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ABSTRACT

The self—aggregation of amyloid-f3 (AB42) into B—sheets is considered to be responsible for the
onset of Alzheimer’s Disease (AD), a neurodegenerative disease with no clinically accepted
treatment. The N—terminal (**KLVFF?°) is identified as a self-recognition region and the central
hydrophobic core (CHC) which is crucial for the formation and stabilization of the B— sheets.
Mallesh et al. have recently reported KLLFF, produced by single point mutation by replacing
Vall8 in KLVFF with leucine KLLFF as a potential inhibitor against Ap aggregation. The
mechanism by which KLLFF hinders Ap aggregation remains an enigma. To gain insightsinto
this inhibitory mechanism, molecular dynamics (MD) simulations have been performed. The
molecular docking was performed using AutoDock Vina which predicted a favourable binding
energy of —5.2 kcal/mol for APs>—KLLFF complex. The MDsimulations depicted enhanced
structural stability for A4z in the presence of KLLFF. The presence of KLLFF remarkably
prevented the B—sheet formation by reducing the side—chain contacts at the C— terminal, Gly33—
Val40 of AB42. According to the per residue binding energy Phe4, Arg5, Vall12, His13, Val18
and Phe19 contributed maximum to binding of ABs2 with KLLFF. KLLFFfurther reduced the
intramolecular hydrogen bonds of APas, therebystabilizing the native of structure APao.
Understanding the inhibitory mechanism of KLLFF against AB42 holds great promise for the
development of potent drugs to combat AD. Such insights could pave the way for more effective

treatments against AD.
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CHAPTER 1: Introduction

1. Introduction

Proteins are macromolecules which serves as building blocks of living systems due to their vital
activities in enzymes, cytoskeleton, muscles, and hormones.! The proper three—dimensional
structures of proteins in their folded, mature forms are essential for their proper functioning.
However, any alterations in the protein structure during the intricate process of protein folding
results in misfolding and subsequent aggregation.® The pathology of several neurodegenerative
disorders, such as Alzheimer's disease (AD), Huntington's disease, frontotemporal dementia,
Parkinson's disease (PD), and amyotrophic lateral sclerosis (ALS), involves the self-association
of misfolded proteins into aggregates.*> Among all theneurodegenerative diseases, AD is the most
common form of the dementia that is prevalent without a cure.® The symptoms include progressive
deterioration of memory, cognitive function,and physical abilities.” The global population affected
by AD comprises approximately 55 millionindividuals, while the incidence of dementia continues
to escalate at a rapid pace. The global economic for treatment of dementia was estimated at around
$355 billion in 2021 and is projectedto surge to an astounding $1.1 trillion by the year 2050.8°
The accumulation of amyloid-B (AB) protein which comprises of 39 or 42 amino acid residues is
majorly responsible for the pathology of AD.'%! The initial step in the formation of A involves
the sequential proteolytic cleavage of a transmembrane precursor protein (APP) by enzymes —
and y—secretases.'? AP is known to have two structural variants ABso and AP42'3 however, ABaois
the more abundant alloform than ABas.. Although, A4 is believed to be more neurotoxic and
majorly responsible for aggregation.'* Under normal physiological conditions the AP readily
undergoes self-aggregation, forming the B-sheets that are transformed into insoluble aggregates,
oligomers and protofibrils which subsequently forms neuritic plaques.®
Several inhibitors that can hinder the aggregation of AP molecules or disrupt pre-existing AP
aggregates have acquired significant interest as promising drug candidates for AD.'%%" These
compounds include inhibitors like peptides'®, surfactants'®, small molecules?® andnanoparticles?.
The strategies for the inhibition of aggregation include blocking the expression of APP, inhibiting
the cleavage of APP, or targeting the aggregation of AP against the AR aggregation.??23
The characteristics of peptide—based inhibitors that makes them particularly advantageous in
inhibiting the aggregation process over other inhibitors are their bio—compatibility, enhanced

ability to cross blood brain barrier, increased selectivity and less toxicity.?* Peptide sequence




derived from ABaz sequence like APis—22, AP1s—23,and ABi7—22bind to the complementary parent
sequences due to their self-recognition property, and inhibit the self—aggregation by blocking the
binding sites of AB42.2>% The central hydrophobic core (CHC) region being the self-recognition
region comprises the N-terminus fragment 16 KLVFF20 which is believed to drive the process of
aggregation.?’” Various researchers have confirmed that the peptides derived from the parent
sequence could not efficiently inhibit the aggregation process, thus novel peptides with several

modifications are being designed been to weaken the aggregation process.?®

Mallesh et al. investigated the impact of a single amino acid mutation in the N-terminal (NT)
region of the APa, peptide, specifically inducing p-sheet formation.?® The authors designed 14
hydrophobic peptides (NT-01 to NT—14) by substituting the V18 with hydrophobic residues like
leucine and proline in the original APa42 peptide fragment (KLVFFAE). Among the 14 peptides
tested, NT-02 (KLLFFA), NT-03 (KLLFF), and NT-13(LPFFAE) showed significant influence
on A4z aggregate formation. When these NT peptides were co—incubated with the A4z peptide,
they caused a notable reduction in p—sheet formation and an increase in the random coil content of
AP42 which was confirmed through circular dichroism (CD) spectroscopy and Fourier transform
infrared spectroscopy (FTIR). Furthermore, the reduction in fibril formation was measured using
the thioflavin—T (ThT) binding assay. ThT Assay highlighted that NT-03 showed inhibition of
54.26% at SuM when treated with ABa42. The inhibition of aggregation was also assessed through
Congo red and ThT staining techniques, as well as electron microscopy examination. The analyses
supported the observation that the NT-03 peptide had the ability to impede fibril formation.
Additionally, the NT-03 peptide increased the cell viability to 92.41% exhibiting a protective
effect on PC—12 differentiated neurons against APs2—induced toxicity and apoptosis when tested
in vitro. Despite the extensive studies, the molecular mechanism behind the inhibitory potential
of KLLFF has not been discovered yet. In this regard, MD simulations for two different systems
APa42 and APs2 + KLLFF have been employed to understand the interactions between Afa42 and

KLLFF and the molecular mechanism of inhibition of aggregation.




CHAPTER 2: Literature Review

In 2022, Konar et al., conducted a study where they designed and synthesized a series of APi4-23
peptidomimetics by incorporating cyclo (Lys—Asp) based cyclic dipeptide (CDP)—unnatural
amino acid (kd) at three different positions.® The objective was to investigate the impact of these
peptidomimetics on the aggregation of AP at pH 7.4 and 2.0. Among the synthesized
peptidomimetics AkdNMC (V) which contained the CDP unit at the N—terminal, C—terminal and at
the middle exhibited the most effective inhibition. The molecular docking was performed and
Akd"MC revealed a binding energy of —5.3 kcal/mol. ThT Assay was performed and it was found
that Akd"M® had the longest lag time (tiag) 316.8 hour at pH 7.4. CD studies indicated that at pH7.4
two negative peaks appeared at 200 nm and 210 nm suggesting a reduction in f—sheet. FTIR
studies of AP14 23 incubated with Akd"MC (V) showed a peak at 1640 cm™ and 1670 cm* and
1660 cm for random coil and o-helix, respectively. AFM imaging further confirmed the
inhibition of aggregation. Cytotoxicity assay demonstrated that AB14-23+ Akd"MC displayed a cell
viability rateof 99%. Further, molecular docking was performed between A4 23and Akd"M© and
revealed a binding energy of —5.3 kcal/mol. The findings indicated that AB14- 23+ Akd"MC was a
potential inhibitor at pH 7.4.
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Fig. 1 Structure of AB14 23 + Akd"MC

In 2022, Kundal and co-workers, investigated a small library of novel peptides via MD simulations
to assess their interactions with the ABs, (PDB ID: IIYT).3! The peptides were designedbased onthe
amyloidogenic region (Lys16-Ala21) and were subjected to one/two—point mutationto enhance
the inhibition tendency and to increase the stability of A4z against enzymatic degradation.
Docking results revealed that the peptide DKAPFF (P12) showed the highest bindingenergy of —
70.17 kcal/mol with A4z The residues of ABa2 involved in hydrogen bonding with P12included,
Ala21, Lys28, Gly38, Ala42 whereas Ala42 and Lys28 were involved in hydrophobic contacts.
The conformational changes in the structure of Aps>were analysed by RMSD, RMSF and




Rg. It was observed that in the presence of P12 RMSD value decreased from 1.35 nm to 0.7 nm
and RMSF analysis showed lesser fluctuations Rq value decreased from 2nm to 1.09 nm. Further
the analysis of hydrogen bonds revealed a decrease in the intramolecular hydrogen bonds of ABaz
on incorporation of P12. All these analyses indicated a more stable structure of APz in the presence

of P12. The information gained can be used to explore P12 as a therapeutic agent againstAD.

Fig. 2 Structure of P12 (DKAPFF)
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In 2021 Liu et al., elucidated the influence of chirality of the heptapeptide LVFFARK (LK7) on
AP, protein. The effects of L-LK7 and D-LK7 enantiomers on AR were compared.® It was
observed that both the enantiomers were capable of inhibiting the aggregation but the D-
enantiomer was preferred as it exhibited the stronger inhibition, which was proven by lower
fluorescence intensity of 18% for D-LK7 in the ThT assay and absence of almost no Afa.
aggregates in the AFM imaging. The results of the CD spectroscopy revealed a reduction of —
sheet from 47.6% to 20.4% for the D—enantiomer. MTT cell viability demonstrated that the cell
viability for D—LK7 was increased to 83%. Molecular docking utilizing AutoDock Vina was used
to gain insight into the molecular mechanisms. The binding energy of b— LK7 was observed —
4.4kcal/mol, lower than L-LK7. These results highlighted the impact of chirality on AP aggregation

and opened paths for the design of the new inhibitors.
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Fig. 3 The molecular structure of D-LVFFARK.




In 2021, Wang et al.® synthesized a zwitterionic polymer with short dimethyl side chains (denoted
by pID) and conjugated it with LK7 peptide inhibitor for better inhibition against Ap42
aggregation. Interesting and unexpected property of LK7@pID (Ac-LVFFARK-NH2) conjugate
was revealed by mechanistic studies, i.e., the effective elimination of AB induced cytotoxicity
despite forming more fibrils when compared with Ap42-alone system. Primarily, the hydrophobic
interactions between AP42 molecules and LK7@plID were formed which triggered Ap42
aggregation initially by promoting the hydrophobic environment within assembled micelles of
LK7@plD. Furthermore, in the aggregation process, LK7@pID micelles were pushed apart by
intense contacts with AB, resulting in hybrid and heterogeneous fibrillar aggregates that differed
from typical APB42 fibrils. This is a unique Trojan horse- like property of LK7@pID conjugates
which has not been observed for other inhibitors previously. Therefore, these finding breaks
through the traditional amyloid modulator design ideas and offers new views for modulating

amyloid protein aggregations.
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Fig. 4 The molecular structure of LVFFARK.

In 2020 Horsley and colleagues, designed a hexapeptide, that incorporated a recognition component
(KLVFF) and a B-sheet disruption element (Aib).3* This was the first study to exploit thesynergy
between a recognition and disruption component. The hexapeptide referred as peptide 2
exclusively comprised of D—amino acids, to enhance the specificity towards As.. Various analyses
including the Fluorescence assay, native ion mobility (IM—MS) and cell viability assay,
collectively demonstrated the highly specific interaction between APs> and the peptide.
Additionally, ThT Assay revealed that the designed peptide completely inhibited B— sheet
formation at a molar ratio of 1:2. Cell viability assay did not indicate any cytotoxic effect whenthe
peptide 2 was incubated with A4z in 2:1 molar ratio. The successful utilization of synergism
between the recognition and the disrupting components in this study provides a promising strategy

to design anti-amyloid drugs.
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Fig. 5 The Structure of D—isoform of the designed peptide.

In 2019, Mondal et al.,® implemented a pharmacophore based in silico analysis of known
neuroprotective molecules to identify a short hexapeptide "LETVNQ" (LE6) as shown in Fig. 6,
that prevents AP aggregation, neurotoxicity and also provides a stability to intercellular tubulin.
Several experimental results suggested that LE6 promote neurite outgrowth and has no cytotoxic
effect for differentiated PC12 neurons. LE6 enhanced the rate of polymerization of intracellular
microtubules, thus, balancing the complex microtubule network in cells. Further, substantial

stability of LE6 in human serum (~35% stable after 24 h) makes this short hexapeptide a potent

HN_ O
4 0
: N\i/U\N OH
L0 _\‘fg 0

NH,

candidate against AD.
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Fig. 6 The molecular structure of LETVNQ.




CHAPTER 3: Computational Details
3.1 Protein and Ligand preparation

The primary amino acid sequence of the APs monomer contains 42 amino acids
(D:AEFRHDDSGY 10EVHHQKLVFF20AEDVGSNKGAzl IGLMVGGVV4lA). The structure

of the full-length ABs2 monomer (PDB ID: 1IYT)% was obtained from the RCSB Protein Data
Bank®’ (Fig. 2a). ChemDraw Professional 15.0% was used to draw the structure of the peptide
KLLFF. The N- terminal and C—terminal of KLLFF was kept amidated. Chem 3D ultra was used
for energy minimization (Fig. 2b). The PDBQT files were obtained using the AutoDock Tools 1.5.6

software.%®
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Fig. 7. a) The 2D structure of APs2 (PDB ID: 11YT) b) The chemical structure of the peptide
NH>—KLLFF-NHo.

3.2 Molecular Docking

The molecular docking was conducted using AutoDock Vina*® to assess the binding pose of
KLLFF with AB42. The PDBQT files for AB42 and APs>—KLLFF were generated using AutoDock
tools. For the docking study, the ABs>— KLLFF complex was enclosed within agrid box. The grid
spacing was set at the value of 1.00A, and the dimensions of the grid box were set to 38 x 30 x 53
A. The center of the grid was positioned at x = —4.019, y = —0.009, and z = —2.294. In the case of
APa2, Kollman charges were added along with polar hydrogens. The resulting interactionsbetween
APaz and KLLFF were analyzed using PyMOL and ligplot* software.** The docking analysis
provided insights into the specific interactions between A4z and KLLFF which allowedfor further

examination.




3.3 System preparation for Molecular dynamics simulations

To study the dynamic behaviour of APz in the presence and absence of KLLFF, MD simulations*?
were performed using the GROMACS*® program with the Amber99SB-ILDN force field*. Two
independent systems were considered: A4z (alone) and the ABs>—KLLFF (complex). The cubic
boxes with dimensions of 7.36 nm x 7.36 nm x 7.36 nm were created and the systems were solvated
using the TIP3P water model*. To neutralize the charge of APsz2 (—-3)*¢,3 Na+ ions were added.
Additionally, 0.15M NaCl was included in the systems to mimic the physiologicalconditions. The
A4z system contained 12,682 water molecules, while the ABs>—KLLFF system contained 12,513
water molecules (Table 1). The equilibration process started with NVT equilibration (constant
number of particles, volume, and temperature) using Berendsen thermostat*’ for 500 ps at 300 K.
This was followed by NPT (constant number of particles, pressure, and temperature) equilibration
coupled with Parinello-Rahman barostat*® for an additional 500 ps. The constraint algorithm
LINCS* was used for bond lengths. The smooth particle-mesh Edwald summation method* was
used to calculate long—range interactions. MD trajectories generated from the simulations for both
systems were analysed using GROMACS toolsand PyMOL software. The analyses allowed for the
examination of the dynamics, interactions, and structural stability of the systems throughout the

simulation time.

Table 1. Details of MD simulated systems.

System Simulation time (ns)® Box dimensions (nm?) Number of water

A molecules in box
B42 50 7.36 x7.36 x 7.36 12682

APs2+ KLLFF 50 7.36 x7.36 x 7.36 12513

aAB42 (PDB ID: 11YT), ® The Amber99SB—ILDN force field and TIP3P water model are used for simulations.

3.4 Structural analysis details

The structural stability of both the ABa. peptide and the ABa—KLLFF complex was analyzed using
various tools provided by GROMACS. The gmx_rms tool was employed to calculate the Root
Mean Square Deviation (RMSD), which measures the overall structural deviation of the backbone
atoms for APz peptide and APs,—KLLFF complex from their initial conformations throughout the
MD simulation. The gmx_rmsf tool was used to calculate the Root Mean Square Fluctuation
(RMSF), which quantifies the flexibility of each residue in the APa2 peptide or ABsa—KLLFF
complex during the MD simulation. The gmx_gyrate tool was employed to calculate the Rq (Radius
of Gyration), which provides a measure of the compactness of the ABa2 during the MD simulation.

The gmx_sasa tool was used to evaluate the Solvent Accessibility Surface Area (SASA). The




gmx_hbond tool was utilized to calculate hydrogen bonds. The bond angle and hydrogen bond
length during hydrogen bond analysis were kept at default. The secondary structure details for both
systems were evaluated using do_dssp tool®! of GROMACS. Additionally, gmx_mindist was
employed to analyze the side—chain contacts of ABa4zin the presence and absence of KLLFF during

the MD simulation.

3.5 Binding free energy calculations by MM-PBSA

The Molecular Mechanics Poisson Boltzmann Surface Area (MM-PBSA) method was used to
estimate the total binding free energy of AP42to KLLFF. The binding free energy was calculated
using the g_mmpbsa tool.>? The binding free energy was calculated as per the following equations:

AGsinding = AEmm + AGsolv.
where, AEmm and AGsolv terms denotes the molecular mechanics energy and the solvation energy
term. AEmwm is calculated as the sum of the van der Waals energy (AEvaw) and the electrostatic
energy (AEeiec). AGsolv. is calculated as the sum of the polar solvation energy (AGyps) and non—polar
solvation energy (AGnps). The contribution of each residue in binding free energy were estimated

by MmPbSaDecomp.py python script.




CHAPTER 4: Results and Discussion

Recently in 2023, Mallesh et al. designed a hydrophobic peptide, NT-03 (KLLFF) by mutating
Val18 in KLVFF with hydrophobic leucine.?® Extensive biophysical studies highlighted that
KLLFF significantly inhibited the aggregate formation of APs2. However, the inhibitory
mechanism of KLLFF against AB42 aggregation remains obscure. In this work, MD simulations
have been employed to understand the interactions between A4, and KLLFF and the molecular

mechanism of inhibition of aggregation.

4.1 Molecular docking studies and key interactions of KLLFF with A4f..

The results of the molecular docking revealed the favourable binding energy of —5.2 kcal/molfor
the interaction of AB42 and KLLFF. The binding of KLLFF peptide resulted in the formation of four
hydrogen bonds with residues Glul1 and GIn15 of ABs (Fig. 3a, Table 2). The docking results are
consistent with the previous study reported by Biswas et al. in which peptide (NAVSIQ) formed
hydrogen bonds with Glul1 and GInl15 residues of AB42.>® In addition, n—r stacking interaction
was observed between Phel9 of AP4, and Phe4 of KLLFF, with a bond length of 0.4 nm.
Additionally, the residues Ser8, Vall2, His14, Lys16, Vall8, and Phel9 of AB4> were involved in
hydrophobic contacts (Fig. 3b). The docking pose obtained from the molecular docking is further
subjected to MD simulations to study the dynamics of A4z in presence of KLLFF.

i\;auz
e
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L

Fig. 8. a) The docked pose of ABs—KLLFF as viewed in pyMOL showing hydrogen bonds in
black dotted lines. b) The 2D interaction map displayed hydrophobic contacts between A4z and

KLLFF in red semicircles as viewed in Ligplot+.
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Table 2. Details of binding interactions between A4 and KLLFF.

Complex  Binding Residues and atoms of Aps2and Distance  Residues ofAPa,
affinity KLLFF involved in hydrogen (nm) involved in
(kcal/mol)  bonding hydrophobic
APz KLLFF contacts with
KLLFF
APaz- 5.2 Glu112C=0 H-N Lys1? 0.29 Ser8, Vall2,
KLLFF His14, Lys16,
Glu11°C=0 H-N Lys1? 0.28 Vall8, Phel9
GIn15%C=0 H-N Lys1° 0.24
GIn15* N-H O=C Phe4® 0.23

3denotes Side chain °denotes Main chain
4.2 Structural stability of 4f42 in the presence of KLLFF

The structural stability of Apa2> was evaluated through various analysis like RMSD, RMSF, Rg. The
RMSD analysis was conducted for the backbone atoms of both the ABa2 and AB4>—KLLFFto assess
the structural deviation of the proteins throughout the MD simulations (Fig. 4a). Initially, ABa>—
KLLFF exhibited a higher RMSD compared to AB42 but over time it attains stability with a lower
RMSD value. The average RMSD values for ABs2and AB4>—KLLFF were noted to be 0.88 + 0.04
nm and 0.68 = 0.03 nm, respectively. The reduced average RMSD value implied a more stable
structure with lesser overall structural deviations. Further, The RMSF analysis was employed to
investigate the fluctuations of C, atoms of ABaz residues in the presence and absence of KLLFF.
The average RMSF value was 0.56 + 0.03 for AB42 and marginally decreased to 0.54 + 0.03 for
APa—KLLFF (Fig. 4b). The incorporation of KLLFF resulted inthe reduced fluctuations for the
residues Val12, Lys16-Ala21 and Gly37-Gly38 of ABs2. Xu et al. reported reduced fluctuations
for residues Leul7—Asn27 and Ala30-Gly37 of APa2 in the presence of Gallic Acid—Glutamine
Conjugate which is relative to our study.>* This decrease in the RMSF values indicated that the
presence of KLLFF led to a reduction in the overall RMSF fluctuations within the A4z indicating
a stabilizing effect. Additionally, average Ry values noted for AP and for APs—KLLFF was

1.27 + 0.06 and 1.24 £ 0.06, respectively (Fig. 4c). The decrease in the Ry value depicts the

compactness and enhanced structural stability of A4z inthe presence of the KLLFF.
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Fig. 9. The analysis of the simulated system A4z (black curve) and AB4.—KLLFF (red curve).

a) The RMSD calculated for the backbone atoms of A4, b) The RMSF calculated for Co atomsof
APa42 ) The Rgcalculated for the overall size of ABs2 d) SASA calculated for the exposure of the

side—chain to solvent molecules.

4.3 Evaluation of SASA for Afs—KLLFF

The per residue SASA analysis was performed to quantitatively assess the extent of the exposure
residues on the surface area of A4z to the surrounding solvent molecules (Fig. 4d). By examining
the per residue SASA value, notable decrease was observed for the residues Ser8-Gly9, Glull-
Vall2, Hisl4, Leul7, Phe20, Asp23, Ser26-Asn27, Ala30, Val36 and Val39 in the presence of
KLLFF. The decrease in the SASA value for CHC region highlighted the reduced tendency of ABa2
to aggregate in presence of KLLFF.

4.4 Secondary structure analysis of 4842 and 4f4—KLLFF

To assess the influence of KLLFF on the secondary structure composition of APs2, the time—
dependent evolution of secondary structure analysis was performed (Fig. 5). In case of ABa2, the
predominant secondary structure conformation was helix (34.8%) followed by turn (28%), random
coil 22.2%, bend 9.6% and p—sheet 5.8%. In the presence of KLLFF, the random coil confirmation
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was the most dominant and increased to 39.2% followed by an increase in bend (22.8%) whereas
the helix, turn and f—sheet decreased to 17%, 20.2%, 0.6% respectively. (Table3). The results are
consistent with the circular dichroism (CD) and FTIR results which reported a significantreduction

in B—sheet and increment in random coil content.?®

Table 3. Analysis of secondary structure in the absence and presence of KLLFF.

Model System Coil Bend Turn Helix? B—sheet”
APz 22.2 9.6 28 34.8 5.8
APBar—KLLFF 39.2 22.8 20.2 17.0 0.6

aHelix is the sum of a —, = — and 310-helix; "B—sheet is the sum of p-bridge and p—sheet.

Residue

0
b) AB,, — KLLFF

a8 [
.,m.-m.ﬁ'-"-“- s-n,

Residue

0 10 20

Time (ns)

(] Coil B Bsheet MM P-bridge WM Bend [ITurn WM o-helix W 7-helix [ 3, helix
Fig. 10. The time dependent secondary structure analysis for ABas.. a) in the absence b) in

thepresence of KLLFF as calculated by DSSP.

The per residue secondary structure analysis was performed to get a deeper insight into the
secondary structural preferences of each residue of A2 in the absence and presence of KLLFF (Fig.
6). Coil conformation increased remarkably for Ala2, Glull and Leul7-Ser26 residuesof ABazin
the presence of KLLFF (Fig. 6a). The increase in the coil conformation for AB4—KLLFF plays a
key role in inhibiting the aggregation of A4z is consistent with experimental studies. Bora et al.
reported an increase in the coil for the residues GIn15-Leul7 and Asn17— Gly29 for A4z, which
is consistent with our results.®® In the presence of KLLFF, the bend confirmation increased
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significantly for the residues Phe4, Tyr10, His13-Leul7, Phel9— Ala21, Asp23-lle31, andGly33-
Leu34 (Fig. 6b). However, decrease in turn was evident for the residuesGlu3, Arg5-Asp7,Glull-
Vall2, Lys16-Vall8, Ala21, Asp23-Gly25, and Lys28-1le31 of A4z (Fig 6¢). The decrease in the
helix was observed for the residues Aspl— Ala2, Ser8-Gly25, Lys28-le31, Met35-Ala42 showed
a decrease in the helix whereas for residues Glu3—Asp7, Ser26-Asn27and lle32— Gly34 there was
an increase in the helix content (Fig. 6d). The residues that showed significant decrease in p—sheet
included Glu22, Ser26-Asn27 and Gly33-Leu34 (Fig.6e). Previous studies have shown that
residue Val24—Val40 are essential for p—sheet formation.> The presence of p— sheet is responsible
for the aggregation of APs2and decrease in f—sheet content indicates inhibitionof aggregation.®” The

decrease in the B—sheet content in the presence of KLLFF clearly indicated theaggregation was
inhibited in the presence of KLLFF.

(@) (b) (©

100 100
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6 12 18 24 30 36 42 6 12 18 24 30 36 42 6 12 18 24 30 36 42
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(d)loo © 100
I AB.,
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B-sheet %

=
=)

[}
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6 12 18 24 30 36 42 6 12 18 24 30 36 42
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Fig. 11. The per residue secondary structure analysis exhibiting the distribution of (a) Coil (b) Bend
(c) Turn (d) Helix (e) p—sheet content as calculated for ABa. in the absence (black bars) and presence

of KLLFF (red bars).

In addition, snapshots of both the systems at different time scales have also been compared to verify
the structural changes of A4z in the absence and presence of KLLFF. The snapshots were taken at
an interval of every 10 ns throughout the trajectory for both the system as shownin (Fig. 7). A
notable transformation in the conformation of A4z, exhibiting a considerable decrease in helix
content was observed (Fig. 7a). The snapshots of APz in the presence of KLLFF illustrates that the
random coil conformation has increased significantly for APa42 (Fig.7b). Moreover, the KLLFF
remains bound to Apa2 throughout the simulation. The increase in coil content for APa—
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KLLFF system is consistent with the secondary structure details in whichcoil content increased to
39.20%.
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Fig. 12. The snapshots extracted after every 10 ns from MD simulation trajectory for both the

systems.

4.5 Hydrogen Bond Analysis

The investigation focused on exploring the impact of ABs2 on both intramolecular and
intermolecular hydrogen bonds in the absence and presence of KLLFF. The average number of
intramolecular hydrogen bonds was 21.00 + 1.08 for ABs2 and 17.00 + 0.84 ABs>—KLLFF (Fig.
8a). The presence of KLLFF leads to a decrease in average number of intramolecular hydrogen
bonds within ABs2 which indicates the critical role of KLLFF in modulating the secondary structure
of APa42. The average number of intermolecular hydrogen bonds between A4z and KLLFF was
calculated to be 1.20 + 0.06 (Fig. 8b) depicting that KLLFF remains in the vicinity of A

throughout the simulation.
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Fig. 13. a) The number of intramolecular hydrogen bonds between formed by Apa2 in the
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presence and absence of the peptide. b) The number of intermolecular hydrogen bonds between
APazand KLLFF,
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4.6 The influence of KLLFF on tertiary contacts between Afa.

The side chain-side chain contacts of APas2 and APs>—KLLFF was analyzed. For AB42 considerable
contacts within the residues Gly33-Val40 (Fig. 9a) were observed. However, the introduction of
KLLFF vividly portrays considerable reduction in the contacts within the residues Gly33-Val40
region (Fig. 9b). The reduction strongly suggests a decrease in the p—sheet. Theinteractions between
CHC and C—terminal regions play an important role in the self-aggregation of AB42.%® The findings
illustrate that the presence of KLLFF influences the structural characteristicsof A4z by diminishing

the side chain—side chain contacts within the residues Gly33—Val40.

a) APy b) AB;,—KLLFF

Residue Index

15 20 25 30 35 40
Residue Index

S 20 25 30 35 40
Residue Index

Distance (nm) 1.5

Fig. 14 The color—coded contact map represents the interactions between the side chain atoms
of Aa2. In this representation, different colors indicate the frequency of contacts between the

atoms,with darker colors representing stronger interactions.

4.7 Binding free energy analysis between Afs2 and KLLFF

The binding free energy calculation depicted binding free energy (AGuoinding) Value to be —26.21

+ 5.16 kcal/mol between AP.cand KLLFF (Fig. 10b). The vander Waals energy was observed to
be the dominating with value of —24.03 + 9.81 kcal/mol. The per—residue energy decomposition
evaluated the contribution of individual residues of APa42 revealing valuable insights into the
molecular interactions driving the binding free energy. Notably,the residues exhibiting the binding
energy less than —1.0 kcal/mol have been identified as important contributors for binding. The six
residues Phe4, Arg5, Vall2, His13, Vall8, and Phel9 of A4z contributed the most to the binding
with KLLFF (Fig.10a). The result agrees with the previous studies which state that the residues
Val24-Ala42 adopts p—sheet conformation and the residues of N—terminal Tyr10-Val24%° affect
the rate of p—sheet formation. Thus, the binding energy of CHC residues, Val12, VVal18 and Val19
to KLLFF highlighted the decreased aggregationpropensity of Ap«could be in presence of KLLFF.
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Fig. 15. (a) The energy contribution of each residue in the ABs>—KLLFF system. (b) This table
depicts the computed binding free energy along with the individual contributions of molecular

mechanics interactions, solvation terms.
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CHAPTER 5: Conclusion

In the present study, the inhibitory mechanism of KLLFF against APas; aggregation was
investigated by performing the MD simulations. MD studies revealed that KLLFF inhibited the f—
sheet formation. KLLFF formed hydrogen bonds with Glu11 and GIn15 of ABs2while the residues
Ser8, Val12, Hisl4, Lys16, Val18 and Phe19 were involved in the hydrophobic interactions. The
RMSD, RMSF and Rg analyses revealed enhanced structural stability with the incorporation of
KLLFF. The presence of APaz increased the coil content to 39.2% and completely diminished the
B-sheet. A reduction in intramolecular hydrogen bonds further confirmed that KLLFF has
increased the stability of APs, and has reduced the aggregation. The side chain contact maps
revealed that the contacts in the C—terminal, responsible for the formation of B—sheet have
decreased indicating the reduction in the ABa2 aggregation and subsequent B—sheet formation. MD
simulations depicted that KLLFF inhibited AP4, aggregation by blocking the conformational
transition of APs2 monomer. The study provides insight into the inhibition mechanism of KLLFF

against AP42 aggregation.
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ABSTRACT

The self-aggregation of amyloid-B (AB42) into B-sheets is considered to be responsible for the onset of Alzheimer's
Disease (AD), a neurodegenerative disease with no clinically accepted treatment. The N-terminal (16KLVFF20) is identified
as a self-recognition region and the central hydrophobic core (CHC) which is ¢rucial for the formation and stabilization
of the B-sheets. Mallesh et al. have recently reported KLLFF, produced by single point mutation by replac ng Vali8in
KLVFF with leucine KLLFF as a potential inhibitor against AB aggregation. The mechanism by which KLLFF hinders AB
aggregation remains an enigma. To gain insights into this inhibitory mechanism, molecular dynamics (MD) simulations
have been performed. The molecular docking was performed using AutoDock Vina which predicted a favourable binding
energy of 5.2 kcal/mol for AB42-KLLFF complex. The MD simulations depicted enhanced structural stability for AB42 in
the presence of KLLFF. The presence of KLLFF remarkably prevented the B-sheet formation by reducing the side-chain
contacts at the C—terminal, Gly33-Val40 of AB42, According to the per residue binding energy Phed, Arg5, Val12, His13,
Val18 and Phel9 contributed maximum to binding of AB42 with KLLFF. KLLFF further reduced the intramolecular
hydrogen bonds of AB42, thereby stabilizing the native of structure AB42. Understanding the inhibitory mechanism of
KLLFF against AB42 holds great promise for the development of potent drugs to combat AD Such Insights could pave

the way for more effective treatments against AD.
CHAPTER 1: Introduction
1. Introduction
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