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ABSTRACT

The most common form of dementia, Alzheimer’s dise#s& is neurodegenerative
and incurable, is associated with tight packaging of amyibids. This packaging is caused
by the compatibility of the ridges and grooves on the amyloithce that are composedpof
sheets orientation. The major factor which createspetibility between two amyloid
surfaces is GxMxG motif. Therefore, this motif is amportant target in designing inhibitors
for amyloid fibrillization. In this study, particular pegés that bind B40 fibrils according to
amino acids groups were modified, and a small peptide yilwas composed. The peptide
sequences that bind the surface via GxMxG motif were iilhtwith the docking program
GOLD. The sequence that had the highest docking scordiadd to around MET35 was
selected. Finally, the binding free energies of modified anmodified peptides were
calculated with Steered Molecular Dynamics by using éineydiski's Equality.
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OZET

En yaygin demans tirt olan Alzheimer HagtahOrodejenaratif 6zellik gosterir ve
tedavisi mumkun dgldir. p-sheet dizilimi ile olgan amyloid proteinlerinin yiizeylerindeki
girinti ve cikintilar birbirlerini tamamlayici 06zellik gterir ve bu uyum Alzheimer
Hastalginin iliskili oldugu amyloid fibrillerinin siki bglanmasina neden olutki amyloid
proteinin ylzeyindeki uyumu gkayan temel faktér GxMxG motifidir. Bu nedenle bu motif
amyloid birikime kagi gelistirilecek ilaglar icin 6nemli bir hedeftir. Bu cainada, 440
fibrillerine baslanan belli peptidler amino asit gruplarina goresigeilmis ve kiguk bir
peptid kiutuphanesi elde edigtir. Yizeye GxMxG motifi araci@ ile bagslanan peptid
dizileri GOLD isimli docking programi ile belirlenstir. Yiksek skora sahip ve MET35
civarina bglanan peptid secilgiir. Secilen peptid ile kaynak alinan peptidinglaama
serbest enerjileri, Jarzynskiiti gi kullanilarak, Steered Molekuler Dinamik ydntemi ile
hesaplanmstir.
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Introduction 1

INTRODUCTION

Alzheimer’s disease (AD), first described by the neutlogagist, Alois Alzheimer,
and named after him [1], is the most common type of dean@j. It causes failure of
intellectual functions and recent mem{8}; which are characteristic features of AD. When a
patient has these signs, diagnosis can be confirmedllolaceathology and cognitive tests
[4]. Reductions in brain size, because of the loss of neaahsynapses, and clearly visible

amyloid plaques confirm the presence of |&[5].

In this study, the aim was to develop peptide drugs whichageinst amyloid
fibrillization. The reference point was a particuteptide sequence [7] that binds to amyloid
fibrils experimentally. The residues of this peptide wenanged with other amino acids in
the same amino acid group. The amino acids groups sepanate acids according to their
side chains’ chemical properties. Thus, a small kbraas composed and the peptide
sequences in this library were docked tp4A protofilament subunit (pdb accession code
2BEG) by using GOLD 4.1.1 (Genetic Optimization for Ligandcking)[8]. The one that
had the highest docking score and fits in glycine groav&xM(35)xG motif was selected.

The docking provided specific conformation of peptide and protath the binding
score. These specific conformations of the complexte&p42 protofilament subunit with
modified and unmodified peptides were used as initial structdreey were solvated and
equilibrated with molecular dynamics simulations by usiigothermal-lsobaric
(NPT) ensemble and Canonical ensemble (NVT). By densig the Root Mean Square
Deviation RMSD) change of peptide, sample conformations from canonicainelole, each
being 0.25 ns separate from each other were taken asgssrtictures for SMD simulations.
The peptides in the complexes were pulled with cons&otity by using Steered Molecular
Dynamics. Finally, the average binding free energiespebtides were calculated with

Jarzynski's Equality.
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Chapter 1 provides more detailed background informatiofi-@amyloid aggregation
and the GxMxG motif. The methodology and the companatitools of this methodology

are summarized.
Chapter 2 describes the methodology and the approachésatbaused in
computational tools and calculations in details. A biteforetical background is given for

molecular docking and molecular dynamics simulations.

Chapter 3 introduces the results. The docking scoresyssaf RMSD, results of
Steered Molecular Dynamics and calculated binding fneegges are included in this chapter.

Chapter 4 discusses and explains the results.

Chapter 5 presents the conclusion of this researchcpfofepurposes of this thesis.
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CHAPTER 1

OVERVIEW

1.1. ALZHEIMER’S DISEASE

Alzheimer’s disease (AD), the most common type aheletia [2], is an irreversible,
progressive brain disease, which has destructive sftectnemory and thinking [9]. AD was
first described by the Bavarian neuropathologist, Aloish&imer, in a 51-year-old woman
[1]. Warning signs of AD are difficulties in speaking,itmg, planning, understanding visual
images, and performing familiar tasks. Changes in pelispfalow the changes in memory
[10]. When a patient has these characteristic sigagndsis can be confirmed by cellular
pathology and cognitive tests [11,12]. Because AD cannotidmgified by a single test, a
medical history and physical examination are also nacgésr diagnosis [10]. Reductions in
brain size because of the loss of neurons and synapgese(Ri1.1) [13]and clearly visible
amyloid plaques (Figure 1.1.24] confirm the presence of AD [5,6].

Control

Alzheimer Disease
- - -

FIGURE 1.1. 1: Comparison of brain sizes. (Left — normal brain, right- brain with AD)[13]
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FIGURE 1.1. 2 : Imaging brain amyloid in Alzheimer's disease
with Pittsburgh Compound-B [14]

For many AD cases, the causative factor is not cledevelops as a result of multiple
causes and the greatest risk factor is age. Rarely ifaAdllial: the causative reason is the
inheritance of mutant chromosome 21. This type of AlzBesnoccurs early in life. The
most common type of AD that occurs late in life does have one specific reason. However,
research shows that amyloid plaques in the brairharengjor players in the pathophysiology.
The first proof for this hypothesis comes from the thet people with Down Syndrome who
have an extra copy of the amyloid beta precursor proteifP{A&RImost without exception
have AD [15,16]. Furthermore, studies with transgenic niiaé have the mutant form of the

APP gene produce amyloid plagues and have difficulties initea[17,18].

In 2008, there were approximately 30 million people worldwide whagnosed with
AD. Researchers assume that this number will inereasver 100 million by the year 2050
[19]. Unfortunately, AD is incurable now. Available treatitee retard the progress of the
disease by increasing the concentration of acetylch@l@d). One of the significant features
of AD is the reduction of acetylcholine by the deattclodlinergic neurons [20]. Donepezil
(brand nameAricep) [21], galantimine Razadyng[22] and rivastigmine Exelon) [23] are
cholinesterase inhibitors that have been used as drugdDioin addition to showing no
effect in delaying the onset of AD, these drugs have $idetg that include vomiting, muscle
cramps, bradycardia, and decreased appetite [24,25,26,27].

1.1.1. BETA AMYLOID

Senile plagues, which are structurally complex lesiares not completely understood.

After the amorphous phase of senile plaques, they beaggregates of a 40- to 42-residue
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protein that is called the amylogiprotein (A3) [28]. These 40- to 42-residue proteis are an
abnormal cleavage product of APP called amypjkptide (48). The amyloid fibril consists
of 39-43 amino acidsi-, B- andy-secretases which can cut APP in to different pé&gsseen

in Figure 1.1.3, the amyloidogenic process is penéa by sequential cleavage pyandy-

secretases [29].

SAPP SAPP
APP

v-Secretase [-Secretase n-Sacretase v-Bacretasa

Cog C83

AICD AlCD

amyloidogenic -} = non-amyloidogenic

FIGURE 1.1. 3 : Enzymatic processing of APP. ( A840/42 is amyloid 8 peptide with 40 or 42 amino acid
residues; AICD is APP intracellular domain; APP is amyloid precursor protein; sAPPa is soluble APP after a-
secretase cleavage; sAPP8 is soluble APP after B-secretase cleavage.)[29]

Later, A3 aggregates become fibrillar, and classical featw& amyloid plaques
become distinctive. They are composed of compantles of ~8-nm filament via -pleated
sheet protein conformation. Many dendritic process®d dystrophic axons are placed around
the fibrous amyloid deposit. The most reliable arghificant indicator for the presence of

AD is the large amount of senile or neurotic plagjirelimbic and association cortices [28].

AP has been studied by using many different experiaieand theoretical methods
[29].The computational and experimental models taicsures with a U-turn berfi-sheet
were appeared in the 1990s [30, 31]. Models redddiat the side chain of 132 lies toward the
b-turn whereas the side chain of M35 lies outwBtddels further show that the side chain of
M35 has an important role in gaining neurotoxicgandies of A [32, 33]. Figure 2.1.4 shows
that the tightly formed steric zipper via two M35sidues in two different antiparallel amyloid
proteins leads to sheet-to-sheet packaging. Therdfds association is a logical target in

developing inhibitors to prevent aggregation [7].
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L N-terminus

C-terminus

N-terminus

FIGURE 1.1. 4 : Sheet- to- sheet packaging of two antiparallel 8-amyloid
via M35 — M35 association[33]

1.2. PEPTIDE DRUGS

Peptides are short amino acid sequences that play ae emvin regulation. Hence,
they are promising for future drug research. Recent dewelofs and manufacturing
improvements have made peptides more stable. Accordimyéstigations, more than 40
peptides are marketed, almost 270 peptides are tested tfinesad almost 400 peptides are
in advanced preclinical phases. Commonly used proteins, aschoxytocin, insulin,
cyclosporine, and vancomycin are all peptide-based drugs [35].

Peptide drugs have higher a activity and higher specifitign tchemical drugs.
Moreover, toxicity, which is an important factor forudrdevelopment, is lower for peptide-
based drugs. On the other hand, peptide drugs also have matdeadtages, such as, less
stability, low solubility, and high digestibility. The aditages and disadvantages of peptide
drugs are listed in Table 1 [35].
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TABLE 1: The advantages and disadvantages of peptide drugs[35]

PEPTIDE PROS AND CONS

Advantages Disadvantages
High activity Low oral bioavailability
High Specificity Injection required

Little unspecific binding to molecular| Less stable
structures other than desired target

Minimization of drug-drug interactionsDiffucult delivery : challenge to transpart

Across membranes

Less accumulation in tissues Challenging & costly sysithe
Lower toxicity Solubility challenges

Often very potent Risk of immunogenic effects
Biological & chemical diversity Cleared from body quigkl

1.3. COMPUTATIONAL BACKGROUND

1.3.1. MOLECULAR DOCKING

In early-phase drug discovery studies, novel drugs are igehbly screening large
molecule libraries. Since there are some experiah@nbblems that affect the complexity of
the assay procedure, the cost, and screening quality [36,37,3&@89]computational
screening methods become important tools with recent waprents in computational
techniques and the advancement of computer performanaetustr based screening has

become a commonly used method in drug development.

The principal of structure based computational methodoisdyased on molecular
docking. The premise behind molecular docking is the prediafothe conformation of a
protein-ligand complex and the presentation of binding &ffias a docking score. The
docking programs; therefore, generally have two operataotking and scoring. In the first
operation, multiple protein-ligand conformations or npltiligand conformations in defined
binding pocket in receptor protein are produced [40-46]
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Most of docking programs keep the receptor protein in fixedocmation and allow
ligand to rotate [47]. Secondly, the binding affinity betweba receptor protein and the
ligand is calculated with a scoring function [48, 49].haligh, the docking programs are fast

and essential tools, the results can include falseiyesic0].

The discussions about the problems of molecular dockirlgdiedhe inaccuracy of
scoring functions, flexibility, and neglecting the sait-related terms. Moreover, the docking
score based on the binding free energy is not an acesesatk, as it is calculated for a single

conformation instead of evaluating it as an ensemble [5oj&d].

1.3.2 MOLECULAR DYNAMICS

For 25 years, molecular dynamic simulations have lbssantial tools for the analysis
of the structure and function of biological macromolesuMolecular dynamics simulations
provide coordinates of an individual particle as a functibrime. This makes molecular
dynamics simulations very important for biophysics. Aeotsignificant feature is that the
system is under the control of the user. Thus, the caerremove or change specific

contributions of potentials [52].

To confirm results of molecular dynamics simulatioti® ergodic hypothesis of
statistical mechanics is used. According to this hypathesierages of statistical ensemble
are the same as the time averages of the systeatrisgnainly based on statistical mechanics
[53].

The essential task of molecular dynamics simulatios to solve the classical
equations of motion numerically. For a simple atomg&tesy these classical equations may be

written :

m;t, = f; Eq1.1

fi=——U Eq1.2
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Calculation of the forces &cting on the atoms can be derived from a potenteriggn
U (™). The complete set of 3N atomic coordinates is reptedesith ' = (ri,r2,r3...rn) [54].
Recently, in the studies of biomolecular systems, ocutde dynamics simulations are
commonly used to get detailed information about atomicantens and fluctuations [55].
With the improvements that have made force fields meliable, the results of molecular
dynamics simulations are more realistic. MD simolasi are mainly used in identifying the

dynamics, time averaged properties, and thermodynasnjpadisible conformations [52].
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CHAPTER 2

COMPUTATIONAL METHODS

2.1. MODELS OF PROTEIN AND PEPTIDE

In amyloid literature, the terms “fibril” and “protofilaent” refer to different degrees
of molecular organization of biological fibers. “Fibris generally used for the lowest degree
of organization. In studies of Amyloid proteins, it refepsorganization between many of
protein chains that have different sizes and aresstllible. They have unknown degree of
complexity [56]. On the other hand, the term “protofilatherfers to assembled fibrils that
are perpendicular to the fibril axis in two moleculayels. [7,57,58]. Here, we study the
inhibition of association of two (A protofilament to form the mature fibril and the terms

“fibril” and “protofilament” are used interchangeably.

2.1.1 AMYLOID BETA — 42

In this study, A42 protofilament subunit (pdb accession code: 2BEG) was fosed
docking and molecular dynamics simulations. The 3D streafithe fibrils comprising A
(1-42) was obtained by using hydrogen-bonding constraints fjaenched hydrogen-
deuterium exchange NMR, side-chain packing constraints fiaanwise mutagenesis studies,
and parallel, in-register -sheet arrangement from pusvsplid state NMR studies [58]. In
this used pdb file (2BEG), there are ten chains. Ontbeoh (model 1) was used for docking
and molecular dynamics simulations (Figure 2.1)
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FIGURE 2. 1 : Model A in PDB file (2BEG)

2.1.2 THE REFERENCE PEPTIDE (INH1)

Amyloid fibrils have a defining characteristic spatial orgatian, called crosp-sheet
that is formed by the associationfa$trands [59]. The term crogsfibril, refers to the overall
structure where individugd strands have in-register and parallel arrangement [60fee
consecutive repeats of GxxxG motif may take place in geccumulation [61] and form
molecular ridges and grooves in the surface. These iicaldor rational design of inhibitors
to prevent fibril formation [7].

The GxxxG motif is also found in prion protein [62] amdynuclein protein [63]. In
order to understand the role of glycine and the importafidhie GxxxG motif, a model
peptide (GpA70-86) that is composed of spanning residues of transarge helix of
glycophorin A, was studied experimentally. This model peptides also in-register
orientation like other amyloids, and it contains GxxxG fm¢tween residues 79 and 83. The
study showed that the amino acids with large side cliains molecular ridges which fit into
the glycine grooves. The compatibility between surfataslzes fibril formation. [7]

Smith et al studied a model peptide that has the generdiiterhiarchitecture
RGTFEGKF-NH and showed that this inhibitor prevents GPA70-86 afdil¥illization. [7]
The inhibitor is designed in a way that the hydrophobic x@F and hydrophilic
RXTXExKx amino acids are placed on the opposite fatéseopeptide. Thus, the small and
large amino acids on the hydrophobic face of the inhilmatch the GxxxG face of thepA
peptide. Moreover, variants of this peptide also a#gfibrillization negatively. [7]
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2.2. PEPTIDE LIBRARY

In this research, the architecture of the experimgnsaitcessful reference peptide [7]

was modified by changing its amino acids, with othernamacids which are in the same

group according to their side chains. These groups are dommeording to chemical

properties of radical groups of amino acids. The retergmouping system is given in Table

2.

TABLE 2: The grouping system that was used in this study*

pK, values

Amino
Acid

Symbol

pPKy

pKz2 | pKr

Hydropathy
index

Occurrence in
Proteins (%)

Nonpolar, aliphatic R groups : The amino acids in this group have non-polar

hydrophobic side chains. They use hydrophobic interactioteibdize protein structure

Glycine Gly G 2.32 | 9.6( -0.4 7.2
Alanine Ala A 2.3¢ 9.6¢ 1.6 7.€
Proline ProF 1.9¢ | 10.9¢ 1.€ 5.2
Valine Val V 2.32 | 9.62 4.2 6.€
Leucine Leu L 2.3€ | 9.6( 3.€ 9.1
Isoleucint llel 2.3¢ 9.6¢ 4.t 5.2
Methionine Met M 2.2¢ 9.21 1.€ 2.C

Aromatic R groups : Amino acids of this group have a cyclic structure iintbiele

chains, and these side chains are relatively hydrophobic

Phenylalanin Phe | 1.87 | 9.1: 2.8 3.€
Tyrosine TyrY 2.2C | 9.11 | 10.0i -1.2 3.2
Trptophal Trp W 2.3t | 9.3¢ -0.¢€ 1.4

Polar, Uncharged R groups The side chains of these amino acids are more solub

in water, therefore they form hydrogen bonds with water

e

Serine Ser ¢ 2.21 | 9.1f -0.8 6.€
Threonint Thr T 2.11 | 9.6z -0.7 5.€
Cysteint Cys C 1.9¢ | 10.2¢ | 8.1¢ 2.5 1.€
Asparagin Asn N 2.0z | 8.8(C -3.5 4.c
Glutamine GIn Q 217 | 9.1¢ -3.E 4.2

significant positive charge at their side chains

Positively charged R groups These are the most hydrophilic amino acids which ha

ve

Lysine Lys K 2.1¢ | 8.9t | 10.5: -3.€ 5.€
Histidine His H 1.82 | 9.17 6.0( -3.2 2.8
Arginine Arg R 217 | 9.0¢ | 12.4¢ -4.5 5.1

Negatively charged R groups These have a second carboxyl group with a net neg

ative

*Nelson, D. L & Cox, M.M. (2005). Lehninger: The principtsbiochemistry. (! Edition). New York: W.H
Freeman and Company
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charge at pH 7.0

Aspartat Asp C 1.8¢ | 9.6( 3.6¢5 -3.5 5.8
Glutamat: Glu E 2.1¢ | 9.67 4.2° -3.8 6.2

For example, to test the role of 1-Arginine in inhdnt it was changed with
Histidine and Lysine (HGTFEGKF, KGTFEGKF); and to tds importance of Lysine in
seventh residue, it was replaced with Arginine andidiist (RGTFEGRF, RGTFEGHF).

Phenylalanine was replaced with Tyrosine and TryptophameSthere are two
Phenylalanine residues, the fourth and eighth positions wereged separately and then
together (RGTWEGKF, RGTYEGKF, RGTFEGKW, RGTFEGKY, RGEGKW,
RGTYEGKY-NH,, RGTYEGKW-NH,, and RGTWEGKY-NH). Glycines in the second and
sixth positions were changed only with Valine, Isoleucare Leucine from the amino acid
group that has nonpolar, aliphatic R groups. Since thtbiomine derivative of peptide was
not effective [7], glycine was not changed with methionirerir®, Asparagine, Glutamine
was used instead of Threonine in the third position and Aspamas replaced with

Glutamate.

After analyzing the results of one type of changeitiiary was expanded by trying a
combination of amino acid replacements that resultddginer docking scores. For example,
the replacement of glycine with valine and the replacgmé phenylalanine with Tyrosine,
Tryptophan was done together. Additionally, the peptide se@gsethat was obtained with
some random replacements of amino acids from drifeyeups are added to peptide library.

In order to obtain PDB files of peptides, the sequenceg weawn and the three
dimensional structures were minimized with ChemBio@ff2009 that is distributed by
CambridgeSoft.

2.3. MOLECULAR DOCKING

Docking studies of designed peptides were carried out usi@dDG Genetic
Optimization for Ligand Docking) 4.1 program from Cambridgeystallographic Data
Center, UK [8]. GOLD uses genetic algorithm for dockingifie ligands into the protein
binding site to explore the full range of ligand conformadio flexibility with partial
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flexibility of the protein[8]. The binding energy of thgdnds after auto editing by GOLD
was predicted with GOLD score and ChemScore that grlemented in GOLD.

The total GOLD score is calculated by considering thedgein bonds and van der
Waals interactions between protein and ligand. The foun mamponents of the GOLD
fitness function are protein-ligand hydrogen bond energteflexl H-bond), protein-ligand
van der Waals energy (external vdw), ligand internal dar Waals energy (internal vdw),
and ligand torsional strain energy (internal torsiomother component that refers to ligand
intramolecular hydrogen bond energy (internal H-bondy beaadded, optionally. By keeping
parameter at their default options, output files gigingle internal energy term S (int) which
is the sum of the internal van der Waals and thenatdorsion [64]. The larger fithess scores
are better, since the fitness score is the negatitfee sum of the component terms [64].

ChemScore is derived empirically from a set of 82 proigemd complexes and is
trained by regression against experimental affinity datée total free energy change is
calculated by the formula below [65]:

AG :AGO+AG + AG +AG. + AG

binding hibond metal fipa ret

Each component in this formula refers to the product i that is related to the
magnitude of a particular physical contribution to freergy [65].

AG s = Vg

AGH T\ g
AG G = 2 3P|’.‘pc:l
AG L = Wi P,w

The V terms symbolize the regression coefficients andRHerms are the various
types of physical contributions to binding. The final CBeore includes a clash penalty and
internal torsion terms. Covalent and constraint scare also considered. [65, 66]

)

ChemScore = AG +P.  +c P 1 (c

binding clash imternal  internal covalent  covalent constraint
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2.3.1 THE RECEPTOR THAT IS USED IN DOCKING STUDIES

In this study, 842 protofilament subunit (PDB ID: 2BEG) was used as recephar.
ligand binding site was defined as a collection of residuasep! within a sphere of 20 A
around the coordinates of SD-MET35, which is an elemer@xIxG motif. In order to
obtain diverse conformations with a high docking scdme, iumber of the data files was
taken as 100 and did not used the early termination optibother parameters were kept at

their default values.

Docking results were compared, and the one with thedo®@bemScore was selected

for molecular dynamics simulations.

2.4. MOLECULAR DYNAMICS

As mentioned previously, molecular dynamics simulaisalve the classical equation

of motion numerically.

m;t, = f;
%)

fi=—a—riU

The forces;facting on the atoms can be calculated by the denvétion a potential
energy U (). The complete set of 3N atomic coordinates is reptedewith ' = (ry, r2,
r3...nv). U is the total potential energy, and is the sumhef bonded and non-bonded

interactions [54].

2.4.1. Non-bonded interactions:

The potential energy that is provided by non-bonded irtiereccan be formulated as:
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Unon-bonaea™™) = Xiu(ry) + YiXjsi v("‘iﬂ”j) + e Eq2.1

Where,u(r;) term stands for an externally applied potential fieldr felly periodic
simulations, it is usually neglected. For the secomdhten the Equation 3.1., the most
commonly used form is The Lennard-Jones potential acahibe written as:

M) =49 - (2)] Bqo.2

T

There are two parameters in this equation whichratbe diameter, ang the well
depth. If electrostatic charges are available, the apatepCoulomb Potential is also
calculated [54].

Coulomb (T) — %
0

v Eq2.3

2.4.2 Bonded interactions:

FIGURE 2.4. 1 : The Geometry of a single chain

Figure 2.4.1. shows the geometry of a simple chain ma&edlie bonds between
neighbor atoms is represented with= |ri —rj|, the bond angle between adjacent bonds,
such asr; —r; andr; — . is represented with;,, ande,j,;stands for the torsional angle
[54].
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The potential that is caused by intramolecular foregsbe formulated as:

_ 1 r 2 1 0 2
Uintramolecular - EZbonds kij (rij - Teq) + EZbond angles kijk (Hijk - Heq) +

1 ’
EZtorsion angles Zm kg])]:;l (1 + cos (m¢ijkl - ym)) Eq 2.4

where

~ ~ -1/2 -1/2 ~
COS Pyji = Tyj * Tj = (Tij 'Tij) (Tjk : T"jk) (Tij 'Tjk), (#=r/lrl ) Eq2.5
oS Pijry = —Myji * Ajrt,  (Myjx = 155 X Tjg, Nl =Tjg X Ty, A= mn/n) Eq2.6

The form of Equation 2.4., the strength parameteand other constants are specified
in the used force fields. The term “force field” exmes the combination of formula of
molecular dynamics and associated parameters that edeirupotential energy calculation
[67]. There are different force fields that are commaudgd in biomolecular simulations.
These include AMBER [68], CHARMM [69], OPLS [70] and Dang95 [71thwSPC/E [72]
and TIP3H[73] water models.

In this study, molecular dynamics simulations werefgsered in explicit solvent
(water) using NAMD 2.6 [74] with CHARMMZ27 [75] force field. rBulations were
performed at 310 K temperature and 1 bar pressure. The thigdmsg docked structures
obtained in GOLD of AB1 (modified version of referencepte) and INH1 (reference
peptide) were selected as their initial structures.A@f were used for the N-terminus and
CT3 cap were used for the C-terminus . The reactiondawaies were aligned with the
positive x axis. The proteins were then solvated inasewox of 40A cushion in the
positive x direction and 1@ cushions in the other directions. Periodic boundary itiond
were applied. lons were added in order to represent a tymical biological environment.
Langevin dynamics was used to control the systems tetnpe@nd pressure. All atoms were

coupled to the heat bath. A time step of 1fs was used.

Nonbonded and electrostatic forces were evaluated maelstep. In order to keep all
degrees of freedom no rigid bonds were used. At every) 0@ step of final conventional
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molecular dynamic simulation, the instantaneous atacoiordinatesR of all atoms, the

pressures and the energies were recorded.

2.4.1. MINIMIZATION

The pdb file along with the psf file, that is generatethwWAMD, contains guessed
coordinates for hydrogen atoms of the structure. Thexetarergy minimization will correct
hydrogen positions in a more accurate way [76]. The nmaiticin was performed for 30000

steps (0.03ns). The configuration file is in the appendigpéndix A)

2.4.1.1. FIXATION

Generally, Molecular Dynamics minimization includesdrfg and releasing molecules
in the system. Since the protein responds much slower ttiganvater, fixing the protein
allows the water to settle in the first step. Thagrovides less computational effort [76].
Additionally, fixing the protein prevents possible damage thacaused by the collapse of
water molecules during minimization. The fixation instistudy was performed for 500000
steps (0.5 ns) under constant temperature and constastineresnditions. The configuration

file is in the appendix. (Appendix B)

2.4.1.2. HARMONIC CONSTRAINTS

During minimization, constraints can be used to fixrti@ion of particular atoms.
Thus
» exploration of a specific region of the potential elyesgrface can be improved
* boundary forces can be imposed to prevent solvent mele&rom escaping,
and

* high- frequency vibrations can be removed [77]

In this study, the degree of harmonic constraints werenghed step by step. The
constant of constraint “k” was chosen as 1, 0.5, and 0.12&ssicely. Totally, restraint were
removed throughout 2 ns.
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2.4.2. ISOTHERMAL - ISOBARIC (NPT) ENSEMBLE

In the isothermal-isobaric ensemble, the constantnpeteas are the number of moles
(N), pressure (P), and temperature (T). In order to keep\btem at constant temperature
and constant pressure, a thermostat and a barostagaieed. In this study, the simulations
were performed according to Langevin Dynamics.

Langevin dynamics is an approach to control the systempdrature/or pressure by
controlling the kinetic energy of the system. Thehudtis based on Langevin equation for a
single particle:

dx;(t)
dt

d?x;(t)
a2

= Fi{x;(©)} — v m; + R;(¢t) Eq2.7

On the right hand side, two additional terms refer tootioinary force that the particle
experiences. The particle with frictional coeffidigpm; faces a frictional damping, and this
damping is represented with the second term’s equationthiffteterm stands for random
forces which may be applied to the particle. In order t@ kbe system’s temperature, the
kinetic energy is fixed with these terms [76].

Additionally, to keep the system’s pressure at a cohstalue Langevin piston
method was used. With the extended system formalism {fi@]deterministic equations of
motion for the piston degree of freedom are replaceti whe Langevin equation. This
replacement is suitable to eliminate the non-physicgiing of the volume associated with
the piston mass [79].

After performing simulations with NPT ensemble, we &eecthe convergence of the
volume and the Root Mean Square Deviation (RMSD) conwesgef the protein was
checked. When two graphics started to fluctuate around a sr@&llal, we continued with
Canonical ensemble (NVT). The configuration file of siatioins is in the appendix
(Appendix C).
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2.4.3. CANONICAL ENSEMBLE

In the canonical ensemble, the number of moles (N9, wblume (V) and the
temperature (T) are kept at constant values. The er@rggndothermic and exothermic
processes is exchanged with a thermostat. In orderaonga the energy change in the system,
there are different types of thermostat methods. Sinouns were performed with Langevin
thermostat model that is mentioned previously. The configurafile is in appendix
(Appendix D).

Conventional MD simulations were performed for 18nsABd. (the designed peptide
which is the lowest ChemScore) and for 19ns for INHie (eExperimentally successful
reference peptide) so that stable conformations of thglexes were found. Using the final
structures of the T,P,N simulations additional simafatunder T,V,N condition were
performed. For AB1 after 5.5 ns, it was observed thattmplex rotated too much in the
waterbox so that there was not enough water in thengudlirection. Therefore, the final
structure were realigned with the x axis and resolvatedruhdesame conditions indicated
before. Minimization and equilibration were performed untdg?,N conditions keeping the
protein fixed in order to relax the water in the firstgelaThen T,V,N simulation were
performed for an additional 9 ns. For INH1 such a strargtion were not observed and
T,V,N simulation were performed for 12 ns. Startingistures for the SMD simulations were
sampled from the final 2.5 ns part of the conventional $itbBulations.

2.5. STEERED MOLECULAR DYNAMICS

There are many modeling methods that are applied in searfdridiggand-receptor
interactions [80]. The premise behind the computer simoustthat provide insights to
binding affinities is the idea of reversibility. Umbrellanspling and free energy perturbation
are based on reversibility [81,82,83]. In Steered Molecllgnamics, time-dependent
external forces are applied, and the changes in theermyare analyzed. During these
processes, irreversibility is considered. Thus, itlmam@applied for searching ligand binding or

conformational changes and give more realistic results.
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Analysis of the unbinding of the ligand and the recordingpplied forces can give
information about ligand-receptor interaction and bindingwayh Additionally, quantitative

information about the binding potential can be alsoinbthwith SMD.

In order to apply external forces, there are diffeagitons. One of them is to restrain
the ligand to a point in space. Unbinding is performed byisgifthe restraint point in a
specifically defined direction. Thus, the ligand is for¢ednove along its unbinding path.
When a single reaction coordinate x, and an externadénpiat U = k(x — x,)?/2 are
assumed, the applied external force can be formulated a

F=k(xy+vt—x) Eq2.8

In this formulak stands for the stiffness of the restraint apdxpresses the initial
position of the restraint point that is moving with anstant velocityw [84]. From the

classical equation of work:

W=F Xv XAt Eq2.9

In this study, the constant veIoc@O‘5/f/ps) was used and spring constant was
taken as7 kcal/mol& . For designed peptides the atoms of the fifth and ttia sésidues
were chosen as SMD atoms, since they were the tlossgdues to Methionine residues on
the surface of amyloid. The side chain of Methionine resididMET) was fixed. The
simulations were performed for 3 and more nanoseconds.cdigguration file is in the
Appendix. (Appendix E)

2.6. POTENTIAL OF MEAN FORCE (PMF) WITH STEERED
MOLECULAR DYNAMICS

In this work the unbinding of the ligand from the protein isfgpened with a finite
velocity. Due to this finite velocity the process becenae non-equilibrium process. The
Jarzynski's Equality is a relation between equilibriveefenergy differenceSA and work
done through non-equilibrium proces$€$85]. The Jarzynski's Equality states that the
following equality holds regardless of the speed of tloegss [86,87].



Chapter 2: Computational Methods 22

e BAA = (e=BW) Eq2.10

The major difficulty of the Jarzynski's Equality isathits average is dominated by
small work values that are observed only rarely. Theeefif only a small number of steered
molecular dynamic simulations are performed, the wigl@hould be small enough to permit
such small work values. In the literature, this diffiguwvas overcome to some extent by
applying the cumulant expansion [87,88,89] as.

log(e ") = — BW) + £ (W2) — (W)2) — £ (W) — 3(W)2W) + 2(W)*)+. Eqz.1

Using the cumulant expansion, two kinds of error areliigb systematic error due to
the truncation of higher order terms and statisticalredue to insufficient sampling [85]. For
a finite number of trajectories, the statisticaloeris larger than the systematic error.
Therefore, as [85] have been pointed out, approximataufas may give better results

because lower order cumulants are estimated with snsgdiestical error.

The finite-sampling estimate of a non-linear averadaased [85]. Therefore, instead
of using the second order cumulant expansion directlyutiased estimate introduced by
[85] will be used as:

_ 1(1 g M [1 1 2
log(e BW)=E{E W= ?ilwiz—(g ?4:1Wi) ]} Eq2. 12

Here, M is the total number of trajectories ddis the work obtained from thé |
trajectory. The averagd.) is taken over the ensemble of SMD trajectories, whadtial
states are sampled from the canonical ensemble, eath®M25 ns separate from each other.
i.e., structures of the N,V,T simulation, each agal2b ns away from each other will be used
as starting structures for SMD simulations.

Constant velocity SMD simulations were performed ol the center of mass of the
backbone atoms of residues 4-5 of the peptides is attaschedlummy atoms via a virtual

spring with a spring constant bf The dummy atom is then pulled with a constant vefocit
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into the reaction coordinatg which is defined as the vector between the centerast of the
backbone atoms of the 7 tesidue of the protein (which were fixed) and the cesttenass of
the pulled atoms. Hence, the distance along the. ®CGchanged with a constant velocity as:
[90],

A(t) = A(0) + vt Eq 2. 13

Here t is time andA(t) is thed parameter value at time t of the simulation. The
Jarzynski's Equality provides the methodology to evalusite free energy differences
A(A(t)) — A(4(0)) using the work value® ). Hence, to calculate the potential of
mean force (PMFYp(E) at&, Wy)-a), Values at different time t but being at the same
reaction coordinate, have to be combined. When the spring constant k ofgthéing
potential is sufficiently large so that the reactionrdomte follows the constraint center

closely, the following stiff-spring approximation emerg@ésj|
AL = dp(Ad) Eq2.14

Hence, the PMF¢ (1) will be evaluated by the Jarzynski's equality using the work

valuesWj )1 - The external work is evaluated as:

A(t
Wi-a0) = —KV fl((o)) [ — (A(0) + vt)]dt Eq2.15

Due to the external potential applied to the SMD atofns, donformation of the
peptide will be lightly biased. Therefore, the final statvill not be in equilibrium. However,
to relax these final states, no external work is reguimherefore, Jarzynski’'s Equality can be

stated in terms of transformations between equilibstates [90].
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CHAPTER 3

RESULTS

3.1. DOCKING RESULTS

The docking scores of RGTFEGKF and peptides that havehdgtking score than
RGTFEGKF are presented in Table 3.

TABLE 3 : Docking Scores of RGTFEGKF and its derivatives

NO Sequence ChemScore Gold

(kJ/mol) Score

1. | RGTFEGKF |-7.13 49.12
(inh1)

2. | RVTWEGKF | -15.01 67.56
3. | RGTFQGKF -14.18 65.43
4. | RGTFEGRF -13.25 65.36
5. | RGTFWGKF | -12.04 64.59
6. | RITFEIKF -10.86 63.48
7. | RGTWEIKW | -10.39 52.02
8. | RGSWEGKF | -10.11 52.86
9. | RGSFEGKW | -10.04 52.45
10.| RGLWEGKF | -9.74 58.43
11.| RGVFEGKW | -9.64 55.67
12.| RGTWEVKF | -9.35 59.31
13.| RGTFHGKF | -9.22 53.89
14.| RGSFEGKF -8.95 53.07
15.| RVTWEVKF | -8.83 52.27
16.| RGTWEGKF | -8.83 49.87
17.| RGTFRGKF -8.57 48.79
18.| RGSWEGKW | -8.20 49.26
19.| RGTFQGKW | -8.17 49.63
20.| RGTFYGKF -7.91 48.98
21.| RGLWEGKW | -7.78 48.34
22.| RGTWNGKF | -7.76 48.82
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As ChemScores of peptides are low, the best binding pefitateed AB1 and the
second peptide in Table 1) was docked with AutoDock Vinaahd binding affinity was
calculated as -8.7 kcal/mol [91]

The second peptide in Table 2 was chosen for molecuteanaig simulations and free
energy calculation by considering the score, binding regiad molecular properties. As a
result of docking with GOLD, the complex of second peptahel amyloid protofilament
subunit is given in Figure 3.1.1.

FIGURE 3.1. 1: (A-B) The complex of designed peptide (red molecule) and amyloid (blue molecule) from

different sides. (C) The CPK Model of the complex. Peptide is in red and amyloid is in blue. The yellow region
shows the GxMxG motif in the surface
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The complex of reference peptide RGTFEG#fd amyloid protofilament subunit is
shown in the Figure 3.1.2

FIGURE 3.1. 2 : (A-B) The complex of reference peptide (red molecule) and amyloid (blue molecule) from
different sides. (C) The CPK Model of the complex. Peptide is in red and amyloid is in blue. The yellow region
shows the GxMxG motif in the surface
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3.2. SIMULATION RESULTS
3.2.1. FIXATION — NPT SIMULATION

For the fixation step in the minimization processaistant temperature and constant
pressure, the volume change was checked. For the refepaptide, RGTFEGKF, the

volume decreased from 392580 to approximately 3550000 . For the modified version
RVTWEGKEF (second peptide in Table 1) of it, the volumerelased from 357508° to
32000{°.

3.2.2 THE CANONICAL ENSEMBLE

During NVT simulations, the complex of protein and peptides aligned according to
protein and RMSD change of peptide was considered. The ddsmpptide (AB1) found its
stable conformation and binding region faster than tlereete peptide (INH1).Therefore, a
longer NVT simulation was performed for INH1.

For SMD, sample conformations of designed peptide (RVTWEGwvere taken from
interval 2.5 - 5 ns. Since the reference peptide did indtifs stable conformation, sample
conformations were taken from interval between 7.50 — @55 There was 0.25 time

difference between conformations.
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3.3. STEERED MOLECULAR DYNAMICS

As a result of steered molecular dynamic simulatievisrk that is done on peptides
was calculated with/ = F x v x At. Here, F is force N ; v is in4/ps andAt is time imps.
Thus, work can be calculated in terms of joule. In otdezonvert joule to kcal/mol, it must
be multiplied with conversion unit of kcal and Avogadromfer(2,3109 x 107*) x

(6,02 x 102?3). The pseudocode that was used in calculation of waykés in the below:

TABLE 4 : The pseudocode that uses W = F X v X At formula and implies the work in kcal/mol

t
f external force that is applied to peptide
wW(1l) = (10°%)xf(1)x6.02x(10%)x2.3901x(10°%);
for i =2 to (total number of tine step)
wWi) = w(i-1)+(10?)xf(i)x 6.02x(10%)x2.3901x(10°%);

is the time step nunber

end

When calculated work in terms of kcal/mol is plottdoing trajectories: see Graph
3.3.1 and Graph 3.3.2 are obtained.
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3.4. POTENTIAL OF MEAN FORCE

The comparison of binding free energies of two peptides winglk calculated with
Eq. 2.12 is shown in Graph 3.4.1

o
T

BN
T

PMF {(kcal/mol}
N ow

0 | o o
0 5 10 15 20 25 30
Reaction Coordinate £ (A)

Graph 3.4 1 : Binding free energies of two peptide. (The values were obtained by using second order
cumulant expansion in calculating Jarzynski’s Equality)
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CHAPTER 4

ANALYSIS OF RESULTS

When the docking results of variants of the refergmegtide that were obtained by
amino acid replacements are compared, it can be sth&dreplacements with a more
hydrophobic amino acid according to Kyte and Doolif®2] generally result in higher
scores. For instance, the replacements of Glycin, Maline and Isoleucine that are more
hydrophilic than glycine provide higher docking scores. Anotfeature of valine or
Isoleucine that contributes to the interactions and isee#he score may be the longer side
chain. The replacement of lysine in the seventh posiiith Arginine, that has extra —NH

groups and is more hydrophobic also gives a better binding.

However, there are also exceptions. For examgienw heroine in the third residue is
replaced with serine that has a less hydropathy indeghar score is obtained. Additionally,
the replacement of phenylalanine in the fourth and lasduesiwith tryptophan that is more
hydrophilic increases the docking scores. But, when PHanyle is replaced with tyrosine
that is more hydrophilic than phenylalanine and tryptopharjalk&ing score drops.

Another exception is the change of glutamate with ghina. Glutamate has a
negatively charged side chain, whereas glutamine has dmanged polar side chain. Their
hydropathy index is the same and -3.5, but the usage of ghganereases the score.

The reason for obtaining higher scores with more hydroptarhino acids may be the
hydrophobicity of residues in amyloid surface. As given abl€é 2, the residues of the
reference peptide was mainly replaced more hydrophobicoameids in the same amino acid
group by considering hydrophobic characteristic of amyloid piatoént subunit.
Additionally, interactions of amino acids also chahgeath replacements and this resulted in
a different 3D structure. Therefore, the change ofaatén within the peptide sequence with
a different amino acid may also play a role in theamse of its score by causing a more

compatible 3D structure for GxMxG motif on the amyloid pirate



Chapter 4: Analysis of Results 33

The second peptide in Table 2 (AB1) was chosen according tioaking score and
binding region. It fills the grooves that are composed blsasguent GxMxG motifs.
Therefore, it prevents the binding of another amyloid. rHference peptide (INH1) can also
fit in the groove partially and this positioning breaks gassinteractions between two
amyloid protofilament subunits. At the same time, theyehsimilar physical and chemical
properties. In order to analyze the binding process andnolviaie accurate results, the two
peptide-protein complex is investigated with molecular dyosusimulations.

As a result of the first two steps, the designed pefddisl) has reached its stable
conformation faster than the reference peptide. In iaddio this, the reference peptide
(INH1) did not find its main binding region for a long timedaits position changed a lot.
Therefore, a longer NVT simulation for the referenoeptide (INH1) was performed
considering RMSD convergence of the peptide sequence. Tows ghat docking result of
the designed peptide is more close to realistic camkjtaould find its stable conformation

and permanent binding region in a short time.

According to the results of steered molecular dynamimulations, it can be clearly
claimed that the designed peptide (AB1) binds amyloid stroriggr teference peptide.
Unbinding of the designed peptide requires a bigger force. By tlendarzynski's Equality,
binding free energy of the reference peptide was calculte-2.98 kcal/mol; on the other
hand binding free energy of designed peptide was calculateégl3a&cal/mol. Therefore, it
can be stated that steered molecular dynamics simndatias confirmed comparison of
docking results of two peptides. In addition to intacactvith GxMxG motifs on amyloid
surface, another reason that it effects on the difiex between two calculated binding free
energies may be the difference between NVT simulati®@mnce the reference peptide tried
different conformations during the long NVT simulatioapgle snapshots which were used
in steered molecular dynamics simulations were lesslas than the snapshots of the

designed peptide.

However, magnitude of binding affinity, which is calculatetih steered molecular
dynamics is inconsistent with docking programs. GOLDxwdated the binding affinity as
approximately -15 kJ/mol and AutoDock calculated it as -8al/ikol. The possible reason
for this may be the equilibration process in molecdlaramics simulations. In this process,
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peptides did not stay in the exactly same conformationttieey had taken in the docking
programs, where they also changed their position. Thyidps in a different conformation

and position were pulled in simulations.

As a result of the entire study, the designed peptide wisich derivative of the
reference peptide binds to amyloid plagues successfully andavhigrher affinity. Moreover,
the calculated binding affinity is much greater thant thiathe reference peptide that is
experimentally proved as effective. The designed peptigggscted to increase the ratio of
survival of cells with Alzheimer's disease, since #shsimilar physical and chemical
properties with the reference peptide.
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CHAPTER 5

CONCLUSION

In the cross fibril structure of amyloid proteins, individuflstrands have in-register
and parallel arrangement and consecutive repeats of GxxxiGfonon molecular ridges and
grooves in the surface. This motif is also present ibnpprotein andi-synuclein protein. It
has been shown that the amino acids with large $ides form molecular ridges, which fit in
glycine grooves, and therefore this match between sgrfdabilizes fibril formation.

In order to break this compatibility between two amylowdfaces, an 8-residue
peptide RGTFEGKF was successfully designed and its inhibition effect wasliet
experimentally. Thus, this peptide and its derivatives weoeen to be effective inhibitors

against amyloid aggregation.

The aim of the present study that had motivated by tbeess of the experiments was
to develop effective inhibitors and to investigate newlygle=il peptides’ binding to amyloid
with computational methods. In order to obtain derivativkEseference peptide, its amino
acids were replaced with other amino acids that haeesame characteristics. Thus, a small
peptide library was obtained, and the peptide sequences iibthry were docked to amyloid
protofilament subunit. According to docking scores and physiedlchemical similarity, the
best result was chosen.

The two amyloid-peptide complexes were minimized and éxaikd. Then, peptides
were pulled with an external force. The free enettggnge during this unbinding process was
calculated with the Jarzynski's Equality that statebriHeltz free-energy difference between
two equilibrium configurations of a system may be obthilem an ensemble dinite-time
(nonequilibrium) measurements of the work performed imckimg an external parameter of

the system.
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As a result of this study, it is shown that the newlgigieed peptide binds the amyloid
protofilament subunit stronger than the reference pepidditionally, it completely fits the
surface of glycine grooves on the amyloid surface wisettea reference peptide partially fits
on the surface. Since these findings are the resudtsrmputational methods that simulate real
systems with approximations, these must be confirmed expetally. Furthermore, this
study would probably provide more options to investigate qibptides that are successful in
binding to the amyloid protofilament according to dockingiltes Investigating these steps
may be the future work of this study.
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APPENDIX A

The configuration file that was used for minimization:

BR BRI R R R R R R R R
## INPUT AND OUTPUT FILES 7t
BR BRI R R R R R R R R R

structure ../common/1t_ionized.psf
coordinates ../common/1t_ionized.pdb
set temperature 310

set outputname 1t

set restarthame  res

firstimestep 0O

paraTypeCharmm on

parameters ../common/par_all27_prot_lipid.inp

temperature $temperature

R R R R B T R R B R
## SIMULATION PARAMETERS #H

R R R R B T R R B R
# Periodic Boundary Conditions

cellBasisvectorl 97.8 0. O.

cellBasisvector2 0. 675 O.

cellBasisVector3 0. 0. 59.6

cellOrigin 25.192 -11.358 1.119
wrapWater on
wrapAll on

# Force-Field Parameters

exclude scaled1-4
1-4scaling 1.0
cutoff 12.
switching on
switchdist 10.

pairlistdist 135

# Integrator Parameters
timestep 1.0
rigidBonds off
nonbondedFreq 1
fullElectFrequency 1
stepspercycle 5

# PME (for full-system periodic electrostatics)
PME yes

PMEGridSizeX 100

PMEGridSizeY 72

PMEGridSizeZ 64

# Constant Temperature Control
langevin on
langevinDamping 5
langevinTemp $temperature
langevinHydrogen on

# Constant Presssure control
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useGroupPressure yes

# is required in conjunction with rigidBonds
useFlexibleCell no

useConstantArea no

LangevinPiston on

LangevinPistonTarget 1.01325

LangevinPistonPeriod 100.

LangevinPistonDecay 50.

LangevinPistonTemp  $temperature

R T R R R B T R R B R

## EXTRA PARAMETERS ##

B R H A AR R AR AR
# Output

outputName $outputname

restartName $restartname

outputEnergies 100
outputPressure 100
restartfreq 100
dcdfreq 100
xstFreq 100

minimize 50000
reinitvels $temperature

APPENDIX B

The configuration file that was used in fixation step in minimization process :

BR BRI R R R R R R R R

## INPUT AND OUTPUT FILES #it

B T R R B B R T R R
structure ../common/1t_ionized.psf

coordinates ../common/1t_ionized.pdb

set temperature 310

set outputname 1t

set restarthame  res

setref fix  ../common/reffix.pdb

firstimestep 0O

# Input

paraTypeCharmm on

parameters ../common/par_all27_prot_lipid.inp

temperature $temperature

HHHHH R R R
## SIMULATION PARAMETERS H#

HHHHH R R R
# Periodic Boundary Conditions

cellBasisvectorl 97.8 0. O.

cellBasisvector2 0. 675 O.

cellBasisVector3 0. 0. 59.6

cellOrigin 25.192 -11.358 1.119

wrapWater on

wrapAll on
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# Force-Field Parameters

exclude scaled1-4
1-4scaling 1.0
cutoff 12.
switching on
switchdist 10.

pairlistdist 13.5

# Integrator Parameters
timestep 1.0
rigidBonds off
nonbondedFreq 1
fullElectFrequency 1
stepspercycle 5

# PME (for full-system periodic electrostatics)
PME yes

PMEGridSizeX 100

PMEGridSizeY 72

PMEGridSizeZ 64

# Constant Temperature Control
langevin on
langevinDamping 5
langevinTemp $temperature
langevinHydrogen on

# Constant Presssure control

useGroupPressure yes

# is required in conjunction with rigidBonds
useFlexibleCell no

useConstantArea no

LangevinPiston on

LangevinPistonTarget 1.01325

LangevinPistonPeriod 100.

LangevinPistonDecay 50.

LangevinPistonTemp  $temperature

R R R R B T R R B R
## EXTRA PARAMETERS #it

R R R R B T R R B R
fixedAtoms on

fixedAtomsFile $ref fix

fixedAtomsCol B

# Output
outputName $outputname
restartName $restartname

outputEnergies 100
outputPressure 100
restartfreq 100
dcdfreq 100
xstFreq 100
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minimize 30000
reinitvels $temperature

APPENDIX C

The configuration file that was used in NPT simulation :

BR BRI R R R R R R R R R
## INPUT AND OUTPUT FILES it
BR BRI R R R R R R R

structure ../lcommon/abl_ionized.psf
coordinates ../common/abl_ionized.pdb
set temperature 310

set outputname  abl

set restarthname  res

bincoordinates ../..../res.coor
binvelocities ../.../res.vel
extendedSystem ../.../res.xsc

firsttimestep O

# Input

paraTypeCharmm on

parameters ../common/par_all27_prot_lipid.inp

#temperature $temperature

HHHHH R T R R
## SIMULATION PARAMETERS H#

HHHHH R R R
# Periodic Boundary Conditions

cellBasisvectorl 76.1 0. O.

cellBasisvector2 0. 66.1 O.

cellBasisvVector3 0. 0. 61.1

cellOrigin -6.1 114 57
wrapWater on
wrapAll on

# Force-Field Parameters

exclude scaled1-4
1-4scaling 1.0
cutoff 12.
switching on
switchdist 10.

pairlistdist 135

# Integrator Parameters
timestep 1.0
rigidBonds off
nonbondedFreq 1
fullElectFrequency 1
stepspercycle 5

# PME (for full-system periodic electrostatics)
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PME yes

PMEGridSizeX 80
PMEGridSizeY 72
PMEGridSizez 64

# Constant Temperature Control
langevin on
langevinDamping 5
langevinTemp $temperature
langevinHydrogen on

# Constant Presssure control
useGroupPressure yes

# is required in conjunction with rigidBonds
useFlexibleCell no

useConstantArea no

LangevinPiston on

LangevinPistonTarget 1.01325

LangevinPistonPeriod 100.

LangevinPistonDecay 50.

LangevinPistonTemp  $temperature

R R R R B T R R B R

## EXTRA PARAMETERS ##

B H AR R H R AR R AR AR
# Output

outputName $outputname

restartName $restartname

outputEnergies 2000
outputPressure 2000
restartfreq 2000

dcdfreq 2000
xstFreq 2000
run 500000
APPENDIX D

The configuration file that was used in NVT simulation :

BR BRI R R R R R R R R

## INPUT AND OUTPUT FILES #it

B T R R B B R T R R
structure ../common/abl_ionized.psf

coordinates ../common/abl_ionized.pdb

set temperature 310

set outputname  abl

set restarthame  res
bincoordinates ../.../res.coor
binvelocities ../.../res.vel
extendedSystem ../.../res.xsc

firsttimestep 0O
# Input



Appendix

42

paraTypeCharmm on

parameters ../common/par_all27_prot_lipid.inp

#temperature $temperature

HH B R I R R
## SIMULATION PARAMETERS ##

HH B R R T R
# Force-Field Parameters

exclude scaled1-4
1-4scaling 1.0
cutoff 12.
switching on
switchdist 10.

pairlistdist 135

# Integrator Parameters
timestep 1.0
rigidBonds off
nonbondedFreq 1
fullElectFrequency 1
stepspercycle 5

# PME (for full-system periodic electrostatics)
PME yes

PMEGridSizeX 80

PMEGridSizeY 72

PMEGridSizeZ 64

wrapAll on

# Constant Temperature Control
langevin on
langevinDamping 5
langevinTemp $temperature
langevinHydrogen on

HR B R R R R R R R R R B T

## EXTRA PARAMETERS ##

B H AR R H R AR R AR AR
# Output

outputName $outputname

restartName $restartname

outputEnergies 100
outputPressure 100
restartfreq 100

dcdfreq 100
xstFreq 100
run 500000

APPENDIX E

The configuration file that was used in SMD simulations :

B T R R B B R T R R
## INPUT AND OUTPUT FILES #it

B T R R B B R T R R
structure ../common/1t_ionized.psf
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coordinates ../common/1t182.pdb

set temperature 310

set outputname  1t182

set restarthname  res

setref smd ../common/smdref_182.pdb
extendedSystem ../common/res.xsc

firsttimestep 0O

# Input

paraTypeCharmm on

parameters ../common/par_all27_prot_lipid.inp

temperature $temperature

R T R R R B T R R B R
## SIMULATION PARAMETERS #

R T R R R B T R R B R
if {1} {

cellBasisVectorl 9548 0. 0.

cellBasisVector2 0. 66.42 0.

cellBasisVector3 0. 0 58.83

cellOrigin 25.136 -11.280 1.160
}

wrapWater on

wrapAll on

# Force-Field Parameters

exclude scaled1-4
1-4scaling 1.0
cutoff 12.
switching on
switchdist 10.

pairlistdist 135

# Integrator Parameters
timestep 1.0
rigidBonds off
nonbondedFreq 1
fullElectFrequency 1
stepspercycle 5

# PME (for full-system periodic electrostatics)
PME yes

PMEGridSizeX 100

PMEGridSizeY 72

PMEGridSizeZ 64

# Constant Temperature Control

langevin on

langevinDamping 5

langevinTemp $temperature

langevinHydrogen on

HHHHH R R R

## EXTRA PARAMETERS #it

B R R R R
if {1} {

fixedAtoms on

fixedAtomsFile  $ref_smd
fixedAtomsCol B

}

SMD on

SMDFile $ref_smd
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#Spring constant

SMDK 7

SMDVel 0.00001

SMDDir 0.932 -0.361 0.038
SMDOutputFreq 10

# Output
outputName $outputname
restartName $restartname

outputEnergies 2000
outputPressure 2000
restartfreq 2000
dcdfreq 2000
xstFreq 2000

run 3000000
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