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ABSTRACT

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by misfolding and
consequent aggregation of amyloid-B (AB) protein, resulting in the formation of amyloid
plaques within the brain. The best possible therapy approach for AD treatment is to prevent A
aggregation. Joshi et al. evaluated 18 fat-soluble and water-soluble vitamins and reported
vitamin A metabolite (retinoic acid) significantly inhibited AP4. aggregation. Thioflavin T
(ThT) fluorescence analysis depicted a concentration-dependent decrease in both the primary
and secondary nucleation process of ABa2 on the inclusion of retinoic acid. Moreover, dynamic
light scattering (DLS) analysis did not depict the presence of large assemblies for retinoic acid
alone. Co-incubation of ABa2 oligomer with retinoic acid notably increased the cell viability to
97 + 6% highlighting reduction of cytotoxicity of APa42 oligomers by retinoic acid. Besides
extensive experimental research, the molecular interactions and binding mechanism behind the
inhibitory potential of retinoic acid on ABa2 aggregation is still unknown. Thus, computational
techniques to investigate the molecular mechanism in which retinoic acid blocks self-
fibrillation of A4 aggregation were performed. The molecular docking result highlighted
favourable binding of retinoic acid with AB42 monomer having binding energy —6.10 kcal mol
1. The RMSD and RMSF analyses depicted reduced conformational fluctuations in Apasz
monomer on the addition of retinoic acid. Notably, an increase in helix content was observed
in the AP42 monomer from 44.80 + 2.20 to 54.40 + 0.88% which depicted reduced aggregation
propensity of ABs> monomer in the presence of retinoic acid. Moreover, the average number
of intramolecular hydrogen bonds was increased from 19.10 + 0.96 to 21.07 = 1.05 on the
incorporation of retinoic acid, which confirms the increase in the helical conformation of AP
monomer. PCA, FEL, and conformational clustering analyses depicted enhanced
conformational homogeneity of A4 monomer-retinoic acid complex. The binding free energy
analysis (AGpinding= —54.89 * 14.07 kJ mol™) indicated favourable binding of retinoic acid with
APs2 monomer. Additionally, binding of central hydrophobic core (CHC) residues Leul7 (—
5.95 kJ mol™), Phe20 (-6.19 kJ mol™?), and Ala21 (—3.53 kJ mol™) of ABs2 monomer to retinoic
acid highlighted the lower aggregation tendency of AB4> monomer. The molecular insights into
binding interactions of retinoic acid to ABs2 peptide will be beneficial for designing new potent

inhibitors as a therapeutic approach against AD.
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CHAPTER 1: Introduction

Proteins are polymers made up of amino acids that form an integral part of the biological
system, assisting in building cytoskeleton, enzymes, muscles, and hormones.! The native
structure of proteins is a mature, three-dimensional form that governs the proper functioning
of life processes involving proteins.?® However, protein misfolding arises from any abnormal
deviation from the normal protein folding process which consequently results in various
neurodegenerative disorders associated with this aberrant folding, including Alzheimer’s
disease (AD), amyotrophic lateral sclerosis (ALS), Huntington's disease (HD), and Parkinson’s
disease (PD). *® According to World Alzheimer report, 2024, dementia affects more than 55
million people globally, with AD being the most common cause and this number is expected
to rise to 139 million by 2050.° The estimated annual cost for treatment of AD is about US $1.3
trillion. Symptoms of AD include impairment of memory, cognitive function, physical ability,

and psychosis.”8

The primary cause of AD pathology involves the accumulation of senile plaques® and
neurofibrillary tangles.!® Senile plaques are composed of aggregates of amyloid-B (Ap)
peptide, which consist of 39 to 43 amino acid residues!!. Formation of AB peptide is initiated
by proteolytic cleavage of a transmembrane precursor protein known as amyloid precursor
protein (APP) by the p—and y—secretase enzymes.!? AB exists in two alloforms APao, and APaz,
with the latter being a more aggregation-prone and neurotoxic variant.® In a healthy human
brain, APso and Aa2 peptides are present in monomeric form, however, in brain tissues of AD
patients, the AP peptide undergoes a conformational change into aggregation-prone p—sheets,
forming insoluble oligomeric and fibrillar aggregates which further transforms into neuritic

plaques.t*

Various inhibitors that restrict the aggregation of AP peptide or disintegrate preformed fibrillar
AP aggregates serve as prospective therapeutic candidates for AD treatment. The inhibitors
include small molecules,*® peptides,'® and nanoparticles,X” which inhibit aggregation by
various strategies such as blocking the expression of APP, restricting cleavage of APP,
inhibiting aggregation of AP monomer, and disrupting the preformed aggregates.'®1° Small
molecule inhibitors are advantageous over other inhibitors due to blood-brain barrier (BBB)
permeability, immunologically tolerant behaviour, and stability in biological fluids and
tissues.?® Several studies have indicated that vitamins, including vitamin —E (tocopherol),?* D
(calciferol),?2 K (phylloquinone),? C (ascorbic acid),?* and B12 (cyanocobalamine)?® as potent
inhibitors of A4, aggregation which can delay the onset of dementia.

1




Joshi et al. tested various vitamin metabolites and discovered that vitamin A metabolite
(retinoic acid) induced a robust effect on Aa2 aggregation.?® Thioflavin T (ThT) fluorescence
assay highlighted retinoic acid block A4, aggregation by decreasing both primary and
secondary nucleation processes in a dose-dependent manner. The results revealed that retinoic
acid inhibited aggregation of APs2, while vitamin E, in its self-assembled (micellar) state,
accelerated the same but inhibited it when present in its soluble monomeric form. Additionally,
ThT-based aggregation assay containing a mixture of vitamin A and E metabolites at a
concentration range of 0.15-0.25 molar equivalent vitamin E, and 0—7 molar equivalent
vitamin A, cancelled the net effect of both vitamins on aggregation of Aps. monomer. TEM
images displayed a reduction of Apa fibrils on co-incubation with retinoic acid (2:20 puM).
Furthermore, the effect of retinoic acid on APs2 aggregation in an in vivo system using the
Caenorhabditis elegans model, it was observed that retinoic acid decreased APa4. aggregation
resulting in increased overall fitness of the worms. Cytotoxic profile depicted that APa.
oligomers reduced the viability of SH-SY5Y cells to 66 + 2% which was notably increased to
97 £ 6 % in the presence of retinoic acid (5 molar equivalent). Despite extensive research, the
binding mechanism behind inhibitory capability of retinoic acid against AP42 remains unclear.
To explore the mechanism of action behind the inhibition of ABs2 monomer aggregation by
retinoic acid, as well as to understand the interactions between them, computational analyses

have been performed.




CHAPTER 2: Literature Review

Table 1. Small molecule inhibitors of ABa2 aggregation.

S.No. Small molecule

Key findings

References

1. Berberine

2. Anthocyanidins
[cyanidin,
malvidin,
delphinidin,
peonidin,
pelargonidin,
and petunidin]

3. Benzothiazole-
piperazine
small hybrid
molecule
(compound 1)

Molecular mechanism of berberine inhibiting
AP1s-21 aggregation was investigated using
computational techniques.

RMSD, RMSF, and Rqanalyses depicted higher
structural stability and compactness of Apis-21
(PDB ID: 1Z0Q) in the presence of berberine.
The a- helix increased from 0.02 to 0.54% and
[B—sheet content reduced from 32.80 to 1.36%,
indicating a reduced aggregation propensity of
AP1e-21 In the presence of berberine.

Berberine hindered the oligomerization process
of APie21 by forming a stable complex with
APi6-21.

Inhibitory mechanisms of anthocyanidins on
APi1-42 peptide were investigated using MD
simulations.

Cyanidin (CYA), malvidin (MAL), and
peonidin (PEO) displayed binding in the N-
terminal, C—terminal and central polar region of
ABa2 monomer (PDB ID: 1Z0Q).

The three anthocyanidins increased helix
content and reduced coil and —sheet formation
in AP42 monomer, depicting a reduced tendency
of APBa2 monomer to aggregate.

Intramolecular hydrogen bonds in AP4-CYA
complex, APs-MAL, and AP4-PEO were
found to be 23.451, 25.658, and 26.410,
respectively.

Salt bridge analysis revealed significant
prevention of salt bridge formation by
increasing the distance between Asp23-Lys28
residues to 1.17nm, 1.08nm, and 0.90 nm in
presence of CYA, MAL, and PEO,
respectively.

CYA, MAL, and PEO effectively inhibited
AP42 aggregation.

Benzothiazole-piperazine (compound 1) was
found to be a potent multi-target-directed
ligand against AD inhibiting both AChE and
AP1-42 monomer.

RMSF and SASA analyses revealed an increase
in conformational stability of ABi-42 monomer

Qais et al.?’

Zakaria et
al.?8

Mishra et
al.?




4.

Neferine

Catechins
[catechin(C),
epicatechin
(EC),

(PDB ID: 11YT) in the presence of compound
1

It exhibited binding free energy —16.10 + 0.18
kcal mol™* with AB1.42 monomer.

Compound 1 displayed good inhibitory activity
of 80.70% (ICso = 44.64 uM) against APi-42
monomer in comparison to curcumin (50.23%)
taken as reference in the ThT assay.

Confocal laser scanning microscopy indicated a
decrease in fluorescence intensity and TEM
images illustrated fewer aggregates of AP1-42in
the presence of compound 1 indicating the
ability to inhibit AB1-42 aggregation.

Compound 1 depicted neuroprotective ability
by increasing the cell viability in dose-
dependent manner against H.O>-mediated SH-
SY5Y and Neuro2A cells.

Compound 1 improved spatial memory in the
scopolamine-mediated mice model.

The studies displayed that compound 1 can
prove to be a potent therapeutic agent for AD
treatment.

Regulatory impact of Neferine on A4z and tau
K18 aggregation was investigated.

From molecular docking, it was found that
neferine displayed a binding energy of —8.39
kcal mol? with ABs monomer (PDB ID:
170Q).

ThT fluorescence assay revealed that neferine
(25 pM) decreased the fluorescence intensity
and  inhibited A4 aggregation  and
disaggregation.

Atomic force microscopy (AFM) images
depicted a reduction in particle length in A4z
incubated with neferine.

MD simulation results indicated that neferine
induced a conformational shift from B-sheet to
a-helix leading to disruption of Apa
aggregation.

Neferine (25 pM) indicated a neuroprotective
effect against APa42 induced neurotoxicity by
increasing the cell viability in HT22 mouse
hippocampal neuronal cells.

Nefereine is a promising therapeutic for AD.

The binding interaction of the five catechins
present in green tea with ABs> monomer was
investigated using the ensemble docking
method.

Nam et
a| 30

Firouzi et
aI 31




epicatechin
gallate (ECG),
epigallocatechi
n (EGC),
epigallocatechi
n

gallate(EGCG)]

Natural
polyphenols
[gallic acid
(GA),
epigallocatechi
n gallate
(EGCG), tannic
acid (TA),
ellagic acid
(EA), genistein
(GEN), syringic
acid (SA),
methyl gallate
(MeG), 4-
hydroxyfavone
(4-HF), and 2-
hydroxyfavone
(2-HF)]

Four flavonoids
(1-4) derived
from Psoralea
Fructus

Molecular docking results depicted that all the
catechins interacted with a maximum number
of aromatic residues in the region Tyrl0 to
Phe20 of APs2 monomer including the CHC
region.

The binding interaction was favoured through
formation of hydrogen bonds between EGCG
and EGC with AB42 monomer in comparison
with C, EC, and ECG.

However, all the catechins, particularly EGCG
inhibited A4 aggregation.

The dual-therapeutic effects of natural
polyphenols against ferroptosis and AD were
investigated through molecular docking and in-
vitro techniques.

Molecular docking revealed the highest binding
free energy of tannic acid (TA), reported as —38
kJ mol™ with ABs2 monomer (PDB ID: 1Z0Q).
ThT fluorescence assay displayed 82% A4
aggregation inhibition at 1:5 (ABa42: TA) molar
ratio.

MTT assay depicted that TA and EGCG
increased the cell viability to 63 and 69%,
respectively at 20 UM when compared to APa42
alone (34.8%).

Overall, TA effectively inhibited the AP
aggregation.

In silico technique was employed to discover
the effect of natural small molecules isolated
from Psoralea Fructus on A4, aggregation.
Molecular docking of 1-4 compounds with
APs2 monomer (PDB ID: 1Z0Q) revealed
docking scores of —5.23, —4.78, —4.27, and
—4.00 kcal mol™, respectively.

RMSF analysis revealed lower fluctuations
highlighting enhanced stability of Apas
monomer in presence of compounds 1-4.

The four compounds (1-4) displayed strong
binding energy (AGpinding) 0f —23.45, —19.04, —
15.34, and —14.08 kcal mol™ respectively, with
APa2 monomer.

The residues His14, GInl5, Val18, Phel9, and
Glu22 of APs2 monomer were involved in
strong binding with the four flavonoids
depicting their anti-aggregation properties.

Baruah et
al.’?

Radwan et
al.3s




8.

EGCG and
genistein

1-benzylamino-
2-hydroxyalkyl
derivatives (24
compounds)

The mechanistic insights into inhibitory
mechanisms of EGCG and genistein against
ABsa2 monomer were investigated using
computational techniques.

From molecular docking, the binding energy of
EGCG was noted to be —4.28 kcal mol™ and of
genistein was found to be —5.10 kcal mol™ with
ABa2 monomer (PDB ID: 11YT).

RMSD, Rq, RMSF, and SASA data collectively
indicated that EGCG and genistein inhibit
conformational changes in ABs2 monomer.

The EGCG and genistein reduced the p—sheet
content of AB42 monomer from 2.75 = 1.82 to
0% with a concomitant increase in random coil
from 24.69 £ 4.58 to 28.00 + 8.02% in the
presence of genistein and 29.52 + 8.90% in
presence of EGCG.

Increase in helix content of ABs2 monomer was
observed in presence of genistein from 45.28 +
2.42 to 43.76 + 12.85%, however, EGCG
displayed less pronounced effect on helical
content of APs2 monomer.

MM-PBSA analysis highlighted favourable
binding of EGCG with the CHC region of A4
monomer with AGpinding = —20.06 *+ 4.62 kcal
mol™?, while the AGuinging Of genistein was
observed to be —3.59 + 0.78 kcal mol™.
Therefore, EGCG was found to be promising
inhibitor in self-fibrillation of AB42 monomer.

Using in silico, in vivo and in vitro techniques,
the dual inhibitory effects of 1-benzylamino-2-
hydroxyalkyl derivatives on A and tau
aggregation were analyzed.

Thioflavin S (ThS) fluorescence assay in
recombinant Escherichia coli cells depicted
that compound 18 displayed 80.00% Apa2
inhibition and 68.30% tau inhibition, at a molar
ratio 1:1 (10 uM).

MD simulation results depicted enhanced
stability of ABs2 monomer (PDB ID: 11YT) by
an increase in its helical content in presence of
compound 18.

Molecular docking result revealed notable
effect of chirality of compound 18 on anti-
aggregation of ABs2 monomer and tau. The S-
isomer was observed to have a strong inhibitory
effect on ABs2 aggregation while R-isomer was
noted to be a better inhibitor of tau aggregation.

Fang et
al.34

Pasieka et
al.%®




10.

11.

Gabapentin
(GBP)

2-
Octahydroisoqu
inolin-2(1H)-
ylethanamine
(M-30)

Kinetic studies using ThT assay depicted that
compound 18 Kkinetically inhibited APao
aggregation by 41% at 10 pM concentration
(1:1), by a decrease in nucleation and
elongation of APso monomer in presence of
compound 18.

Compound 18 proved to be a potential inhibitor
of ApB aggregation.

Inhibitory potential of the FDA-approved
compound gabapentin (GBP) was investigated
using in silico and in vitro methods.

A docking score of —3.402 and binding energy
(AGbing) of —25.2 kcal mol™ was noted for Apa.-
GBP complex.

The secondary structure analysis revealed that
the helix content increased to 13.8 + 2.7 from
10.8 + 1.6% and p—sheet content reduced to 6.8
+1.8 from 13.3 £ 2.7% in APs2 monomer (PDB
ID: 11YT) on incorporation of GBP.
Fluorescence displayed an increase in the peak
intensity of tyrosine fluorescence at 304 nm
with the addition of GBP (250 puM), which
highlights the presence of molecular
interactions between GBP and A4z peptide.
From the absorbance assay, a reduction in the
absorbance spectra of A4, was observed in the
presence of GBP in a concentration-dependent
manner, which depicted reduced aggregation of
APa2 in the presence of GBP.

AFM images indicated a reduction in AP
aggregates in the presence of GBP.

GBP effectively inhibited the ABs2 aggregation.

In silico, in vitro, and in vivo assays were
employed to identify the neuroprotective
properties of 2-Octahydroisoquinolin-2(1H)-
ylethanamine (M-30).

M-30 displayed a docking score of —6.096 and
interacted with the C—terminal portion of APa.
monomer (PDB ID: 11YT).

Furthermore, MD simulations study depicted
that M-30 reduced the p—sheet content of APa2
monomer from ~10.22 to 7.03%.

Circular dichroism (CD) experiments also
revealed a reduction in f—sheet content of A4
monomer (32 pM) in the presence of M30 (160
UM).

From the MTT assay, 1Cso value of M30 was
observed to be 680 + 9 nM.

Gonzilez-
Sanmiguel
et al.3®

Peters et
al.¥’




e In vivo assay in wild-type mice revealed an
increase in spatial memory in the hippocampus
of mice in the presence of M30.

e M-30 proved to be a promising inhibitor against
AP42 aggregation.




Table 2. Peptide-based inhibitors against A2 aggregation.

S.No.

Peptide/
peptidomimetics

Key findings

References

2.

14 hydrophobic
peptides (NT-01
to NT-14)

Peptide C1, C2,
P1-P14

In vitro and in silico techniques were employed
to hydrophobic peptides designed by single
mutation at Vall8 in the Aps fragment
(KLVFFAE) with leucine and proline.

NT-02, NT-03, and NT-13 displayed 57.61,
54.26, and 48.41% inhibition against Apa.
aggregation as observed from the ThT assay.
MTT assay depicted cell viability of 94.30,
92.41, and 92.16% in the presence of NT-02,
NT-03, and NT-13.

TEM images revealed complete abolishment
of APa2 aggregates on incubation with NT-02,
NT-03, and NT-13 peptides, therefore,
preventing the formation of higher order
fibrillary A4z aggregates.

Molecular docking results revealed that NT-
02, NT-03, and NT-13 peptides have selective
binding interactions with N—terminal residues
of APs2 monomer (PDB ID: 1Z0Q) thus
decreasing the propensity of A4z aggregation.

Peptides, C1, C2, and P1-P14 were designed
by  one/two-point  mutation in  the
amyloidogenic region (Lys16—Ala21) of AP
peptide with N-terminal acetylation and C-—
terminal N—methylation.

The binding strength and effectiveness of
peptide inhibitors were investigated against
AP42 monomer (PDB ID: 11YT) and ABa2 fibril
(PDB ID: 2MXU) using computational
techniques.

A lower Ry value was observed in APs
monomer on the incorporation of P12, which
indicates more compactness of ABs2 monomer
with P12. Moreover, RMSD and RMSF
analysis depicted increased structural stability
of ABs2monomer in the presence of P12.
MM-GBSA results displayed that DKAPFF
(P12) demonstrated the highest binding free
energy (AGpinging = —70.17 kcal mol™?) with
AB42 monomer.

P12 displayed binding in the CHC and C-
terminal region of AB42 monomer.

Mallesh et
al.s8

Kundal et
al.’®




4.

AP14-23
peptidomimetics
(I-V) with cyclic
dipeptide units.

Heptapeptide
LVFFARK (L-
LK7, D-LK7)

P12 displayed effective inhibition against APa.
aggregation.

A set of Ais-23 peptidomimetics with cyclic
dipeptide (CDP) units at different positions
were synthesized and aggregation behaviour
was evaluated using in vitro and molecular
docking.

The time-dependent ThT fluorescence assay
revealed reduced ApPs aggregation in the
following order: peptidomimetic V > 11 > lII.
AFM and TEM images highlighted decreased
aggregates of AB42 monomer in the presence of
peptidomimetic V.

Cell viability of 97% was found in cultured
neuronal cells (SH-SY5Y), in the presence of
peptidomimetic V at 10 uM (1:1).
Peptidomimetic V displayed a binding energy
of —5.3 kcal mol™* with ABs2 monomer (PDB
ID: 1Z0Q).

Peptidomimetic V significantly inhibited APa42
aggregation and enhanced the stability of A4,
monomer.

Chiral influence of peptide-based inhibitor
LVFFARK (LK7) was investigated using in
vitro and in silico methods.

ThT assay depicted that D-LK7 effectively
reduced the fluorescence intensity of Apa.
aggregates in a dose-dependent manner.
D-LKZ7 rescued the neuronal SH-SY5Y cells by
increasing the cell viability in concentration
concentration-dependent manner resulting in
reduced APas2-induced cytotoxicity.

CD spectroscopy revealed a reduction in p—
sheet content of AB42 from 47.6 to 20.4% at 48
hour in the presence of D-LK?7.

D-LK7 enantiomer displayed a higher binding
energy of —4.4 kcal mol? than L-LK7 (4.1
kcal mol*) with ABsz monomer (PDB ID:
11YT).

The results highlighted that D-LK7 enantiomer
of LVFFARK hexapeptide increased the
stability of APs2 monomer, thus, efficiently
inhibiting APa2 aggregation.
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CHAPTER 3: Computational details

3.1. Protein and ligand preparation

MD simulations were conducted on two distinct systems: ABs> monomer alone and APa2
monomer-retinoic acid complex. The APB42 monomer is DIAEFRHDSGY 10EVHHQKLVFF2o
AEDVGSNKGA30l IGLMVGGVV4olAs. The structure of full length Aps2 monomer (PDB ID:
1Z0Q)* was obtained from RCSB protein data bank*® (Fig. 1a). The 2D chemical structure of
retinoic acid was drawn by using ChemDraw Ultra 15.0* (Fig. 1b). Afterwards, the structure
was optimized by Gaussian09* using Hartree-Fock (HF) method employing 6-31G* basis set.
The Automated Topology Builder (ATB) server®® was used to obtain CHARMM36 force

field*” parameters for retinoic acid.

(b)

(a)
5’ t NSNS,
2
)
N

Fig. 1. Structure of AB42> monomer (PDB ID: 1Z0Q) in panel a; the 2D molecular structure of

vitamin A metabolite (retinoic acid) in panel b.

3.2. Molecular docking

Molecular docking was performed to calculate the binding energy and key interactions of
retinoic acid with ABs2 monomer using AutoDock Vina software.*® The PDBQT files were
generated using the AutoDock tools.*® Polar hydrogens and Kollman charges were added to
AP42 monomer. Gasteiger charges were incorporated into ABs2 monomer-retinoic acid system.
The AB42 monomer-retinoic acid was enclosed within a grid box having spacing set to 0.50 A
and grid dimensions were set to 104 A x 50 A x 48 A. The grid center was positioned at x = —
2.798,y = 2.195 and z = —8.644. The Lamarckian Genetic Algorithm (LGA)*® was included in
the docking procedure that uses Genetic, Solis & Wets algorithm.®* The docking results were

inspected using LigPlot+%2 and PyMOL software.>
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3.3. System preparation for MD simulations

The MD simulations were performed using GROMACS software> with CHARMM36 force
field for AB42 monomer and AP4> monomer-retinoic acid systems (Table 3). The systems were
positioned in a cubic box?"28:2%3438 haying dimensions 7.17 x 7.17 x 7.17 nm®. The systems
were solvated with TIP3P water molecules®® and the number of water molecules was 11717,
and 11709 in Aps2 monomer and APs2 monomer-retinoic acid, respectively. 0.15 M
concentration of NaCl was incorporated in the systems to maintain the physiological pH
neutrality. Afterwards, the steepest descent minimization algorithm was used for energy
minimization and systems were equilibrated using NVT and NPT for a period of 500 ps at 310
K temperature. For maintaining the temperature of 310 K, V-scaling method®® was employed
and for maintaining the pressure of 1 bar Parrinello-Rahman’s method®” was used. The LINCS
algorithm was used to constrain bonds involving hydrogen atoms of AB42 monomer, while the
SETTLE algorithm was applied to constrain bonds within water.®® The particle Mesh Ewald
(PME) method® was used to investigate electrostatic interactions. The cut-off value for van
der Waals interactions was set to 1 nm. Repeat simulation of ABs> monomer was also
performed using the same method and algorithms, but different initial velocities, to check the
reproducibility of MD simulations.

Table 3. Details of MD simulated systems.

System Simulation time Box dimensions Number of water
(ns) (nm) molecules in box

APa2 monomer 100 x 2 717 x717%x7.17 11717

AP42 monomer-retinoic 100 x 1 717 x7.17%x7.17 11709

acid

3.4. Analyses details

Analyses of generated MD trajectories of the systems were done using GROMACS tools and
conformations were visualized using PyMOL software.>® For calculating root-mean-square
deviation (RMSD) the gmx_rms tool was used, through which deviations of the backbone
atoms from their original position were evaluated for AB4, monomer and APs2 monomer-
retinoic acid complex. The gmx_rmsf tool was employed for calculating root-mean-square
fluctuations (RMSF) and gmx_sasa tool was used to analyze solvent-accessible surface area
(SASA) for sidechain atoms of APs2 monomer in contact with solvent molecules. The
gmx_hbond tool was employed to calculate intramolecular hydrogen bonds present in APa2

monomer and ABs2 monomer-retinoic acid complex. The dictionary of secondary structure of
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proteins (DSSP) was used to calculate secondary structure content using the gmx do_dssp

tool.®° For clustering analysis, Daura et al. algorithm was used by employing the gmx_cluster.5!

3.5. PCA, FEL, and binding free energy analysis

PCA was done using the gmx_covar tool to analyze conformational fluctuations. FEL was done
using the gmx_sham tool. The binding free energy of retinoic acid with Aps> monomer was
calculated using molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) method

by employing g_mmpbsa tool.®2
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CHAPTER 4: Results and discussion
4.1. Molecular docking studies and key interactions of retinoic acid with A4 monomer

To gain insights into the binding energy and interactions of retinoic acid with Aps2 monomer
molecular docking was performed. Retinoic acid displayed a favourable binding energy of —
6.10 kcal mol™? with ABs> monomer (Table 4). Zakaria et al. reported a binding energy of —6.1
kcal mol™ on docking of cyanidin with ABs2 monomer (PDB ID: 1Z0Q), consistent with this
result.?® The oxygen atom of carbonyl group of retinoic acid was involved in hydrogen bond
formation (0.22 nm) with main chain hydrogen atom of NH of Val39 residue of A4 monomer
(Fig. 2a). Peters et al. reported the small molecule 2-Octahydroisoquinolin-2(1H)-
ylethanamine (M30) formed hydrogen bond with Val39 and Ala42 of A4 monomer (PDB ID:
11YT).% In addition to this, seven residues of ABs2z monomer present in C—terminal region
(Asn27, Ala30, 1le31, Met35, Gly38, lle41, Ala42), formed hydrophobic contacts with retinoic
acid as displayed in the 2D interaction map (Fig. 2b). Afterwards, MD simulations were
performed to investigate mechanistic insights into the inhibitory potential of retinoic acid

against A4 aggregation.

(@) (b)

Ile31

Asn27

Ala30
Tled41

N

Gly38

Fig. 2. Docking pose of retinoic acid at the C—terminal region of AB42 monomer, displaying
hydrogen bond in dotted black line (panel a); 2D interaction map showing the hydrophobic

contacts in red semicircles between AB4> monomer residues and retinoic acid (panel b).
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Table 4. Details of key interactions of retinoic acid to Afs2 monomer.

Compound AutoDock Residue and atoms of A4 Residues of APa2
Vina binding monomer and retinoic acid involved monomer involved
energy in hydrogen bond formation in hydrophobic
(keal/mol) Residue Atom? Distance contacts W.'th

retinoic acid
(nm)
Retinoic acid —6.10 Val39 NH:OC 0.22 Asn27, Ala30,
[le31, Met35,

Gly38, lle4l, Ala42

a8Atom on the left corresponds to A4, monomer; whereas on the right corresponds to retinoic acid.

4.2. Impact of retinoic acid on the conformational fluctuations in 484, monomer

RMSD and RMSF analyses were performed to investigate the structural stability of APas2
monomer in the absence and presence of retinoic acid. The average RMSD of AB42 monomer
was noted to be 0.85 + 0.04 nm (Fig. 3a). On inclusion of retinoic acid, the average RMSD of
ABs2monomer reduced to 0.73 + 0.04 nm which depicts enhanced structural stability and lesser
deviations of AB4> monomer. The RMSD value of ABa2 monomer is reduced by ~0.12 nm in
the presence of retinoic acid. Fang et al. reported a reduction in RMSD of A4, monomer on
the incorporation of genistein by ~0.14 nm, which is consistent with this study.3* Furthermore,
the repeat simulation of Aps> monomer displayed the same RMSD pattern as observed for
simulation 1 (Fig. 3b) which highlights the reproducibility of MD simulations. Afterward,
RMSF analysis was employed to investigate fluctuations of the Ca atoms of APs2 monomer
(Fig. 3c). The RMSF analysis revealed an average RMSF of ABs2 monomer was 0.68 + 0.03
nm which notably decreased to 0.47 + 0.02 nm in presence of retinoic acid. The N-terminal,
CHC, and C-terminal regions influence AP fibrillation.®* The fluctuations remarkably
decreased for Aspl-His6, Gly9-lle31, and Gly37-Ala42 residues corresponding to N-
terminal, CHC, and C—terminal of ABs2 monomer on incorporation of retinoic acid highlighting

reduced aggregation propensity of As> monomer.
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4.3. SASA evaluation of 44> monomer and Afs2 monomer-retinoic acid

SASA analysis was performed to investigate the exposure of APs2 monomer to solvent
molecules in the presence and absence of retinoic acid (Fig. 3d). The average SASA of A4
monomer in the presence of retinoic acid reduced to 48.82 + 2.44 nm? from 52.91 + 2.65 nm?.
The SASA value was noted to be the same in both systems until ~35 ns after which it decreased
significantly in AP42 monomer-retinoic acid complex. The reduced SASA value depicted a
lesser exposure of APB42 monomer to solvent in the presence of retinoic acid indicating a lesser
tendency to aggregate.

(a) (b)

2.0 2.0

= AP, monomer

—Simulation 1

=———Simulation 2

=———APB,» monom er-retinoic acid

"0 20 40 60 80 100 "0 20 40 60 80 100
Time (ns) Time (ns)
() (D
2.0 100
—=—ApB, monomer —— APy monomer
1.6] —*  ABy; monomer-retinoic acid 80 —— APy, monomer-refinoic acid
‘8 601 :: !! :: !:!
5
g 40
4 409
)
201
0.0 T T T r r r r r 0 T T T T
0 S5 10 15 20 25 30 35 40 0 20 40 60 80 100
Residue Time (ns)

Fig. 3. RMSD for the backbone atoms (panel a); RMSD of repeat simulation of Aps2 monomer
alone (panel b); RMSF calculated for Ca atoms (panel c); SASA for side chain atoms in two

systems (panel d).
4.4. Impact of retinoic acid on the 442 monomer conformational ensemble

The colour-coded map of two systems are shown in Fig. 4. The secondary structure contents
of ABs2 monomer was noted to be 44.80 £ 2.20% helix, 0.00 + 0.00% B—sheet, 38.40 + 3.65%

coil, 11.00 £ 0.98% bend, and 5.80 £ 1.04% turn. In the presence of retinoic acid, the secondary
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structure contents of AB42 monomer were found to have 54.40 + 0.88% helix, 0.00 £ 0.00% p—
sheet, 30.00 + 1.26% coil, 8.00 + 0.57% bend, and 7.60 + 0.46% turn (Table 5). Zakaria et al.
reported that APs> monomer exhibited 53% helical content when exposed to peonidin,
corroborating the results observed in this study.?® The results depicted a remarkable increase
in helix with a simultaneous decrease in coil content of ABs2 monomer in the presence of
retinoic acid, highlighting enhanced stability and reduced aggregation tendency of Apa.

monomer.

Table 5. Secondary structure contents in two systems.

Secondary structure content ~ Apa2 monomer AP42 monomer-retinoic acid
(%)
Helix? 44.80 £2.20 54.40 £ 0.88
B—sheet® 0.00 £ 0.00 0.00 £ 0.00
Coil 38.40 + 3.65 30.00 £ 1.26
Bend 11.00 +0.98 8.00 £ 0.57
Turn 5.80 + 1.04 7.60 £ 0.46
aHelix = a~helix + n-helix + 310-helix; "B—sheet = B—strand + p-bridge
(a) APy,
» mu- llf"liﬁﬁ-v-'-ﬁn-nﬂ”‘," r*;_l__ 'r:;\ o A e A

i o =3 B

Residue

e e [ ||yv|||.”|1ru||m.m ]

I 1 1 1 I 1 I ] ] I ] 1 T I T 1 T ]
0 20 40 60 80 100
Time (ns)

e R T ST
i wid,

(b) AB4,-retinoic acid

Com Ak e -ﬂlnr-i».., l—-- I-ITI- ¥ _UN .

T h i
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Residue

|
| T

0 TL . T T

mani

0 20 40 60 80 100
Time (ns)

[] Coil [ B-sheet |l B-bridge [Bend [(JTurn [l o-helix B ~-helix -310-helix
Fig. 4. Colour-coded map of secondary structure content of (a) AB42 monomer, and (b) APa42
monomer-retinoic acid complex.

Per-residue secondary structure analysis was performed to calculate the secondary structure
content of AP4> monomer residues in absence and presence of retinoic acid (Fig. 4). The helix
content was significantly increased for Aspl-Arg5, Val18-Glu22, and Val24—Lys28 residues

with concomitant decrease in coil content for residues Aspl-Arg5, and Val18-Gly29 of AP,
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monomer (Fig. 4a-b). Interestingly, the coil conformation was converted into a helix of ABa2
monomer on the incorporation of retinoic acid. Retinoic acid induced a decrease in bend
conformation for Aspl-Ala2, Phe4—Arg5, Vall8-Ala2l, Asp23-Gly25, Asn27-Lys28, and
lle32—Leu34 of APs2 monomer (Fig. 4c). However, Glu22—lle31 residues of AB42 monomer
displayed increase in turn conformation on the addition of retinoic acid (Fig. 4d). From
secondary structure analysis, a notable increase in the helix content can be observed in N—
terminal and C—terminal region, depicting stability of native helical conformation of Afa.
monomer on the incorporation of retinoic acid.

(a) B :e.. monomer [l AR monomer-retinoic acid (b)

100 1 100 -
804 80
\9 -]
< 604 & |
P = 60
@
o
= 40- 40 -
20+ 204
0 0
6 12 18 24 30 36 42 0 6
Residue Residue
(c) (d
100 100
801 80 -
£ 60 £ 60
E
o 404 = 40 1
201 204
04 04
6 12 18 24 30 36 42 0 6 12 18 24 30 36 42
Residue Residue

Fig. 5. Residue-wise secondary structure analysis displaying the allocation of helix (panel a);
coil (panel b); bend (panel c); turn (panel d) in the simulated systems.

Furthermore, snapshots of systems were captured to compare the conformational variations in
AP42 monomer without and with retinoic acid (Fig. 6). A remarkable increase in helix content
can be observed throughout the simulation in ABs2 monomer around N— and C—terminal on
incorporation of retinoic acid, which matches with the secondary structure compositions (Fig.
5a). The increased helix content of APs> monomer depicts its enhanced conformational
stability, on inclusion of retinoic acid.
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Fig. 6. Snapshots of MD trajectory at 50 ns time interval for ABs2 monomer (panel a) and APas2

monomer-retinoic acid complex (panel b).

4.5. Effect of retinoic acid on intramolecular hydrogen bonds in 454> monomer

Intramolecular hydrogen bonding plays an important role in the investigation of the secondary

structure stability of the protein in the presence of ligands.® The total number of intramolecular

hydrogen bonds of AB42 monomer, in the presence of retinoic acid, increased from 19.10 £+ 0.96

to 21.07 + 1.05 (Fig. 7). This notable increase in intramolecular hydrogen bonds indicates an

increased helical conformation thereby enhancing the stability of ABs2 monomer.

Lh
=
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=
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=}

Number of intramolecular
hydrogen bonds

| =——Apy, monomer-retinoic acid
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40 60 80

Time (ns)

20 100

Fig. 7. Average number of intramolecular hydrogen bonds in ABs2 monomer and APas2

monomer-retinoic acid complex.
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4.6. Retinoic acid enhances conformational homogeneity in Afs2, monomer

Clustering analysis was employed to analyze the thermodynamic stability of ABs2 monomer
without and with retinoic acid. The population of the most populated microstate my of A4
monomer was found to be 5.25% which increased to 12.50% on the incorporation of retinoic
acid (Table 6). The increase in the percentage population highlights the structural homogeneity
of AB42 monomer-retinoic acid complex. The population of the second and third most populated
states m> and mz of ABs2 monomer was observed to be 3.80 and 3.50% which increased to 5.95
and 4.30% respectively, on incorporating retinoic acid. The side chain hydrogen atom of NH
of Lys28 binds to the oxygen atom of carbonyl group of retinoic acid in the most populated
state m1 of APa2 monomer-retinoic acid complex system (Fig. 8b). The residues of APa2
monomer involved in hydrophobic contact with retinoic acid include Leul?7, Ala2l, Leu34,
and Met35, which highlights the interaction of retinoic acid with the C-terminal and CHC-
region of ABs2 monomer (Fig. 8c). Overall the conformational clustering analysis revealed a

uniform conformational ensemble of AB42> monomer with retinoic acid.

Table 6. Impact of retinoic acid on the conformational homogeneity of AB4> monomer.

System Microstates

ma ma ms
AP42 monomer 5.25 3.80 3.50
AP42 monomer-retinoic acid 12.50 5.95 4.30
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(a) AB,, monomer (b) AB,, monomer-retinoic acid

a C .
’\ N

(©)

Fig. 8. Most populated state conformation (mz) of ABs2 monomer (panel a); the hydrogen bond
between retinoic acid and Lys28 residue of AP42 peptide (panel b); 2D interaction map
indicating the hydrophobic contacts in red semicircles between retinoic acid and A4 monomer

(panel c).

4.7. PCA and FEL of 454 monomer and Af42 monomer-retinoic acid

The 2D projection of the first two eigenvectors was used to investigate PCA and trace of the
covariance matrix for Co atoms for both ABs> monomer and ABs2 monomer-retinoic acid
complex (Fig. 9). A notable decrease in the trace value of ABs> monomer from 23.35 to 10.44
nm?was observed on the inclusion of retinoic acid. The lower trace value illustrates the reduced
conformational space of APs> monomer-retinoic acid complex, which highlights reduced

conformational fluctuations of Af4> monomer on the incorporation of retinoic acid.
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Fig. 9. Principal component analysis evaluated by 2D projection of the first two eigenvectors.

FEL was plotted using PC1 and PC2 to inspect the conformational variations of AB4> monomer
on the addition of retinoic acid (Fig. 10). In the absence of retinoic acid, the AB42 monomer
exhibited an expanded profile compared to when retinoic acid was present, which highlights
increased conformational heterogeneity of AP, monomer without retinoic acid. The FEL of
APs2 monomer-retinoic acid complex is narrower than APs> monomer which depict
conformational homogeneity of Af4> monomer with retinoic acid. The FEL of ABs2 monomer
exhibits a single minimum-energy basin with several metastable states separated by energy
barriers. The FEL conformations of A2 monomer displayed 46% helix, 37% coil, 10% bend,
and 7% turn (Table 7). However, ABs2 monomer-retinoic acid complex displayed two
minimum energy conformations sampled 51-54% helix, 32—-34% coil, 7% bend, and 7% turn.
The results highlighted an increase in helix content in ABs> monomer-retinoic acid, which
matches with secondary structure results (Fig. 5a) and conformational snapshots depict stability

of native helical AB4> monomer in the presence of retinoic acid.
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Fig. 10. Free energy landscape depicted as a function of PC1 and PC2 for the simulated

systems. Minimum-energy conformations are shown in the form of cartoon representations.

Table 7. Secondary structure content of FEL conformations of simulated systems.

System Conformation Secondary structure component (%)
Helix*  B-sheet” Coil Bend  Turn
AB42 monomer i 46 0 37 10 7
APa2 monomer-retinoic i’ 54 0 32 7 7
acid ii”’ 51 0 34 7 7

Helix = o—helix + n—helix + 310-helix; °B—sheet = B—strand + p-bridge

4.8. Calculation of binding free energy between A4f4, monomer and retinoic acid using MM-
PBSA

The binding free energy of AB42 monomer with retinoic acid was observed to be —-54.89 + 14.07
kJ mol? (Fig. 11). The van der Waals interaction was noted to be the major contributor to
negative binding free energy value and displayed —62.42 + 25.10 kJ mol™. The per residue
MM-PBSA analysis depicted binding of Asp7 (-3.66 k mol™), Glu11 (—4.48 kI mol?), Leul7
(-5.95 k mol?), Phe20 (-6.19 k mol ™), Ala21 (—3.53 kI mol?), Glu22 (-5.30 kJ mol ™), Asp23
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(-5.11 kJ mol™Y), Val24 (-3.09 k mol™), Leu34 (-4.02 kJ mol?), Met35 (- 3.67 kJ mol™?), and
Ala4?2 (-2.43 kJ mol™*) with retinoic acid. Binding of Leu17, Ala21, Leu34 and Met35 residues
of APs2 monomer to retinoic acid is consistent with the clustering analysis (Fig. 7b).
Additionally, binding of retinoic acid to CHC residues Leul7, Phe20, Ala21 of ABs+> monomer

highlights a notable contribution in binding of retinoic acid with ABs2 monomer.

(@) (b)
8
Energy terms Energy (kJmoll) I AB,; monomer-retinoic acid
6 ]
Ap,; monomer-retinoic acid
= 44
AE 5 —62.42 £25.10 ’;‘
AE,,. 1.13 +£0.68 E 2
AE\p, —61.29 +24.42 SNy
AG,, 14.68 +13.71 g
-*]
AG,, —8.28 +£3.36 z
AG,,} 6.40 £ 10.35
AGyiiing —54.89 + 14.07
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Fig. 11. Individual contributions of van der Waals, electrostatic, polar solvation, non-polar

solvation in the binding free energy (panel a). Per-residue binding free energy analysis of ABs2
monomer-retinoic acid complex (panel b).
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CHAPTER 5: Conclusion

The present study provided mechanistic insights into the vitamin A metabolite (retinoic acid)-
induced modulation in A4 fibrillation. Retinoic acid displayed hydrogen bond with Val39
and hydrophobic contacts with C—terminal residues (Asn27, Ala30, 11e31, Met35, Gly38, lle41,
and Ala42) of AP4 peptide. RMSD, RMSF, and SASA analyses revealed that retinoic acid
lowered structural fluctuations in APs> monomer, therefore inhibiting aggregation and
misfolding of AB peptide. Notably, retinoic acid increased the helix content of AB42 monomer
from 44.80 + 2.20 to 54.40 £ 0.88%, which corroborates with higher intramolecular hydrogen
bonds in APs> monomer. An increase in the helix content depicted reduced aggregation
propensity of AB4> monomer. The FEL highlighted increased conformational homogeneity of
AP42 monomer with retinoic acid. Moreover, the FEL conformations illustrated increased
helical content in AB42 monomer-retinoic acid, highlighting increased structural stability of
AP42 monomer-retinoic acid complex. Importantly, binding free energy analysis displayed
favourable binding of retinoic acid in the CHC region of Aps2 monomer, which is consistent
with the clustering analysis in which A4, monomer in my displayed hydrophobic contacts of
retinoic acid with the residues of CHC and C-terminal region of Apas.. Overall, the
computational analyses unveiled inhibitory mechanism of retinoic acid against Az fibrillation
and indicated that retinoic acid prevented A4z aggregation by stabilizing the non-aggregating

helical conformation of AP42 monomer.
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