representation of snapshots of AB-Water at (a)-Initial and (b)-Final

configuration.

Fig. 7.4. VMD representation of snapshots of AB-LYCi at (a)-Initial and (b)-Final

configuration.
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Fig. 7.4a shows the combined system of A fibril and lycopene molecule. After running the system
for 500 ns, the fibril was observed to be highly perturbed and destabilized in the presence of
lycopene molecule (Fig. 7.4b). The ligand is found to be interacting with the upper surface of the
fibril suggesting the hindrance of the lycopene in accessing fibrillar cavity due to its rigidity and
large size. The rigidity of the lycopene structure mainly arises from the presence of large numbers
consecutive C=C bonds. The switching of -sheet configuration to coil or helical (Fig. 7.4b)
indicates the decrease in the B-sheet content, pointing towards the destabilization of the fibril in
the presence of lycopene.

Such high level of perturbations and twisting of the AP fibril as compared to the native
hexameric structure, highlights destabilization of the fibril and thus establishes lycopene as the
promising therapeutic bioactive against AD. The current observations are in parity with the
destabilized structure of AP fibril obtained upon interaction with ferulic acid,> fatty acids,>® and

THC®*. Below, we discuss the mechanistic details of the destabilization of AP fibril by lycopene.

7.3.3 Structural analysis of AP fibril upon Lycopene interaction

The structural stability of any protein or fibril depends on the global stability parameters such as,
RMSD, Ry, RMSF and SASA values. The Ca-RMSD value was calculated and depicted in Fig.
7.5a for different selections like the entire protein, chain A, chain F, and four B regions (viz., p1,
B3, B4 and B5). The data for chain B, C, D and E and B2 region has not been presented and selected
for further studies, as not much changes have been observed for them. The mean value of Ca-
RMSD for the entire protein has increased from 0.95 + 0.29 (AB-Water) to 1.05 = 0.49 (AB-LYC,)

nm in the presence of lycopene (Fig. 7.5a).
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Fig. 7.5. Average Ca-RMSD value for (a)-Different selections (Ap-Water (blue) and AB-LYC,

(red) and (b)-pro (Violet) and prolig (orange) in AB-LYC..

In view of the deeper investigation, the Ca-RMSD for individual chains A and F has also
been calculated and drawn in Fig. 7.5a. The selection of only these two chains is attributed to the
absence of significant deviation observed for Ca-RMSD for any other chains. We have observed
that Ca-RMSD of A and F chain of AB-LYC; system has been increased from 0.96 to 1.25 nm and
0.90 to 1.25 nm, respectively.

The corresponding time evolution of Ca-RMSD for all these selections has been depicted
in Fig. 7.6a-c, wherein the AB-LYC1 shows higher value compared to the AB-Water system,
indicating significant destabilization of the fibril in the presence of lycopene. Typically, the
stability of an AB-fibril is largely governed by B regions, responsible for cross-f3 arrangement
important for amyloid formation.>® In this view, the Ca-RMSD for B1, B3, p4 and B5 regions have

been calculated and depicted in Fig. 7.5a, wherein the average value for AB-LYC1 system has been
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found higher to the ApB-Water. The higher Ca-RMSD value for these four 3 regions for AB-LYC;
system point towards the destabilization of the entire fibril in the presence of lycopene. The time
evolution of Ca-RMSD for B1, B3, p4 and B5 regions is illustrated in Fig. 7.6d-g where it was

found to be increased in the presence of lycopene.
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Fig. 7.6. Time evolution of Ca-RMSD value of Ag-Water (blue) and AB-LYC: (red) for (a)-
Protein, (b)-Chain A and (c)-Chain F (d)-Betal, (e)-Beta3, (f)-Beta4, (g)-Beta5 and (h)-Rq for

protein.

The increment of Ca-RMSD from 1.05 nm in protein (pro) only to 2.26 nm in protein-
ligand (prolig) for AB-LYC: system (Fig. 7.5b), indicates contribution of lycopene towards
destabilization of the fibril. A similar observation on higher Ca-RMSD value for prolig system as
compared to the protein only construing destabilization has been reported with caffeine as the

ligand, is in close agreement with the present findings.>®
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Radius of gyration (Rg) measure the overall compactness of the fibril. Any loss of
compactness is an indication of disorganization of the fibril, leading to destabilization. We have
measured R for both S1 and S2 systems and found that Rq of S2 is 2.11 nm compared to 1.12 nm
in S1 (Fig. 7.7a). This large enhancement in Ry is a strong evidence of destabilization of the fibril
in the presence of lycopene. Our result matches qualitatively with the destabilization of A fibril
by D744 (a fluorinated compound)*® and Caffeine®® where a similar increase in Rq have been
observed. Time evolution of Rq has been presented in Fig. 7.6h wherein the stark difference has
been observed for AB-LYC; as compared to AB-Water.

The extent of destabilization has also been evaluated by average RMSF (Fig. 7.7b) and
SASA (Fig. 7.7c¢) values for the entire protein. Both the RMSF and SASA values have been found
to be marginally increased for S2 as compared to S1, indicating destabilization of the fibril in the
presence of lycopene. The increased RMSF value (Fig. 7.7b), which accounts for increased
flexibility of the fibrillar chains, is consistent with observations, where morin,>" wgx-50,% ellagic
acid®® have been used as ligands. The increased average SASA value (Fig. 7.7c) reflects the
increased hydrophilicity of the fibril in the presence of lycopene, resulting in higher mobility and

thus larger disorientation similar to reported for dihydrochalcone®® and ellagic acid®® molecule.
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Fig. 7.7. Average value of (a)-Rg and (b)-RMSF, (c)-SASA and (d)-Average no. of H-bonds

across various selection (AB-Water (blue) and AB-LYC, (red)).

7.3.4 Effect of Lycopene on H-bonds

Hydrogen bonds (intra- and inter-chain) plays a crucial role in formation, stability and integrity of
different structural motifs of proteins. Stability of a-helix and B-sheet structures are largely
governed by hydrogen bonds (H-bonds) both in a single protein and in an aggregate (viz. fibril).
The average number of H-bonds for the entire protein, inter-chain (A-B, B-C, E-F) and intra-chain
(A-A and F-F), two beta regions (4 and B5 region) have been determined for both the systems
and presented in Fig. 7.7d. Other selections (viz. inter-chain C-D and D-E and intra-chain B-B, C-
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C, D-D and E-E and B1, B2 and B3 regions) have been ignored due to lack of observational changes

in the number of H-bonds between two systems under investigation. The notable decrease in the

average number of H-bonds recorded for various selections in AB-LY C1 system as observed from

Fig. 7.7d and Table 7.2, indicates breakage of inherent H-bond network in the presence of

lycopene, suggesting a disorganized structure.

Table 7.2. Average No. of H-bonds with % reduction for each selection

S. No. Average No. of AB-Water AB-LYC: % Reduction
H-Bonds

1 PP 163.40 £ 0.34 159.90 £ 0.34 2.06 +0.39
2 Chain A-B 23.33+£0.15 19.87 £ 0.35 14.83 + 0.43
3 Chain B-C 24.99 + 0.46 23.33+£0.19 6.64 +0.34
4 Chain E-F 22.36 £ 0.15 14.48 + 0.32 35.24 £0.32
5 B4 5.47 +0.37 411 +0.10 24.86 £ 0.77
6 BS 7.75%+0.39 6.63 £0.10 14.45 + 0.32
7 Chain A-A 10.68 + 0.32 7.85+0.50 26.49 £ 0.32
8 Chain F-F 12.27 +0.16 10.89 + 0.16 11.24 +0.19
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The reduction of H-bonds for E-F and A-A is 35.24 % and 26.49 %, respectively, which suggests
that chain A and F are the most affected chains in the entire hexamer. Similarly, 4 and 5 region
reported loss of 24.86 % and 14.45 % respectively, suggesting instability in these regions leading
to instability of the fibril. The loss of number of H-bonds by BSB (beta sheet breaker) peptides,®*
MOS; based nanomaterial,®? and biflavonoid®® leading to distortion of the fibril, are in close

agreement with our results.

7.3.5 Effect of Lycopene on Inter-Chain Interactions

The inter-chain interactions driven by inter-residue contacts play a pivotal role in imparting the
strength and structural stability to any protein. The important pairs of contacts that are responsible
for the stability of the fibril are identified as: Q15-M35 and L17-M35.28 Fig. 7.8 represents the
inter-chain average distance for Q15-M35 contact for A-D, B-E and C-F and L17-M35 contact for
A-D and C-F. The average distance of Q17-M35 contact for inter-chain A-D, B-E and C-F (Fig.
7.8a) has been observed at increased value for AB-LYC: as compared to AB-Water system,
suggesting breakage of these contacts leading to the destabilization of the fibril. Similarly, the
average distance of L17-M35 contact for inter-chain A-D and C-F for AB-LY C1 has been increased
significantly (Fig. 7.8b) compared to AB-Water. However, not much change has been observed for
chain B-E for AB-LYC1 over AB-Water system. Our observations well-match with the reported
results based on dihydrochalcone,®® and flavonoid derivative,% ellagic acid,*® brazilin,*® and a
flavonoid compound® as the ligand. The higher value for average distance of inter-chain residues,

observed in AB-LYC; system elucidates the mechanistic details behind destabilization of the fibril.
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Fig. 7.8. Inter-Chain (a)-Q15-M35 distance for Chain A-D, Chain B-E and Chain C-F and
(b)-L17-M3S5 distance for Chain A-D and Chain C-F (Ap-Water (blue) and AB-LYC: (red)).

7.3.6 Effect of Lycopene on Intra-Chain Interactions

The intra-chain interactions, consisting of salt bridges and hydrophobic interactions, are believed
to be a major contributor towards strength and stability of AB-fibril.®>% The average distance of
K28-A42 (salt bridge), L17-L34 and 131-V36 (hydrophobic bonding) for both the chains (A and
F) and both the systems (S1 and S2) has been determined and illustrated in Fig. 7.9. The average
distance for AB-Water (viz., S1) system for all these pairs have been found within 0.5 nm (Fig.
7.9a-c), indicative of bond formation between them and thus govern the stability to chain A and F.
The K28-A42 distance of chain-A in AB-LYC; system has been increased to ~ 0.95 nm from ~
0.50 nm in AP-water (Fig. 7.9a), indicating breakage of salt-bridge, and hence instability in the

fibril.
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Fig. 7.9. Intra-Chain average distance for chains (A and F) for (a)-K28-A42 (b)-L17-L.34,
and (c)-131-Vv36 for Ap-Water (blue), AB-LYCa (red)).

The breaking of same salt bridge can be observed for chain F on account of increased intra-residual
distance to 0.54 nm in AB-LYCy from 0.41 nm in AB-Water (Fig. 7.9a). Similar breakage of salt-
bridge has also been observed of an LS shaped neurotoxic fibril (PDB ID: 50QV).%” The disruption
of salt-bridges reported in the presence of serotonin and melatonin® causing destabilization of the
fibril are in concordance to our findings. The role of hydrophobic interactions has been exemplary
for such high stability and strength of the amyloid fibrils®*%7° and symbolic to the fibrillization
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process.’* The distance between L17-L.34 has been found to be increased to 1.01 nm (chain A) and
1.08 nm (chain F) for AB-LYC;: system from 0.55 nm and 0.48 nm in AP-Water system,
respectively (Fig. 7.9b) indicating breakage of this bond for both chains A and F. Similarly, the
average distance for 131-V36 pair in Fig. 7.9c suggest breaking of these bonds in AB-LYC;yon
account of increased value of 0.74 nm for chain A as compared to 0.36 nm (AB-Water). The
destabilization of the fibril on account of breaking of intra-chain interactions in the presence of
lycopene is well supported by substantial destabilization of the fibril reported by polyunsaturated

fatty acids,> bis-tacrine compounds,®’ and arginine containing short peptides.*

7.3.7 Secondary Structure conformations in presence of Lycopene

The secondary structure analysis by the DSSP tool delivers the time evolution profile of possible
secondary structure configurations achievable by AP fibril. The higher -sheet content in A fibril
drives its amyloidogenesis, ensuing such stability and longevity of the fibril. A comparative
graphical description for the secondary structure profile for the entire fibril illustrated in Fig. 7.10a
and b for AB-Water and AB-LYCy, respectively, depicts loss of B-sheet and B-bridge content in
AB-LYC.. All the secondary structure contents have been quantified and tabulated in Table 7.3 for
both the systems, with % change (increase or decrease) recorded in AB-LYC: compared to Ap-
Water system. The decrease of 23.33% [B-sheet and 50% B-bridge content with simultaneous
increase of 20% coil and 40% turn explains the disorganization of the fibril in AB-LYC. To gain
more insights on the most affected chains by lycopene, the time evolution DSSP profile for chains

A and F have been plotted separately for both the systems in Fig. 7.10c-f.
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The presence of B-sheet and B-bridge in AB-Water in chain A and F can be viewed from Fig. 7.10c

and e, respectively. In contrast to Ap-Water, the emergence of a-helix and 3-helix in chain A and

F, respectively, in AB-LYCy has been observed (Fig. 7.10d and f). The observed higher helical

content in AB-LYC1 corresponds well with the higher hydrophilicity, and thus higher SASA values

as reported above (see section 7.3.3).”2 A similar reduction in B sheet content of AP fibril, leading

to its destabilization in the presence of caffeine,*® a fluorinated derivative of curcumin®® and

norepinephrine’ is found to be coherent with the current findings. The lowered B-sheet and higher

helical content collectively establishes the destabilization of the fibril, and inhibition to form

higher order aggregates in the presence of lycopene.

Table 7.3. Secondary Structure content for whole protein for both the systems

Secondary Structure AB-Water AB-LYC1 % Change
(%) Whole Protein Whole Protein (Increase (+) or
Whole Protein Decrease (-)
Caoil 40 48 (+) 20
B-Sheet 30 23 (-) 23.33
B-Bridge 4 2 (-) 50
Bend 15 19 (+) 26.66
Turn 5 7 (+) 40
a-helix 0 1 (+) 100

TH-2989_166107106
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7.3.8 Binding of Lycopene molecule with the AP fibril

The binding or interaction profile of any ligand with the protein is of highest significance and

forms the basis of any biological activity. The minimum average distance between the ligand and

all the six chains have been determined by g_mindist and plotted in Fig. 7.11a. Lycopene appears

to be interacting with the chain F of the fibril due to their closest proximity. The minimum distance

between lycopene and chain F of the fibril corroborates well with the increased RMSD value (Fig.

7.4a) and loss of native contacts of the fibril (Fig. 7.11b). The corroborated findings can be viewed

by contact maps in Fig. 7.11b, wherein the inherent contacts are found to be less between chain A-

B, B-C and E-F in AB-LYC; (lower panel) as compared to the AB-Water (upper panel).
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Fig. 7.11. (a)-Average distance between individual chains of Ap fibril and ligand (LYC) and
(b)-Contact maps between all neighboring chains in Ap-Water (upper panel) and AB-LYC1

(lower panel).

The loss of native contacts points towards the destabilization of the fibril in the presence
of lycopene. Similar findings of breaking of inherent contacts in A fibril in the presence of
curcumin and tetracycline are found in parity with our observations.”* From Fig. 7.12, it can be
clearly observed that the lycopene binds to the upper surface of the fibril via Gly9, Tyr10, Lys16,
Vall8 and Phe20 residues of chain F involved in interaction. The distance between interacting
entities of ligand and fibril has also been depicted with dashed line in Fig. 7.12. The number of
contacts, average minimum distance and kind of interaction depending on the property of the

residue is tabulated in Table 7.4.
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Fig. 7.12. VMD representation (new cartoon) depicting interactions between lycopene with
the chain F of the fibril (Methyl Groups in Green and Blue, C=C in Orange colour, Residues

in CPK representation).

Herein, the G9, K16 and V18, being the hydrophobic residues, are able to show van der Waals
interactions with the methyl groups present in the ligand. The possibility of n—= interaction has
been reported for Y10 and F20 of chain F of the fibril and C24=C25 and C7=C9 of the lycopene
owing to the aromatic residues and sp? hybridized carbons of the ligand respectively. This
interaction pattern explains the bonding regions of the lycopene on the surface of the fibril, thereby
perturbs its native contacts causing destabilization. The existence of these bonds both van der

Waals and n—n interaction, as tabulated in Tabel 7.4, have been postulated by calculating the
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average mean distance between these residues, thereby giving the mean distance (that comes in

the cut off range to form a bond) and number of contacts.

Table 7.4. Residues involved in binding of chain F of 2NAO.pdb and Lycopene

Residue Secondary Ligand Number Average Kind of
S. No. from Structure Conf. Part of Minimum Interaction
chain F Contacts Distance
(nm)
1. Gly9 Turn C34 (methyl 19 3.50 Van der Waals
(G9) group)
n—7 interaction
2. Tyrl0 Turn C24=C25 32 2.75
(Y10)
C29 (methyl
3. Lys16 [B-sheet group) 20 3.21 Van der Waals
(K16)
4. Vall8 [-sheet C24 (methyl 14 2.77 Van der Waals
(V18) group)
5. Phe20 Coail C7=C9 21 3.25 n—7 interaction
(F20)

This kind of surface-mediated interaction indicates the inherent rigidity and bulky size of lycopene

and explains the efficacy of the lycopene in destabilizing higher order fibrils like 2NAO without

even need for accessing their cavity. The molecular details gained by MD simulation for

TH-2989_166107106
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interaction and thus destabilization of the AP fibril by lycopene, establishes lycopene as a potential

drug candidate in treating AD.

7.3.9 Relation between high Lycopene concentration and destabilization

In order to understand the relation between higher concentration of the lycopene and extent of
destabilization, sixty molecules (viz., 10:1) have been added to the same AP fibril (viz., 2NAO)
by random insertion method. The system is denoted as AB-LYCeo and simulated of 500 ns
following the same strategy as explained in the method section (section 7.2.1). The VMD
representation of AB-LY Ceo System has been depicted in Fig. 7.13a, at zero ns which after 500 ns

of simulation is found to be destabilized on account of perturbations observed in Fig. 7.13b.

Fig. 7.13. VMD representation of snapshots of AB-LYC,, at (a)-Initial and (b)-Final

configuration.
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Various parameters has been measured such as, RMSD, Ry, SASA and number of H-bonds
Fig. 7.14a-e compares the results of RMSD, Rg, RMSF, SASA and number of H-bonds for Ap-
water respectively for AB-Water, AB-LYCy1, and AB-LY Ceo systems. It can be seen that AB-LY Ceo
system shows a marginal effect in destabilizing the fibril. The introduction of higher number of
lycopene molecules (sixty) does not present a linear correlation with the extent of destabilization,
suggesting the possibility of self-aggregation of lycopene molecules, as can be seen from Fig.
7.14b. Interaction between the like molecules exhibits the possible reason behind self-aggregation.

The self-aggregation of lycopene molecules restricts the interaction with the fibril.
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The quantification of average distance for inter-chain (Q15-M35) have also been measured
and plotted in Fig. 7.15a-c for chain A-D, B-E and C-F. However, no significant difference from

the AB-LYC: system was observed.
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Fig. 7.15. Inter-chain average Q15-M35 distance for (a)-Chain A-D, (b)-Chain B-E and (c)-
Chain C-F (upper panel) and Intra-chain average distance for chains (A and F) for (a)-K28-
A42, (b)- L17-L.34 and (c)-131-V36 residues (lower panel) where Ap-Water (blue), AB-LYC:
(red) and AB-LYCeo (green).

207
TH-2989_166107106



Chapter 7: Destabilization of preformed Fibrils by Lycopene

The similar or higher or even lesser values has been observed for AB-LY Ceo system for intra-chain
(K28-A42, L17-L34 and 131-V36 residues) contacts, depicted in Fig. 7.15d-f respectively. All
these observations collectively suggest the lack of direct correlation between destabilization and

higher concentration of lycopene molecules.

7.3.10 Interaction of Lycopene with U-shaped neurotoxic Ap fibril 2BEG.pdb)

In order to measure the destabilization effect of lycopene on the other disease relevant polymorphic
form of AP fibril, U-shaped neurotoxic fibril (PDB ID: 2BEG) has been considered. The 2BEG is
the pentameric structure with five chains having three 3 regions with 17-42 residue length for all
chains.” In this direction, one lycopene molecule has been placed randomly with the 2BEG and
simulated for 100 ns employing the same simulation strategy as explained in section 7.2.1 for
2NAO. The VMD representation of the final snapshot (at 100 ns) for 2BEG in water (2BEG-
Water) and 2BEG with lycopene (2BEG-LYC1) has been drawn in Fig. 7.16a and b respectively.
The terminal chain in 2BEG-LYC: is observed to lose its B-sheet content replacing it with the
random coil as compared to the 2BEG-Water (Fig. 7.16b), indicating destabilization of the fibril

in the presence of lycopene.
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2BEG-Water 2BEG-LYC,

Fig. 7.16. VMD representation of final configuration of 2BEG.pdb for (a)-2BEG-Water and
(b)-2BEG-LYC.1.

The increased RMSD value from 0.60 nm in 2BEG-Water to 0.69 nm in 2BEG-LYCy
system (Fig. 7.17a) supports the observation on destabilization of the fibril. The lack of observable
changes in Rg, RMSF and SASA values in Fig. 7.17b-d points towards the large size and inherent

rigidity of the lycopene molecule.
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Fig. 7.17. Average value of 2BEG-Water (blue) and 2BEG-LYC; (red) (a)-RMSD, (b)-Rg, (¢)-
RMSF and (d)-SASA.

However, the overall increment in the coil content with simultaneous decrease in 3-sheet content
(Fig. 7.18Db) supports the destabilization of 2BEG.pdb in the presence of lycopene. Similar findings
about destabilization of the AP fibril (PDB ID: 2BEG) on account of increased RMSD value and
decrease in B-sheet content by arginine containing short peptides are in parity with our

observations.®®
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Fig. 7.18. The DSSP time evolution for 100 ns for all the five chains for (a)-2BEG-Water and
(b)-2BEG-LYC:.

In both the AP polymorphs (viz., 2NAO and 2BEQG), the destabilization is observed in the presence
of lycopene. However, the binding sites are different - lycopene binds to the upper surface of
2NAO and fibrillar cavity in 2BEG. The stark difference observed in the access of the fibril by the
same ligand (lycopene) is insightful in preparing the ligand for effective destabilization towards a
promising therapeutic treatment for AD. Conclusively, from all the data and findings, lycopene

has been found to promote disorientation and destabilization of Ap fibrils inhibiting their further
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aggregation and neurotoxicity, and hence, establishes the potency of lycopene as a suitable lead

compound as a therapeutic agent for AD

7.4 CONCLUSION

The tomatoes which are an imperative part of the mediterranean diet and also consumed globally
in different cuisines in varied forms, are the richest source of lycopene. This carotenoid (lycopene)
is tested for its destabilization potential on AP fibrils (PDB ID: 2NAO and 2BEG) in the current
study. The mechanistic details provided by MD simulation highlight the interaction of lycopene to
the upper surface of the chain F of 2NAO. The binding was mediated by G9, K16 and V18 residues
by van der Waals and Y10 and F20 by n- interactions with the methyl groups and C=C bonds of
the lycopene, respectively. The binding of lycopene on the outer surface of the fibril is attributed
to the large size of the fibril, as well as the ligand itself. Lycopene is a large-size molecule with
high number of C-atoms forming a planar structure due to the presence of alternate C=C (viz., sp?
hybridized) bond. Therefore, the molecule possesses an inherent rigidity, which restricts in
accessing the cavity of the fibril. The interaction of lycopene with fibril is translated in breaking
of several inherent H-bonds and hydrophobic interactions in the fibril. The lowering of -sheet
content and increase in coil and helical configuration governs the disorientation of the fibril in the
presence of lycopene. Interestingly, the linear correlation between the higher lycopene content and
the extent of destabilization has not been observed, implying the effectiveness of lycopene in lower
dosages for curing AD. The destabilization of other polymorphic form (PDB ID: 2BEG) is also
observed in the presence of lycopene, wherein lycopene successfully accesses the cavity of the

fibril. The easiness of lycopene in accessing the cavity of 2BEG may be attributed to the relatively
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smaller size of the fibril compared to 2NAO. The increased RMSD value and lowering of 3-sheet
content explains the disorientation of the 2BEG.pdb in the presence of lycopene.

The current study indicates the crucial role of lycopene in destabilizing the major
neurotoxic polymorphs of A fibrl and establishes the lycopene as the potential preventive and
therapeutic choice to cure AD. Additionally, the present study also paves the pathway for screening
and testing of other carotenoids and terpenoids as well to check their destabilization potential on
AP fibrils. However, further detailed in-vitro and in-vivo studies are required to develop lycopene

as effective drug lead compound for treatment of AD.
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Chapter 8

Enhanced Stability of a Disaggregated
AP Fibril on Removal of Ligand
Inhibits Refibrillation: An All Atom

Molecular Dynamics Simulation Study
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In the current study, the effect of removal of ligand has been measured for its probability for
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refibrillation or enhanced stability of the destabilized complex. For this, the ellagic acid and
caffeine has been removed from their destabilized complex and simulated for 1 ps. The resultant
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increased RMSD, Ry, and SASA values in AB-REF” system indicates enhanced stability of the
destabilized structure. The lesser number of H-bonds and p-sheet explains enhanced
destabilization in AB-REF” system. The higher Gibbs free energy of the misaligned structure of
AB-REF” ensures irreversibility to the organized structure due to its inability to cross such high
energy barrier. The observed stability of the disaggregated structure, despite ligand elimination,
establishes the effectiveness of the destabilization technique as a promising therapeutic approaches

towards treating AD.

8.1 INTRODUCTION

In general, any drug demands the ADME (Absorption, Distribution, Metabolism and Excretion)
studies to satisfy the drugability concerns and enhance its drug likeliness.® The elimination of
hydrophobic drugs needs some biotransformation processes to make it more polar to be excreted
in urine, as kidney being the chief organ for elimination.? However, the hydrophilic drugs can be
cleared via renal function owing to their water solubility. The excretion of potential polyphenolic
destabilizers like caffeic acid® and ellagic acid* gets removed by kidney as reported. However,
irreversibility of the nutraceutical effect of any drug, after the drug is eliminated from the human
body, is a major concern and needs thorough investigation. The sustainability of the therapeutic
effect needs to be tested even after removal of the administered drug to enhance the therapeutic

value of the drug.

The deformed AP fibril can acquire two pathways upon ligand removal viz. refibrillation and
enhanced stability of the disorganized fibril. Therefore, investigation of the stability of the

destabilized fibril holds importance due to its biological relevance. There is a pool of scientific
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literature that highlights the significance of specific residues that have crucial role in B-sheet
organization, salt bridge formation and several hydrophobic interactions for the formation of A
fibril.>® The MD simulation tool” comes handy in determining the sustainability of the deformation
caused by the ligand. The unavailability of enough reports in this direction instigates the need for
more computational based studies to gain insights into the stability of destabilized AP fibril after
ligand removal. The extent of deformation in AP fibril, if observed, will facilitate the consideration

of destabilization approach as the promising therapeutics.

In the present work, the focus has been devoted in assessing the state of a deformed AP
fibril as a consequence of the removal of the ligand. The A fibril has been studied by all-atom
MD simulation for 1 us both with water (control/ AB-Water) and after ligand removal (test/ Ap-
REF”) system. The rationale behind this experiment is to check for the sustained deformation in
AP fibril by calculating various parameters. The substantial increase in RMSD and radius of
gyration (Rg) in AB-REF”’ demarcates enhanced disorganization of A fibril even after removal of
the ligand. The disruption of H-bonds (hydrogen bonds), salt bridges and other hydrophobic
contacts, decrease in B-sheet content indicates enhanced destabilization of the already deformed
AP fibril. The increased inter-chain distance led to the drifting of the terminal chains from the
pentamer. The correlation between increased SASA value and higher AG,, (polar solvation
energy) explains less interaction amongst residues and more with the solvent, supporting unfolding
of the fibril. The higher Gibbs free energy impedes crossing of the energy barrier by such
misaligned and destabilized structure in AB-REF”. This in turn ensures irreversibility of the
disoriented structure and impedes formation of higher order aggregates as well. The current
findings proposed low B-sheet content, higher SASA value and higher polar solvation energy as

main drivers behind the irreversibility of the disorganized fibrils to native conformation. These
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observations, reported for the first time, summarizes the effectiveness of the destabilization
technique, attributed to the irrevocability of the destabilized fibril to its original structure

explaining therapeutic efficacy towards AD.

8.2 METHODS

8.2.1 Defining the simulation system: Eliminating Ellagic acid (REF) from Af-
REF complex

This is well known fact that any drug that is being administered in the body, is eliminated from
the human system. This further demands the re-administration in the human system to bind to the
desired receptor or protein again. The current work identifies the stability of AP fibril after the
removal of bound ligand, REF (ellagic acid). Removal of ligand can have two possibilities-
refibrillation of the destabilized AP fibril to its native well organized structure or enhanced
destabilization. The simulated AB-REF complex (destabilized structure) as explained in previous
study® has been considered and ligand coordinates have been removed, thereby obtaining the
starting configuration for further simulation. The coordinate file after ligand removal, contains
protein structure and named as destab.gro and this test system has been designated as AB-REF”

with REF removed which is tested against the control system of AB-Water

8.2.2 Molecular Dynamics Simulation of AB-Water and AB-REF” Systems

The all-atom MD simulation of AB-Water (control) and AB-REF” (test) systems has been

performed using GROMACS v5.1.1° with GROMOS 96 54a7*%12 force field with SPC/E water
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model for solvation.'® The total numbers of atoms were 206201 and 31403 in AB-REF” and Ap-
Water system, respectively. Further the simulation procedure has been carried out the same way
as described in section 4.2.2 of chapter 4. The only point of difference is the length of the
production run which is 1000 ns or lus in the current study. The statistical significance and
reproducibility have been ensured by conducting three sets of simulation and plotting average data
for all the parameters discussed in following section. The visualizations of MD trajectories were

analyzed using VMD (Visual Molecular Dynamics) package,** similar to previous chapters.

8.2.3 Analysis of MD generated trajectories

The AP fibril is a pentamer structure (PDB ID: 2BEG) with five chains as A, B, C, D, and E,
having the same primary sequence, with A and E being the terminal chains. The fibrillar length is
from 17-42, with 1-16 residues being disordered and hence avoided for simulation and analysis.
Each chain has characteristic cross B-sheet, the prerequisite for fibrillation and stable organization
of amyloids. The fibrillar sequence is further divided into three regions - p1 region (18-26
residues), turn region (27-30 residues), and B2 region (31-42 residues) as depicted in Fig. 8.1a as

derived from VMD package.®®
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Zero ns 100 ns

Fig. 8.1. Snapshots of AB-Water at different time. Twisting of the fibril without major

changes in the system indicates stability of the structure after simulation.

We have calculated various parameters using different tools defined within the GROMACS
v5.1.1 package to assess the structural information of simulated structure. The various parameters
like Cao-RMSD, Rg, SASA, RMSF, H-bonds, secondary structure configurations, average
minimum distance between key residues and contact maps have been determined the same way as
previous chapters. Additionally, free energy landscape has been obtained by using g_sham, an
inbuilt tool in gromacs by considering Ca-RMSD and H-bonds as important components across
entire protein. The free energy landscape provides details on the possible configuration of the

protein. The detailed description for all the tools with commands has been given in Appendix A.
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8.2.4 Binding Mode analysis by MM-PBSA

The binding free energy (BFE) for chain A-B and D-E for AB-Water and AB-REF” system was
calculated by MM-PBSA tool (Molecular Mechanics Poisson-Boltzmann Surface Area).1%18 MM-

PBSA calculates the BFE from the MD trajectory based on the following equation [1]:

AGbind — AEMM .S AGpsolv + Aansolv —TAS [8.1]

where,, AE, 1S the molecular mechanics contribution in vacuum consisting of AE,;, and
AE,;.., AGPS°%is the polar contribution of solvation energy, calculated by the Poisson-Boltzmann
equation and AG™3°% is the nonpolar contribution towards binding, determined by solvent
accessible surface area (SASA) model. The high computational demand limits the calculation of
entropy contribution. Moreover, the relative change in entropy contribution (AS) towards free
energy calculation is negligible and thus has been ignored.®*2! The calculation of BFE in the
present study was done on the last 20 ns trajectory with At = 100 ps to reduce the computational
time. The BFE was calculated for both the terminal pairs so as to determine their ability to remain
intact to the parent pentamer. The solute and solvent dielectric constants were taken as 4 and 80,

respectively.
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8.3 RESULTS AND DISCUSSIONS

8.3.1 Visualization of Molecular dynamics trajectory of Ap-Water and AB-REF”

The simulation studies were conducted for 1 ps for both the systems to assess the effect of ligand
removal on destabilized AP fibril. The visualization of the configuration of AB-Water by VMD
has been represented as snapshots captured at zero ns, 100 ns and 1000 ns in Fig. 8.1 a-c,
respectively. The depiction for AB-REF” system for the same time points has been given as well,
in Fig. 8.2a-c wherein Fig. 8.2a represents the starting point of the simulation followed by
simulated structure at 100 ns (Fig. 8.2b) and 1000 ns (Fig. 8.2c). A marginal twisting that has been
observed at the ends of the organized structure for AB-Water system (Fig. 8.1c) imparts more
stability to the fibril, which is well-matched with observations reported by others.??> The VMD
snapshots are illustrated in new cartoon form, highlighting their secondary structure configuration
with coil (grey), turn (cyan) and B-sheet (yellow) for both the systems in Fig. 8.1 and 8.2a-c. As
viewed from Fig. 8.2b, higher level of perturbations and disorganization has been observed in AP

fibril in AB-REF” system at 100 ns itself, which increased to further extent at 1000 ns (Fig. 8.2c).
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(b)

Zero ns

(©) a
\\_\f“'._', \ "‘A. A

1000 ns

Fig. 8.2. Snapshots of AB-REF” at different time intervals. The destabilization of the Ap fibril
is observed at 100 ns which extends to higher disorganization at 1000 ns with drifting of the

terminal chains A and E from the parent pentamer.

The breaking of the AP pentamer in trimer and dimer wherein, the terminal chains A and
E breaks apart from the parent pentamer structure (refer Fig. 8.2c) was observed indicating highly
perturbed structure. The current observation strongly suggests that there is extremely low
possibility of refibrillation of the highly misaligned and unstructured fibril.?® The misaligned
structure of AP fibril thus obtained, shares structural similarity with the stable states that are
explained as stable intermediates during aggregation process inhibiting reversibility to form

organized fibril and further aggregation as well.?* The extent of destabilization thus observed in
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AB-REF” system envisages the importance of destabilization approach as the better therapeutic

intervention for AD.

8.3.2 Global stability parameters of AB-Water and AB-REF”

The global stability parameters like Ca-RMSD, Ry and SASA, have been calculated for both the
systems, which demarcated a trend of enhanced destabilization in the AB-REF” system as
compared to the control one. In Fig. 8.3, Ca-RMSD have been plotted for various selections such
as, the entire protein (Fig. 8.3a), individual chains (Fig. 8.3b-f respectively) and different regions
(viz., B1, turn and B2 in Fig. 8.3g-1, respectively). The trend for different selection groups are
depicted in black for AB-Water and red for AB-REF” system in all the graphs. In all these Figures,
the average Ca-RMSD value has been found to be significantly higher for AB-REF” as compared
to the AB-Water for all the selections. The average Ca-RMSD value for the entire protein has been
recorded as 4.50 nm for AP fibril in AB-REF”, which is noticeably higher than 0.58 nm in case of
AB-Water system. Similarly, the average Ca-RMSD value has been recorded as 7.18 nm for chain
A in AB-REF” system which is significantly higher as compared to 1.15 nm in case of AB-Water.
Such remarkably high Ca-RMSD values clearly indicates towards the enhanced destabilization of
the already destabilized fibril, thereby minimizing propensity for refibrillation. The considerable
increase of 2.32 nm in Ca-RMSD for chain E in AB-REF” (3.48 nm) from 1.16 nm in AB-Water

indicates higher degree of deformation. The drifting of both the terminal chains from the parent
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pentamer as viewed from Fig. 8.3b and 8.3f is well augmented by spiked Ca-RMSD values

reported for AB-REF” system as compared to the control system.
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Fig. 8.3. Time evolution of Ca-RMSD of AB-Water (black) and AB-REF” (red) for different
selections. The increased Ca-RMSD value for protein, chain A, B, C, D and E and 1, turn

and B2 region in AB-REF” system indicates disorganization as compared to the AB-Water.

The current findings are found in parity with increased Ca-RMSD value for AP fibril as

reported for Omega-3 PUFAs, leading to destabilization.?® Such observations direct towards the
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irreversible destabilization in the AP fibril on account of introduction and then removal of ligand,

reinstating the destabilization as a promising approach to treat AD.

The Rg value, which is an indicative of the flexibility, and SASA value accounting for
hydrophobic and hydrophilic composition of a protein structure?® have been determined. The bar
charts based on the mean values have been plotted for Rg and SASA values in Fig. 8.4a and 8.4b,
respectively. The higher Rq value of 7.38 + 0.45 nm measured for AP fibril in AB-REF” system is
found considerably higher than the 1.35 + 0.34 nm as recorded in Ap-water (Fig. 8.4a). The higher
SASA value of 76.40 + 0.45 nm? in AB-REF” in comparison with 67.10 + 0.25 nm? in AB-Water

system (Fig. 8.4b) highlight greater unfolding of the AP fibril upon ligand elimination.

@) ®)
121 [] Ap-Water [ Ap-REF" 1004 [ Ap-Water [l Ap-REF"
10- '
_ &~ 80
E 4 £
k= c
o ~— 60
o 61 &
& S 401
¥ 4 % |
2. 201
0- 0-
Rg Rg SASA SASA

Fig. 8.4. Average value of (a) Rg and (b) SASA for Ap-Water (blue) and AB-REF” (pink).
The increased Rg and SASA for AB-REF” indicates higher flexibility, lesser compactness and
more interaction with the solvent molecules as compared to the AB-Water, which is compact

and organized.
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The higher Rq value for A fibril when interacted with flavonoids wherein non-toxic amorphous
aggregates are formed, well supports the current findings.?” The current results are well
synchronized with the destabilization effect observed by ellagic acid due to increased SASA of the
protein.® The increased Rq and SASA values for AP fibril in AB-REF” system demarcates the
decreased compactness and higher accessibility of the fibril to the solvent molecules. As a result,
the obtained misaligned structure becomes more stable compared to the initial one, and therefore

inhibits the refibrillation to the original state.

8.3.3 Secondary structure determination: The decisive role of secondary conformations

in the structural determination, stability, longevity and functionality of the protein is well known.
The stability of AP fibrils is largely governed by higher B-sheet content, which manifests the
formation of a well-organized cross p motif. The DSSP? tool delivers the time evolution profile
of possible secondary structure configurations achievable by AP fibril as depicted in Fig. 8.5. The
higher number of B-sheet content denoted by green color in Fig. 8.5a reflects stability and
organized structure of AP fibril in AB-Water. However, the 3-sheet content is highly compromised
and replaced by coil (dark blue) and bend (orange) content in AB-REF” (Fig. 8.5b), marking further

destabilization.

The percentage content of the different possible secondary structures for both the systems
(viz., AB-Water and AB-REF”) has been tabulated in Table 8.1. The -sheet content shows a large
reduction from 40% in AB-Water to 18% in AB-REF”, whereas, the bend content shows an
enhancement from 12% in AB-Water to 21% in AB-REF” (Table 8.1). The secondary structure

profiling for AB-Water and AB-REF” clearly demonstrates the enhanced destabilization of the
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already disarranged AP fibril upon ligand removal. The significant decrease in the B-sheet content
ensures an obstruction to reorganization of the fibril and formation of higher order aggregates as

well, barring neurotoxicity of otherwise toxic AP fibrils.
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Fig. 8.5. DSSP representation of secondary structures for (a) Ap-Water and (b) AB-REF”.
The lower B-sheet content and higher coil content in AB-REF” indicates destabilization of
the fibril in off-pathway aggregates rather than the organized neurotoxic A fibrils in Ap-
Water.

A similar reduction in B-sheet content of AP fibril leading to its destabilization in the

presence of caffeine,?” D744 (a fluorinated derivative of curcumin)?®, and norepinephrine® is

found to be coherent with the current findings. The loss in B-sheet content and remarkable increase
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in the coil and bend content assures destabilization to a greater extent and formation of off-pathway

aggregates which further locks the conformation for further fibrillization.

Table 8.1. Secondary structures for (a) Ap-Water and (b) Ap-REF”

Secondary Structure (%) AB-Water AB-REF”
Coll 37 47
B-Sheet 40 18
B-Bridge 4 4
Bend 12 21
Turn 4 6
a-helix 0 1
3-helix 0 0
Chain_Separator 3 3
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The results have been corroborated well by interaction of neobavaisoflavone on A fibril
wherein loss in B sheet content leads to the formation of amorphous or off-pathway aggregates.?®
Such highly disoriented structure due to high helical and low 3 sheet content suggests similarity
with the amorphous aggregates, as reported by in-vitro interaction of ferulic acid with Ap fibril.!
The amorphous aggregates ensures the non-neurotoxicity and inability to form ordered fibrils

further.

8.3.4 Effect on different bonds in AP fibril upon removal of ligand

8.3.4.1 Hydrogen-Bonds: The theoretical®> and experimental®® studies outlines the importance of
an extensive H-bond network contributing towards the stability of A fibrils. The average number
of H-bonds for various selections such as, the entire protein, chain A-B, B-C, C-D and D-E, B1,
turn and B2 region have been determined, and depicted in Fig. 8.6. The substantial decrease in H-
bonds for the entire protein and neighboring inter-chain selections (Fig. 8.6) manifests such high

degree of disarrangement of A fibril.

The average number of H-bonds for above-mentioned selection groups have also been
tabulated in Table 8.2, which shows marked decline in AB-REF” as compared to Ap-water system.
The average number of H-Bonds for inter-peptide chain A-B was recorded to be 14.543 £ 0.45 for
APB-Water, which decreased to 2.571 £+ 0.34 in AB-REF”. This 82.32% reduction clearly highlight
upon the breakage of H-bonds between chains A-B, pointing towards outward movement of chain
A from the pentamer. Additionally, the turn region for all the chains is highly affected with 53.51%
reduction in H-bonds in AB-REF” from AP-water system, suggesting greater relaxation of the

entire AP fibril after removal of the ligand.
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Fig. 8.6. Average number of H-bonds for AB-Water (blue) and Ap-REF” (pink) for different
pairs. The lesser H-bonds observed for AB-REF” system in entire protein, inter-chain A-B,
B-C, C-D and D-E and intra-region p1, turn and B2 indicates the compromised stability and

integrity of the fibril.

These observations are in close agreement with the destabilization of AP fibril by wgx-50,
a novel compound from Sichuan pepper on account of drastic decrease in both intra- and inter-
chain H-bonds.3* The low number of H-bonds recorded for AP fibril in AB-REF” points out further

prevention of refibrillation and elongation despite removal of the ligand.
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Table 8.2. Number of H-bonds and % reduction for (a) Ap-Water and (b) Ap-REF”

Average number of H-Bonds AB-Water AB-REF” % Reduction
Pro-Pro 74.779 64.997 13.08
Chain A-B 14.543 2.571 82.32
Chain B-C 16.081 8.548 46.84
Chain C-D 12.352 6.854 4451
Chain D-E 6.884 6.153 10.61
Bl 23.292 18.992 18.46
Turn 4.167 1.937 53.51
B2 25.292 15.536 38.57
240
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8.3.4.2 Backbone Stability by K28-K28 residue interactions: The interaction between K28-K28
residues are key interactions that holds the integrity of the backbone of any protein structure. The
average minimum distance between K28-K28 residues for all neighboring chain combination (viz.,
A-B, B-C, C-D and D-E) has been measured. The same has been plotted as interval plots with 95
% CI (confidence interval) around mean value in Fig. 8.7. AB-Water and AB-REF” are represented

blue and pink color, respectively.
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Fig. 8.7. Average K28-K28 Distance for Ap-Water (blue) and AB-REF” (pink) for different
pairs. The increased distance observed for inter-chain A-B, B-C and D-E in AB-REF” system
indicates breaking of K28-K28 bonds at these places and thus the destabilization of the AP
fibril in this system as compared to the Ap-\Water.
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In Fig. 8.7, the value denoted in pink is found to be very high than values in blue for all the
selection groups. The average value for chain A-B was measured to be 0.40 nm for ApB-Water
which has been increased to 1.86 nm for AB-REF” system, pointing on the breakage of the bond
and thereby disorganization of the AP pentamer. The similar increment in K28-K28 residue
leading to destabilization has been reported in AP fibril when caffeine has been introduced.®® The
instability introduced in backbone, disorganize the entire protein and conciliates prevention of
reorganization of AP fibril. This reinstates the ligand removal approach as one of the promising

therapeutics to treat AD.

8.3.4.3. Salt-Bridge formation by D23-K28 Residues: Salt bridges®®® are electrostatic
interactions that impart stability to the protein and influence its structural conformation which in
turn governs pattern recognition, function, degradation pattern, and catalytic activity.®® In the
present study, we have calculated the average distance between D23 and K28 residues for all inter-
and intra-chain combinations for both APB-Water and AB-REF” systems. The average values have
been plotted as bar graphs for all the selections in Fig. 8.8, with AB-Water and AB-REF”

represented by blue and pink color respectively.

The inter-residual distance between D23 of chain A and K28 of neighboring chain B was
measured as 1.09 nm for Ap-Water that has been increased to 2.63 nm in AB-REF”. Similarly, the
considerable increase in the average distance from Ap-Water to AB-REF” has been recorded for
chain B-C (from 0.45 nm to 2.67 nm) and chain C-D (from 0.87 nm to 1.95 nm) as well. The intra-
chain D23-K28 residual distance has been found to be increased for terminal chain E, which

indicates it’s drifting apart from the AP fibril. From Fig. 8.8, it can clearly be inferred that such a
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pronounced increase in the distance between D23-K28 residues results in disorganized A fibril

structure, and marks enhanced destabilization.
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Fig. 8.8. Average D23-K28 Distance for Ap-Water (blue) and AB-REF” (pink) for different
pairs. The increased distance observed for inter-chain A-B, B-C and C-D and intra-chain C-
C, D-D and E-E in AB-REF” system indicates breaking of D23-K28 bonds at these places and
thus the destabilization of the AP fibril in this system as compared to the Ap-\Water.

The results thus obtained are found to be concurrent with the breaking of salt bridges of

AB fibril in the presence of copper ions,>® C-60 fullerene,*® surfactin** molecules, and beta sheet
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breakers** leading to the destabilization of AP fibril. This explains the importance of ligand

removal approach for enhanced destabilization as promising method for treating AD.

8.3.4.4 Hydrophobic contacts: The major contributors towards the folding pattern and stability
of the protein are hydrophobic interaction due to presence of hydrophobic residues. The burying
of hydrophobic residues inside the solvent inaccessible cavity provides such remarkable strength
to amyloid fibrils.*® According to the principle of PASA (Principle of Amyloid Self-Assembly),
the most stable fibrillar structure possesses the maximum number of inter- and intra-peptide
hydrophobic interactions.** The crucial hydrophobic contact pairs reported for the current
pentamer AP structure are 1.34-V36, A21-V36, and F19-G38.%° All these residues interact in both

intra- and inter-peptide manner to provide structural stability to the AP fibril.

We have calculated mean distance between these residues to estimate the probability of
bond formation between them. The inter-residual distance between all neighboring pairs (viz.,
chain A-B, B-C, C-D and D-E) has been depicted in Fig. 8.9 as bar graphs representing average
mean values with AB-water in blue and AB-REF” represented in pink. The inter-residual distance
between L34 of chain A and V36 of chain B was estimated as 0.43 nm for Ap-Water, which was
increased to 2.65 nm in AB-REF” system (Fig. 8.9), highlighting bond breakage. The value
recorded for average distance of L34-V36 between chains D-E has been found to be 0.41 nm for
AB-Water that has been increased to 0.93 nm in AB-REF” system. The significant increase in the
mean distance implies inhibition of bond formation between L34 and V36 for all the neighboring

chains construing the organization and stability of the AP fibril upon ligand removal.
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Fig. 8.9. Average L34-V36 Distance for Ap-Water (blue) and AB-REF” (pink) for different
pairs. The increased distance observed for inter-chain A-B, C-D and D-E in AB-REF” system
indicates breaking of L34-V36 bonds at these places and thus the destabilization of the Ap
fibril in this system as compared to the Ap-Water.

Likewise, the hydrophobic residue interaction between A21 and V36 for all the chains
(inter and intra) has been accessed and plotted as interval plots in Fig. 8.10. The mean distance
between chain A and B for residue A21 and V36 has been found to be 2.51 nm in AB-REF” which
is remarkably higher than AB-Water (0.79 nm) system (Fig. 8.10). The similar sharp increment of
1.24 nm, 0.3 nm and 0.71 nm has been reported for Chain B-C, C-D and D-E respectively in Ap-
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REF” system. Such increase in intra- and inter-chain distance in AB-REF” system, points towards
compromised bond stability thereby, affecting the entire pentamer structure. Additionally, the
increased mean distance between A21 and V36 within the same chain impedes the bond formation
thereby further destabilizing the already misaligned structure in AB-REF” system, as depicted in

Fig. 8.10.
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Fig. 8.10. Average A21-V36 Distance for Ap-Water (blue) and AB-REF” (pink) for different
pairs. The increased distance observed for inter-chain A-B, B-C and D-E and intra-chain A-
A, B-B, C-Cand E-E in AB-REF” system indicates breaking of A21-V36 bonds at these places
and thus the destabilization of the A fibril in this system as compared to the AB-Water.

246
TH-2989_166107106



Chapter 8: Refibrillation is inhibited after removing the Ligand

One more key interaction between F19-G38 has been calculated for its ability for bond
formation which is a function of the distance between these residues. The average mean distance
for inter-chain in AP fibril (viz., A-B, B-C, C-D and D-E) and intra-chain peptide interaction (viz.

A-A, B-B, C-C, D-D and E-E) for F19-G38 pair has been plotted as an interval plot in Fig. 8.11.
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Fig. 8.11. Average F19-G38 Distance for AB-Water (blue) and AB-REF” (pink) for different
pairs. The increased distance observed for inter-chain A-B and B-C and intra-chain A-A, B-
B, C-C, D-D and E-E in AB-REF” system indicates breaking of F19-G38 bonds at these places
and thus the destabilization of the A fibril in this system as compared to the AB-\Water.

247
TH-2989_166107106



Chapter 8: Refibrillation is inhibited after removing the Ligand

Although there has been an increase in the mean distance for all the selections under study, but
chain A has been found to be the most affected one. The increased distance of 1.8 nm for chain A-
B and 0.67 nm for chain A-A from AB-Water to AB-REF” system clearly highlight the obstruction
of bond formation between these chains leading to drifting of chain A from the pentamer.
Similarly, the obstruction in bond formation in F19-G38 residues for intra and inter chains of all
other peptide chains manifest the highly disorganized AP fibril structure as viewed in Fig. 8.2c.
This increased distance between hydrophobic residues for all the chains implies breaking of these
bonds in the AB-REF” system, leading to the misalignment and disruption of the entire fibrillar
structure of AP fibril. The similar findings have been reported for AP fibril where destabilization
is attributed to breaking of hydrophobic interactions when serotonin and melatonin has been
introduced.*® The current observation highlight upon the irreversible destabilization of Ap fibril
achieved by removal of ligand thereby pinning importance of destabilization approach as a better

therapeutic intervention for AD.

8.3.5 Inter-Chain Distance Matrix: The residue-residue contact between neighboring

chains at both the terminals of the fibril has been determined via a distance matrix. The contact
map analysis has been depicted in Fig. 8.12 for chain A-B (upper panel) and D-E (lower panel) for
both the systems under investigation. Herein, representation for AB-Water and AB-REF” has been
depicted in left and right side respectively in both the panels. It is clearly evident that the residue
— residue contacts for both the chain A-B and D-E has been highly repressed in AB-REF” as
compared to AB-Water (Fig. 8.12). The portrayal of blank spaces in distance matrices demonstrates
the breaking of bonds in chain A-B (Fig. 8.12b) and D-E (Fig. 8.12d) indicates drifting of these

chains from the parent AP fibril thereby pointing enhanced destabilization on AB-REF”.
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Fig. 8.12. Inter-chain distance matrix for Ap-Water (left) and AB-REF” (right) for chain A-
B (upper panel) and for Ap-Water (left) and AB-REF” (right) for chain D-E (lower panel).
No contacts have been observed for chain A-B and D-E in AB-REF” system explaining

drifting of chains A and E from the parent pentamer.
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The similar contact maps have been represented in various other reports with
norepinephrine®, omega-3 PUFAs?® and D744 ( a curcumin derivative)® with evidence on

breakage of chains, which very well corroborates with our findings.

The breaking of residual contacts is resultant of the increased inter-chain distance between
neighboring chains as depicted in Fig. 8.13 which compliments well with the contact map analysis

depicted in Fig. 8.12.
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Fig. 8.13. Average Inter-chain distance for Ap-Water (blue) and AB-REF” (pink) for
different pairs. The increased distance observed for inter-chain A-B and D-E in AB-REF”
system indicates drifting of chains A and E from the parent pentamer structured as

compared to the Ap-Water.
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The inter-chain distance computed by g mindist tool has been recorded as 0.16 nm in Af-
Water that has been increased to 0.47 nm in AB-REF”, indicating the drifting apart of chain A from
the organized fibril. Similarly, a considerable increase of 0.14 nm in AB-REF” for distance
between chain D-E has been observed, indicating moving apart of chain E from the pentamer (Fig.
8.13). The unaltered distance observed for both the chains, B-C and C-D in both AB-Water
(control) and AB-REF” (test) systems, indicated sustenance of their native structure. The
corroboration between breaking of residual contacts on account of increased inter-chain distance
explains the misaligned structure as observed in Fig. 8.2c. The consideration of destabilization

approach has got one more evidence for its therapeutic intervention.

8.3.6 Free Energy Landscape: The free energy landscape (FEL) is the representation of the

Gibbs free energy (kcal/mol) that demonstrates the folding pattern and motion in the protein. The
FEL helps in understanding the dominant motions and conformational changes that are induced
on introduction or removal of ligand. The FEL is constructed via principal component analysis
(PCA) traversing the protein trajectory. This helps in resolution of the folding dynamics of the
trajectories despite they look very similar upon visual inspection.*” In the current work, we have
constructed a 2D FEL for both the systems AB-Water and AB-REF” under investigation as a
function of Ca-RMSD value and number of H-bonds for the entire protein (intra- and inter-chain).
As depicted in Fig. 8.14, FEL highlight minima energy basins in blue and highest energy states in
red for both AB-Water (left panel) and AB-REF” (right panel). The blue spots, concentrated in a
single region, signifying the stable and folded state of AP fibril in the absence of ligand interaction.

Contrarily, more number of highly scattered regions of the blue spots observed in AB-REF” system
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highlight upon the unfolded and collapsed state of the pentamer, pointing enhanced destabilization

in this system.

(2) (b)

PC2
PC2

PC1 PC1
G(KJ/mol) 16.4 G(KJ/mol) 14.3

-ri -fi

Fig. 8.14. Free Energy Landscape for (a) AB-Water and (b) AB-REF”. (*PC1 = Ca-RMSD
(pro), PC2 = Average number of H-bonds (pp)). Higher number of scattered blue regions
observed for AB-REF” system indicates highly collapsed and unfolded structure of the fibril
indicating destabilization of the fibril as compared to the AB-Water.

The higher Gibbs free energy in AB-REF” system indicates unfolded and disorganized state
of the AP fibril, thereby concluding the destabilization by the natural ligand as a promising
therapeutic approach. Interestingly, the FEL plot observed for AB-REF” can be correlated to the

disappearance of the 3 sheet structure in terminal chain, A (Fig. 8.2c). A similar conformation has
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been reported in case of hlIAPP, an amyloidogenic protein, interacting with EGCG wherein the
disappearance of B-sheet was observed.*® The studies are also found in close proximity with the
observations where native proteins are found to be in folded state as compared to the mutant ones
on account of the lower Gibbs free energy.*® Similar results of higher Gibbs free energy,
represented by scattered blue spots, have been reported in AP fibril upon binding of hybrid of

resveratrol and clioquinol compound.*

8.3.7 Binding Free Energy analysis of the terminal neighboring chains: The MM-
PBSA method is integrated with MD simulation with an objective to gain deeper insights on the
binding affinity of the neighboring terminal chains in the absence of ligand. The detailed inter-
chain binding free energy (BFE) analysis for chain A-B and D-E for AB-Water and AB-REF”
system has been tabulated in Table 8.3. The lowest Gpnqing Observed for chain A-B (-448.45 +
51.39 kcal/mol) for AB-Water system (Table 8.3), clearly indicates the highest affinity of these
two chains. On contrary, the unfavorable positive Gp;nqing Of 3.21 + 1.77 kcal/mol has been
reported for chain A-B when ligand is removed, indicating falling apart of the interaction between
these chains in AB-REF”. Similarly, Gpinging OF -103.11 + 39.04 kcal/mol for terminal chain D-E
for AB-Water system has been found to increase to 10.83 + 6.47 kcal/mol for AB-REF”, indicating
the breaking of this inter-chain pair. The estimation of various other associated energy terms, such
as, AEyy, AGPS°Y, and AG™S°Y provide more precision on nature of dominant interactions

involved in binding.>!
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Table 8.3. MM-PBSA description for Ag-Water and AB-REF” for terminal pairs

Energy Terms | Inter-chain (chain | Inter-chain (chain | Inter-chain (chain | Inter-chain (chain
A and B) BFE for | A and B) BFE for | D and E) BFE for | D and E) BFE for
AB-Water AB-REF” AB-Water AB-REF”
(Kcal/mol) (Kcal/mol) (Kcal/mol) (Kcal/mol)
AE ,qw -380.614 £ 3.89 0 -316.55 + 4.05 0
AE e -678.3+£275 7.91+0.13 16.14 + 2.24 14.54 £ 0.52
AE yyppa -1058.91 + 31.4 7.91+0.13 -300.41 + 6.29 14.54 £ 0.52
AG, 660.26 + 19.64 -5.29+1.28 234.37 £11.86 -3.60 = 1.99
AG s -49.8+0.3 0.59 +0.36 -37.14 £ 0.69 -0.11+0.24
AG b 610.46 + 19.99 -4.7+ 1.64 197.23 + 12.55 -3.71+2.18
AGpindinge -448.45 + 51.39 3.21+1.77 -103.11 + 39.04 10.83 £ 2.7
aAEMM - AEVdW + AE9|GC bAGsolv =AG ps + AanS CAGbinding = AEMM + AGsolv

TH-2989_166107106
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The notable zero value for AE,,;;,, on account of van der Waals contributions signifies the
breaking of various hydrophobic interactions between non polar residues across the fibrillar length
which has been depicted in Fig. 8.9-8.11. The AE,,.. that gives idea about the electrostatic
interactions between charged residues in neighboring chains is found to be higher or positive in
AB-REF” system highlighting breakage of these bonds which is in parity with the observations
reported in Fig. 8.8. Interestingly, the favorable non polar contribution expressed by AG,,,,s in AB-
Water and unfavorable AG,,,s in AB-REF” is found to be contrary to the SASA values observed.
The reason for the indirect relationship between SASA values in Fig. 8.4b with AG,,,s calculated
by MM-PBSA is the interaction of residues with water and in residues amongst themselves
respectively. The increased SASA values in AB-REF” explains the interaction of AP residues to
the solvent rather than the hydrophobic residues among demarcating unfolding. Correlatively, the
polar solvation energy expressed by AG, is found to be favorable for AB-REF” on account of
increased SASA value, which explains limited interaction amongst terminal peptides. The current
findings draw a possible direct correlation between high SASA values and physical significance
of polar solvation contribution in the binding or unbinding. This also corroborates well with the
contribution of van der Waals interaction towards binding of the terminal chains in Ap-Water
which lacks completely in AB-REF”. The current observation on disorganization of the entire
pentamer with chain A and E drifting apart is a cumulative effect of breakage of all salt bridges

and hydrophobic interactions as depicted and explained in Fig. 8.8-8.11 already.

The similar reports of the unfavorable binding energy as observed for protein-inhibitor
complex, directs its non-binding towards MurA enzyme for inhibitory studies as mentioned®?
which explains no interaction between enzyme and the receptor. The positive Gpinqing €Nergy

reported due to alanine mutations also indicates the destabilization and inhibition of further
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elongation of the AP fibril.>® Recently, positive binding energy was reported for bexarotene with
AP dimers, indicating no binding affinity,>* which substantiates our current findings. These
observations relate towards the drifting of terminal chains from the pentamer. Simultaneously, the
obtained destabilized structure on account positive energy barrier (difficult to cross) impedes
irrevocability towards the organized amyloid structure. These observations helps in establishing
the destabilization technique as the promiscuous therapeutic intervention for AD owing to its

irreversibility.

8.3.8 Supporting studies from removal of caffeine: The efficacy of ligand removal

strategy as one of the promising therapeutic approach, pertinent to the inhibition of refibrillation
of the already destabilized A fibril is well explained in the current work. To substantiate the same,
we have also ran a 100 ns simulation following the same methodology with caffeine (CFF)
removed from the destabilized structure. The destabilization effect observed in AP fibril upon
introduction of caffeine has been explained in detail in our previous work.* This supporting study
implies the removal of one caffeine molecule from the AP fibril system, denoted as AB-CFF”, and
ran for 100 ns simulation using CHARMMZ22* force field with all the other parameters same as
the methodology section in the current work. The comparative analysis has been done in a similar

way between AP-Water as the control system and AB-CFF” being the test one. The visual
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inspection by VMD given in Fig. 8.15a and 8.15b, clearly indicates the detachment of one terminal

chain (Fig. 8.15b) from pentamer in AB-CFF” system when caffeine molecule is removed.

(b)

AB-CFF” (100 ns)

Fig. 8.15. Final snapshot of (a) AB-Water and (b) Ap-CFF” system after 100 ns of simulation.
The destabilization observed in AB-CFF” system with detachment of terminal chain explains

effectiveness of the destabilization technique.

The higher fluctuations in RMSD in AB-CFF” in all selections, Fig. 8.16, demarcates the

extent of destabilization in the entire fibril upon ligand removal.
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Fig. 8.16. Time evolution of Ca-RMSD of Ap-Water (black) and AB-CFF” (red) for different

selections. The increased Ca-RMSD value for protein, chain A, B, C, D and E and p1, turn

and B2 region in AB-CFF” system indicates disorganization as compared to the Ap-Water.
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The increased Ry and SASA values recorded for AB-CFF” system as compared to AB-
Water (Fig. 8.17a and 8.17b respectively) indicates higher unfolding of the fibril, and thus

higher interaction with the solvent molecules.

@) | [0 Ap-Water (pro) I AB-CFF" (pro) |~ ®) 100 | F] Ap-Water (pro) [ AB-CFF" (pro)

Ry Ry SASA SASA

Fig. 8.17. Average value of (a) Ry and (b) SASA for Ap-Water (blue) and AB-CFF” (pink).
The increased Rg and SASA for AB-CFF” indicates higher flexibility, lesser compactness and
more interaction with the solvent molecules as compared to the Ap-Water, which is compact

and organized.

The detachment of terminal chain E can be assessed from no H-bonds observed between

chain D-E (Fig. 8.18a), increased inter-chain distance between chain D and E (Fig. 8.18b).
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Fig. 8.18. Average numbers of (a) H-bonds and (b) Interchain Distance for Ap-Water (blue)
and AB-CFF” (pink) for different pairs. Less Number of H-bonds observed for all the
selections indicates loss of integrity of the fibril in AB-CFF”.
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The correlation between zero H-bonds observed for chain D-E and increase in inter-chain
distance for the same has led to detachment of chain E from the parent pentamer in Af-
CFF” system. The same observation for drifting of chain E is well supported by the contact
analysis map for Chain D-E in AB-CFF” (Fig. 8.19b), wherein no residual contacts has

been observed for these terminal chains.
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Fig. 8.19. Inter-chain distance matrix for (a) Ap-Water (left) and (b) Ap-CFF” (right) for
chain D-E. No contacts have been observed for chain D-E in AB-CFF” system explains

drifting of chain E from the parent pentamer.

The inhibition towards refibrillation of the A fibril is inferred from the loss of f-sheet
content from 49% in AB-Water to 38% in AB-CFF” system (in Fig. 8.20a and 8.20b), is well

matched with the observation in AB-REF” system.
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Fig. 8.20. DSSP representation of secondary structures for (a) Ap-Water and (b) AB-CFF”.
The lower p-sheet content and higher coil content in AB-CFF” indicates destabilization of
the fibril in off-pathway aggregates rather than the organized neurotoxic Ap fibrils in Ap-
Water.

The analysis from this study explains and corroborates well with the current findings of
irrevocable and extended destabilization by the removal of the ligand. Interestingly, the current
observations, from removal of both the ligands (viz., REF and CFF), points towards the
irreversibility of the ligand removal strategy along with independency to the force fields used.
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8.4 CONCLUSIONS

The present work intent to determine the stability and integrity of a destabilized AP fibril after the
ligand or potential drug gets excreted from the system. The MD simulation has been conducted for
1 us for both AB-water and AB-REF” systems. The VMD representation depicts drift of the
terminal chains from the pentamer and loss of B-sheet conformation in chain A, in AB-REF”
system. This explains the extent of perturbations observed in the fibril, after ligand removal, which
are well explained by increased RMSD, Rg, loss of H-bonds and breaking of various key
interactions involving salt bridges and hydrophobic interactions. The high helical and low B-sheet
content is believed to be crucial for impedance towards the formation of the native organized state.
The higher Gibbs free energy, SASA value in direct relation with the polar solvation energy are
found to be the main drivers behind the irreversibility of the misaligned AP fibril in AB-REF” to
its original conformation. The morphological as well as parametric similarity of the disoriented
fibril thus obtained, with off-pathway aggregates, ensure inhibition of the formation of higher order
fibrils further. The highly misaligned structure obtained in AB-REF” system points towards its
irreversibility to the native conformation. A similar observation and pattern is expected in A fibril
upon interaction with other natural compounds too. More investigations are needed to explore in
detail. The combined studies including interaction of AP fibril with ligand and subsequent removal
of ligand can be used for a comprehensive analysis of the destabilization of the fibril. Our findings
would help in understanding the prophecy of the destabilization as a promising therapeutic

technique for treating AD.
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Chapter 9

Conclusions and Future Scopes

This chapter presents a summary of the entire thesis with a discussion on the future scope for

possible treatment for AD.

9.1 Conclusions

Alzheimer’s disease (AD), a progressive, geriatric and neurodegenerative disorder associated with
dementia is an unsolved mystery for global healthcare system. Varied drugs and therapies have
been suggested targeting this multi-faceted disease from various directions, such as, inhibition of
aggregation of A monomers, and destabilization of the A fibrils. The skepticism about the root
cause and mechanism of progression is also one of the major reasons for such delay in any cure.
The inefficacy and failure of numerous drugs in the clinical trial proposed for AD till date has

raised more concerns, and triggered need to explore different therapeutic approaches.

To address the above-mentioned issue, destabilization of the preformed A senile plaques is
proposed to be one of the new yet promising therapeutic choice. Therefore, the present work is
intended to investigate the feasibility, efficacy and associated mechanism of destabilization of the
preformed neurotoxic AP fibrils by various natural compounds. The natural compounds were
selected due to their inherent biocompatibility and natural non-toxicity for the human beings. In
the current study different natural compounds from various categories viz. Caffeine from alkaloids,

Ellagic acid from phenolics, Eicosapentanoic acid and Hexadecanoic acid from omega-3 fatty
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acids, Lycopene from terpenes has been prospected for their destabilization potential by Molecular
Dynamics (MD) Simulation. All these compounds are selected based on certain advantages linked
with them, such as, native capability to cross blood brain barrier (BBB), antioxidant properties,
established role in neuroprotection and other health benefits. The assessment has been done by
determining various parameters such as, RMSD, Ry, RMSF, SASA, number of H-bonds and
secondary structure conformation. Moreover, the refibrillation possibility or stability of the
destabilized structure of AP fibril (obtained after interaction with these ligands) have also been
tested further by removing the ligand (ellagic acid and caffeine) and thereafter conducting lengthy
MD simulation (1 ps). All these studies have been discussed in detailed from chapter 4 to chapter

8 in the thesis which is summarized below:

e Chapter 4 gave mechanistic details on the interaction of caffeine (CFF) with preformed
AP fibril wherein the destabilization of the fibril is observed. The reduction of B-sheet
content and loss of H-bonds were found to be the main drivers behind destabilization of

the AP fibril upon caffeine introduction.

e Chapter 5 has screened four major polyphenols from plants by docking and studied by
MD simulation for their destabilization potential. The outcome of the study revealed ellagic
acid (REF) to be the best binder and destabilizer of A fibril, wherein it binds to chain A

of the fibril by accessing fibrillar cavity.

e Chapter 6 compared the significant role of three major Omega -3 fatty acids and reported
Eicosapentaenoic acid (EPA) and Docosahexaenoic acid (HXA) as potential destabilizers
of the AP fibril. The crucial role of EPA and HXA in maintaining brain integrity and
destabilization potential on AP fibril, makes them a suitable drug candidate for treating

AD. The amphiphilic nature of fatty acids was found to be the supportive for the better
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binding with the fibril, wherein polar head binds to K28 (positively charged residue) and
long carbon tail to the hydrophobic residues of the fibril. This brings efficient
destabilization by compromising the inherent hydrophobic interactions coupled with loss

of B-sheet content.

e Chapter 7 gave detailed analysis of lycopene (LYC), a carotenoid, belonging to terpenes
(largest class of secondary plant metabolites) as a potential destabilizer of different
polymorphic form of A fibril. It was found to interact with the surface and cavity

depending on the architecture of the fibril.

e Chapter 8 gave insights on the fate of the destabilized fibril upon removal of the ligand.
This study highlights the enhancement of the destabilized structure upon removal of the
ligand (REF and CFF in this case), thereby inhibiting the refibrillation. This ensures the
non-neurotoxicity and irreversibility of the deformed fibril, establishing destabilization as
the promising therapeutic technique for AD. This establishes the efficacy and prophecy of

destabilization of preformed A fibril as a promising therapeutic approach for treating AD.

Collectively, the loss of H-bonds, breakage of salt-bridges and other key hydrophobic
interactions in the fibril, upon | introduction of these natural compounds, were found to be the
governing factors behind destabilization of the fibril. The collapse of highly organized structure
due to the loss of B-sheet content indicates disorganization of the AP fibril. The access to the
fibrillar cavity or interacting via the surface depend on the ligand and the architecture of the

polymorph of AP fibril.
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The important cues and findings obtained in this thesis provide a fair idea about the potency
of these natural ligands towards the destabilization of the A fibril as studied by MD simulation.
The destabilization by natural compounds is proposed to be the best alternative therapeutic
approach to treat AD which requires urgent attention from the scientific community. The
exploration of various natural compounds studied by MD simulation and other advanced tools
coupled with in-vitro and in-vivo studies can be useful in unveiling the mystery behind AD in near

future.

9.2 Future Scope of the Research

The present work establishes the promising role of natural compounds as potential destabilizers of
AP fibril. However, there are many future possibilities associated with the current work that are

given below.

e Formulation of a better ligand: By combining various information on structural and molecular

descriptors, a new ligand having all the qualities of these ligands can be formulated and tested.
This entails the preparation of a potential ligand by structure based drug discovery approach (using

a fragment) that further ensures better targeting to AP fibril. 12

e Newer MD simulation Tools: The enhanced sampling of the possible configurations of the Af

fibril and ligand can be done by metadynamics and REMD (replica exchange molecular
dynamics).®>* The use of quantum calculations for understanding the mechanistic details about

protein-ligand interactions can further be coupled.
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e Assessment of affinity and entropy for protein-ligand binding: The binding affinity explains

the role and pattern of interaction between the protein and ligand. This can be assessed well by
quantum calculations and other FEP (Free Energy Perturbations) methods that can address issue
of entropy calculations as well.> The crux of the developing any drug is based on the insights
involved in protein-ligand interaction, which is a future avenue of this thesis. More insights on the
best pose, the energy calculation, entropic calculations, quantitative contribution towards binding

from each residue and effect of functionalization can be studied by in-silico methods.

e Useof Al and ML: Al (Artificial Intelligence) and ML (Machine Learning) tools for employing
drug discovery and drug repurposing for AD can address questions for present and future in a

comprehensive way.% 10

e In-vitro and in-vivo investigations: The current findings on destabilization of A fibril driven by

natural compounds based on MD simulation, needs further investigations by in-vitro and in-vivo

methods for therapeutic treatment of AD.11?

All these approaches collectively enhance the possibility of the clearance of the drug lead
compound in clinical trials so as to formulate a promising treatment towards AD. The common

goal is to have a responsive and efficient drug to treat AD in the near future.
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APPENDIX A

MD Simulation Steps

The MD simulation workflow has been mentioned in methodology section as general scheme in
section 3.3 of Chapter 3 (Methodology). Also, the details about the sequential process has been
discussed in section 4.2.2 of Chapter 4. However, the commands that are required to execute steps
in MD for protein (pro)-ligand (lig) interaction are missing, and henceforth given here. All the
commands have been demarcated with a dollar sign ($) but the execution needs to be done without
the sign. The general notation for all commands is -f means the input file, -o signifies the output
file, -v stands for verbose and -s implies the supporting file or the trajectory obtained after the

simulation. All the commands have been highlighted in grey colour.

Obtaining topology: The -ignh flag ignore H atoms in the PDB file; especially useful for NMR

structures.

$ gmx mpi pdb2gmx -f pro.pdb -ignh -o pro processed.gro

Select Gromos96 53a7 from the list. After combining coordinates of the ligand, modify topol.top

with the following.

Adding ligand topology:

; include Ligand topology

#include "lig.itp"
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Boxing: In the command below -c centers the protein in the box and places it at least 2.0 nm from

the box edge (-d 2.0). The box type is defined as a cube (-bt cubic).

$ gmx mpi editconf -f conf.gro -o newbox.gro -c -bt cubic -d 2.0

Solvation: Herein, the -cp and -cs contains the configuration for protein and solvent respectively.
The -p flag process and update the topology file called topol.top with number of solvent molecules

added to the protein.

$ gmx mpi solvate -cp newbox.gro -cs spc2lé.gro -p topol.top -o

solv.gro

Neutralizing the system: -p is for processing and updating the topology file (topol.top), -np is
the number of positive ions and -pname is for the name of the positive ion, NA stands for sodium

and -s reads the input file for structure of ions.tpr.
$ gmx mpi grompp -f ions.mdp -c solv.gro -p topol.top -o ions.tpr

$ gmx mpi genion -s ions.tpr -o ions.gro -p topol.top -pname NA -

np 5

Energy Minimization:

$ gmx mpi grompp -f minim.mdp -c ions.gro -p topol.top -o em.tpr
$ gmx mpi mdrun -v -deffnm em &

$ gmx mpi energy -f em.edr -o potential.xvg
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Making the index groups:

$ gmx mpi make ndx -f em.gro -o index.ndx (select protein and

ligand)
NVT Equilibration: Where -n reads index file and takes it as an intput.

$ gmx mpi grompp -f nvt.mdp -c em.gro -p topol.top -n index.ndx -

o nvt.tpr
$ gmx mpi mdrun -deffnm nvt -v &

$ gmx mpi energy -f nvt.edr -o temperature.xvg

NPT Equilibration: The -t flag here is used to include the checkpoint file from the NVT
equilibration; this file contains all the necessary state variables to continue the simulation. To

conserve the velocities produced during NVT, this fie must be included.

$ gmx _mpi grompp -f npt.mdp -c nvt.gro -t nvt.cpt -p topol.top -n

index.ndx -o npt.tpr

$ gmx mpi mdrun -v -deffnm npt &

$ gmx mpi energy -f npt.edr -o pressure.xvg
$ gmx mpi energy -f npt.edr -o density.xvg

The average value over the course of 100 ps is 1019 + 3 kg m™, close to the experimental value of
1000 kg m™ and the expected density of the SPC/E model of 1008 kg m. The parameters for the
SPC/E water model closely replicate experimental values for water. If the density values are very
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stable over time, indicating that the system is well-equilibrated now with respect to pressure and

density. This further can be submitted for final production run step.

Production run: & flag helps in running the simulation in the background, -deffnm Set the default
filename for all output file options, like creates all the files with md_0_1 followed by extension

and -nb selects GPU if available.

$ gmx mpi grompp -f md.mdp -c npt.gro -t npt.cpt -p topol.top -o

md 0 1.tpr

$ gmx mpi mdrun -deffnm md 0 1 -nb gpu &

Analysis of the Simulated Trajectory

There have been various tools that are used during MD simulation and analysis of the obtained
trajectory (md_0_1.xtc). The various parameters were calculated for different selection groups to

gauge destabilization potential of AP fibril in presence of different natural compounds.

A. Gromacs Tools

RMSD — The root mean square deviation has been calculated from the obtained trajectory. This
tool helps in measuring the distance between different chains of the fibril. The -tu flag helps in

selecting the time frames for evaluation i.e. fs/ ps/ ns/ us/ ms/ s.

$ gmx mpi rms -s md O 1l.tpr -f md 0 1l.xtc -o rmsdpro.xvg —-tu ns
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1. RMSF — The root mean square fluctuation has been calculated for protein from the
obtained trajectory. The tool explains the fluctuations around various residues of the
protein chains that explains their deviation from the parent fibril structure. The -res flag
gives the output residue wise.

$ gmx mpi rmsf -smd 0 1.tpr -f md 0 l.xtc -res -o rmsfpro.xvg

2. Radius of Gyration (Rg) - This tool helps in measuring the compactness of the fibrillar

structure. It is calculated by the following command.

$ gmx mpi gyrate -s md 0 l.tpr -f md 0 l.xtc -o gyratepro.xvg

3. SASA — This helps in measuring the solvent accessible surface area that helps in gauging
the area that is able to interact with the water around the fibrillar structure. -or gives output

residue wise.

$ gmx mpi sasa -s md 0 l.tpr -f md 0 1l.xtc -or ressas.xvg

4. H-Bonds — The hydrogen bonds provides stability to the fibrillar structure. This is between
different residues of the single chain and other chains too. The -num flag calculates the
average number of H-bonds.

$ gmx mpi hbond -s md 0 1l.tpr -f md 0 1.xtc —-num hnumpp.xvg

5. Minimum Distance between two residues — This tool is used to calculate the minimum

distance between different bonded residues that are important for stability of the fibrillar
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structure. The tool is g_mindist that measures all kind of inter and intra interactions. The

-od flag gives distance value.

$ gmx mpi mindist -s md 0 l.tpr -f md 0 1.xtc -od file.xvg -

tu ns

The different residues can be chosen by making an index file by-

$ gmx mpi make ndx -f em.gro -o index.ndx

selecting D23 (chain A) and K28 (chain B) and then average minimum distance between

these two residues can be calculated by following command.

$ gmx mpi mindist -f md 0 1 nojump.xtc -s md 0 1l.tpr -n

index.ndx -od D23-K28chainA-B.xvg -tu ns

6. Secondary Structure by DSSP: The secondary structure configuration has been defined
by installing the dssp tool and setting its environment in the working directory of the
gromacs by the following commands executed sequentially. -ver is for the version, -ssdump
gives the generic data file, -sc gives scount.xvg that has information on secondary

structures in %, -ta gives total area.

$ export DSSP=/home/path of working directory/dssp

$ chmod +x dssp

$ gmx mpi do dssp -f md O 1l.trr -s md 0 l.tpr -o dssp.xpm -
tu ns -ver 2 -ssdump dssp.dat -sc scount.xvg -a map.xpm -ta

totarea.xvg
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The conversion of xpm (x-windows pixel maps) thus obtained, can be converted to eps
(encapsulated script) by ps.m2p file containing all the information on axis and graph. The
-di flag takes this as input and merge with -f (input file) and gives output (dssp.eps). With
the -rainbow option, dull grayscale matrices can be turned into attractive color pictures in

red or blue background as selected.

$ gmx mpi xpm2ps -f dssp.xpm -o dssp.eps -by 2.5 -di ps.m2p

—-rainbow red

$ ps2pdf dssp.eps dssp.pdf

7. Free Energy Landscape: The FEL represents a mapping of all possible conformations a
molecule adopted during a simulation, together with their corresponding energy typically
reported as the Gibbs Free Energy. FEL are represented using two variables that reflect
specific properties of the system and measure conformational variability. When FEL is
represented in three dimensions, the landscape shows ‘valleys' of low free-energy, which
represent metastable conformational states of the system, and 'hills’ that account for the
energetic barriers that connect these states. A perl file is given to merge two .xvg files for
two different values called as principal component analysis (PCA) in this case. The
following commands needs sequential execution in the working directory. The sham.pl file
is freely available on GITHUB and can be downloaded from there. The -iland -i2 stands
for 1%t and 2" input files which is rmsdalpha and h-bonds value in this case. The -Is flag is

applied to obtain X PixMap compatible matrix file.
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$ perl sham.pl -il rmsdcalphapro.xvg -i2 hnumpp.xvg -datal 1

-data2 1 -o gsham input.xvg

$ gmx mpi sham —-f gsham input.xvg -1ls fel.xpm

$ gmx mpi xpm2ps -f fel.xpm -o fel.eps -rainbow red

S ps2pdf fel.eps fel.pdf

Now create a python file to get a free-energy-landscape.txt file for plotting a 3D graph by

the data thus obtained in origin further.

$ python xpm2txt.py -f fel.xpm -o fel.txt

B. Binding Energy Calculation by MM-PBSA

This tool has been used in Chapter 5,6 and 8 to evaluate the binding energetics of phenolic
compounds with AP fibril we have used MM-PBSA tool which is set inside GROMACS
environment. The binding free energy (BFE) of the AP oligomer with the selected phenolic
compounds was calculated by MM-PBSA (Molecular Mechanics Poisson-Boltzmann Surface
Area method).343¢ The calculation of BFE in the present study was done on the last 20 ns trajectory
with At = 100 ps by cutting the trajectory for selected frames. This is done by -b and -e flag which
selects the time of the first and last frame to be read from the trajectory. The -skip flag skips the
frames and write nth frames to the output. In case of 100 ns simulation the following command

can be used:
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$ gmx mpi trjconv -f obatined.xtc -o new.xtc -s obtained.tpr -b 81

-e 100 -tu ns -skip 100

The package was used within the gromacs environment by g_mmpbsa tool, which calculated the
overall binding energy and individual residue contribution.>” MM-PBSA calculates the BFE from

the MD trajectory based on the following equation:

AGP™ = AEyy + AGP°Y + AG™P*°Y — TAS

where,AE,,,,is the molecular mechanics contribution in vacuum AGP$°"is the polar contribution
of solvation energy, calculated by the Poisson-Boltzmann equation; AG™*°"is the nonpolar
contribution towards binding and is determined by solvent accessible surface area (SASA) model.
The high computational demand limits the calculation of entropy contribution. In addition, the
relative change in entropy contribution (AS) towards free energy calculation is negligible and thus
can be ignored.® The tool calculates the energy from the new cut trajectory for both protein-
protein (PP) and protein-ligand (PL) combination. Here -mm stands for molecular mechanic file,

-mmcon gives contribution of MM energy file, -i takes the input parameter file.

$ g mmpbsa -f mmpbsa.xtc -s obtained.tpr -n index.ndx -mme -mm

energy MM.xvg -decomp -mmcon contrib MM.dat

$ g mmpbsa -f mmpbsa.xtc -s obtained.tpr -i mmpbsapol.mdp -n
index.ndx —nomme -pbsa —decomp -pol polar.xvg -pcon

contrib pol.dat
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$ g mmpbsa -f mmpbsa.xtc -s md 0 1l.tpr -i mmpbsa.mdp -n index.ndx
-nomme -pbsa -decomp -apol apolar.xvg -apcon contrib apol.dat

All  the related .mdp (parameter) files can be found in the tutorial
(https://rashmikumari.github.io/g_mmpbsa/) which are user specific. The solute and solvent
dielectric constants were taken as 4 and 80, respectively. The energetic contribution of individual
residue was also quantified to identify key residues actively involved in binding with the phenolic

compound by the following energy2bfac tool. Here -i gives the output file.

S energy2bfac -s obtained.tpr -i energyMapIn.dat

This tool helps in comparing the binding free energy between different ligands to select the best

binder. Further it helps in finding the contribution of individual residues of A fibril in binding to

the ligand.
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