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ABSTRACT 

 

 

The most common form of dementia, Alzheimer’s disease, that is neurodegenerative 

and incurable, is associated with tight packaging of amyloid fibrils. This packaging is caused 

by the compatibility of the ridges and grooves on the amyloid surface that are composed of β-

sheets orientation. The major factor which creates compatibility between two amyloid 

surfaces is GxMxG motif. Therefore, this motif is an important target in designing inhibitors 

for amyloid fibrillization. In this study, particular peptides that bind Aβ40 fibrils according to 

amino acids groups were modified, and a small peptide library was composed. The peptide 

sequences that bind the surface via GxMxG motif were identified with the docking program 

GOLD. The sequence that had the highest docking score and binds to around MET35 was 

selected. Finally, the binding free energies of modified and unmodified peptides were 

calculated with Steered Molecular Dynamics by using the Jarzynski’s Equality. 
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ÖZET 

 

En yaygın demans türü olan Alzheimer Hastalığı nörodejenaratif özellik gösterir ve 

tedavisi mümkün değildir. β-sheet dizilimi ile oluşan amyloid proteinlerinin yüzeylerindeki 

girinti ve çıkıntılar birbirlerini tamamlayıcı özellik gösterir ve bu uyum Alzheimer 

Hastalığının ilişkili olduğu amyloid fibrillerinin sıkı bağlanmasına neden olur. Đki amyloid 

proteinin yüzeyindeki uyumu sağlayan temel faktör GxMxG motifidir. Bu nedenle bu motif 

amyloid birikime karşı geliştirilecek ilaçlar için önemli bir hedeftir. Bu çalışmada, Aβ40 

fibrillerine bağlanan belli peptidler amino asit gruplarına göre değiştirilmi ş ve küçük bir 

peptid kütüphanesi elde edilmiştir. Yüzeye GxMxG motifi aracılığı ile bağlanan peptid 

dizileri GOLD isimli docking programı ile belirlenmiştir. Yüksek skora sahip ve MET35 

civarına bağlanan peptid seçilmiştir. Seçilen peptid ile kaynak alınan peptidin bağlanma 

serbest enerjileri, Jarzynski eşitliği kullanılarak, Steered Moleküler Dinamik yöntemi ile 

hesaplanmıştır. 
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INTRODUCTION 
 

 

Alzheimer’s disease (AD), first described by the neuropathologist, Alois Alzheimer, 

and named after him [1],  is the most common type of dementia [2]. It causes failure of 

intellectual functions and  recent memory [3], which are characteristic features of AD. When a 

patient has these signs, diagnosis can be confirmed by cellular pathology and cognitive tests 

[4]. Reductions in brain size, because of the loss of neurons and synapses,  and clearly visible 

amyloid plaques confirm the presence of AD [5,6]. 

 

In this study, the aim was to develop peptide drugs which act against amyloid 

fibrillization. The reference point was a particular peptide sequence [7] that binds to amyloid 

fibrils experimentally. The residues of this peptide were changed with other amino acids in 

the same amino acid group. The amino acids groups separate amino acids according to their 

side chains’ chemical properties.  Thus, a small library was  composed and the peptide 

sequences in this library were docked to Aβ42 protofilament subunit (pdb accession code 

2BEG) by using GOLD 4.1.1 (Genetic Optimization for Ligand Docking)[8]. The one that 

had the highest docking score and fits in glycine grooves in GxM(35)xG motif was selected.  

 

The docking provided specific conformation of peptide and protein with the binding 

score. These specific conformations of the complexes of Aβ42 protofilament subunit with 

modified and unmodified peptides were used as initial structures. They were solvated and 

equilibrated with molecular dynamics simulations by using Isothermal-Isobaric 

(NPT) ensemble and Canonical ensemble (NVT). By considering the  Root Mean Square 

Deviation (RMSD) change of peptide, sample conformations from canonical ensemble, each 

being 0.25 ns separate from each other were taken as starting structures for SMD simulations. 

The peptides in the complexes were pulled with constant velocity by using Steered Molecular 

Dynamics. Finally, the average binding free energies of peptides were calculated with 

Jarzynski’s Equality. 
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Chapter 1 provides more detailed background information on β- amyloid aggregation 

and  the GxMxG motif.   The methodology and the computational tools of this methodology 

are summarized. 

 

Chapter 2 describes the methodology and the approaches that are used in 

computational tools and calculations  in details. A brief theoretical background is given for 

molecular docking and molecular dynamics simulations. 

 

Chapter 3 introduces the results. The docking scores, analysis of RMSD, results of 

Steered Molecular Dynamics and calculated binding free energies are included in this chapter. 

 

Chapter 4 discusses and explains the results. 

 

Chapter 5 presents the conclusion of this research project for purposes of this thesis. 
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CHAPTER 1 
 

OVERVIEW 
 

1.1. ALZHEIMER’S DISEASE 
 

Alzheimer’s disease (AD), the most common type of dementia [2], is an irreversible, 

progressive brain disease, which has destructive effects on memory and thinking [9]. AD was 

first described by the Bavarian neuropathologist, Alois Alzheimer, in a 51-year-old woman 

[1]. Warning signs of AD are difficulties in speaking, writing, planning, understanding visual 

images,  and performing familiar tasks. Changes in personality follow the changes in memory 

[10]. When a patient has these characteristic signs, diagnosis can be confirmed by cellular 

pathology and cognitive tests [11,12]. Because AD cannot be identified by a single test, a 

medical history and physical examination are also necessary for diagnosis [10]. Reductions in 

brain size because of the loss of neurons and synapses (Figure 1.1.1) [13]  and clearly visible 

amyloid plaques (Figure 1.1.2) [14] confirm the presence of AD [5,6]. 

 

 

FIGURE 1.1. 1 : Comparison of brain sizes. (Left – normal brain, right- brain with AD)[13] 
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For many AD cases, the causative factor is not clear. It develops as a result of multiple 

causes and the greatest risk factor is age. Rarely is AD familial: the causative reason is the 

inheritance of mutant chromosome 21.  This type of Alzheimer’s occurs early in life. The 

most common type of AD that occurs late in life does not have one specific reason. However, 

research shows that amyloid plaques in the brain are the major players in the pathophysiology. 

The first proof for this hypothesis comes from the fact that people with Down Syndrome who 

have an extra copy of the amyloid beta precursor protein (APP), almost without exception 

have AD [15,16]. Furthermore, studies with transgenic mice that have the mutant form of the 

APP gene produce amyloid plaques and have difficulties in learning [17,18]. 

 

In 2008, there were approximately 30 million people worldwide who  diagnosed with 

AD.  Researchers assume that this number will increase to over 100 million by the year 2050 

[19]. Unfortunately, AD is incurable now. Available treatments retard the progress of the 

disease by increasing the concentration of acetylcholine (ACh). One of the significant features 

of AD is the reduction of acetylcholine by the death of cholinergic neurons [20]. Donepezil 

(brand name Aricept) [21], galantimine (Razadyne) [22] and rivastigmine (Exelon) [23] are 

cholinesterase inhibitors that have been used as drugs for AD. In addition to showing no 

effect in delaying the onset of AD, these drugs have side effects that include vomiting, muscle 

cramps, bradycardia, and decreased appetite [24,25,26,27]. 

 

1.1.1. BETA AMYLOID 
 

Senile plaques, which are structurally complex lesions, are not completely understood. 

After the amorphous phase of senile plaques, they become aggregates of a 40- to 42-residue 

FIGURE 1.1. 2 : Imaging brain amyloid in Alzheimer's disease 

with Pittsburgh Compound-B [14] 
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protein that is called the amyloid β protein (Aβ) [28]. These 40- to 42-residue proteis are an 

abnormal cleavage product of APP called amyloid-β peptide (Aβ). The amyloid fibril consists 

of 39-43 amino acids. α-, β- and γ-secretases which can cut APP in to different parts. As seen 

in Figure 1.1.3, the amyloidogenic process is performed by sequential cleavage by β- and γ-

secretases [29]. 

 

 

 
FIGURE 1.1. 3 : Enzymatic processing of APP. ( Aβ40/42 is amyloid β peptide with 40 or 42 amino acid 

residues; AICD is APP intracellular domain; APP is amyloid precursor protein; sAPPα is soluble APP after α-

secretase cleavage; sAPPβ is soluble APP after β-secretase cleavage.)[29]
 

 

Later, Aβ aggregates become fibrillar, and classical features of amyloid plaques 

become distinctive.  They are composed of compact bundles of ~8-nm filament via -pleated 

sheet protein conformation. Many dendritic processes and dystrophic axons are placed around 

the fibrous amyloid deposit. The most reliable and significant indicator for the presence of 

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

Aβ has been studied by using many different experimental and theoretical methods 

[29].The computational and experimental models of structures with a U-turn bent β-sheet 

were appeared in the 1990s [30, 31]. Models revealed that the side chain of I32 lies toward the 

b-turn whereas the side chain of M35 lies outward. Models further show that the side chain of 

M35 has an important role in gaining neurotoxic properties of Aβ [32, 33]. Figure 2.1.4 shows 

that the tightly formed steric zipper via two M35 residues in two different antiparallel amyloid 

proteins leads to sheet-to-sheet packaging. Therefore this association is a logical target in 

developing inhibitors to prevent aggregation [7]. 
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1.2. PEPTIDE DRUGS 
 

Peptides are short amino acid sequences that play an active role in regulation. Hence, 

they are promising for future drug research. Recent developments and manufacturing 

improvements have made peptides more stable. According to investigations, more than 40 

peptides are marketed, almost 270 peptides are tested clinically, and almost 400 peptides are 

in advanced preclinical phases. Commonly used proteins, such as, oxytocin, insulin, 

cyclosporine, and vancomycin are all peptide-based drugs [35]. 

Peptide drugs have higher a activity and higher specificity than chemical drugs. 

Moreover, toxicity, which is an important factor for drug development, is lower for peptide-

based drugs. On the other hand, peptide drugs also have some disadvantages, such as, less 

stability, low solubility, and high digestibility. The advantages and disadvantages of peptide 

drugs are listed in Table 1 [35]. 

 

FIGURE 1.1. 4 : Sheet- to- sheet packaging of two antiparallel β-amyloid 

via M35 – M35 association[33] 
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PEPTIDE PROS AND CONS 

Advantages  Disadvantages 

High activity Low oral bioavailability 

High Specificity Injection required 

Little unspecific binding to molecular 

 structures other than desired target 

Less stable 

Minimization of drug-drug interactions Diffucult delivery : challenge to transport 

Across membranes 

Less accumulation in tissues Challenging & costly synthesis 

Lower toxicity Solubility challenges 

Often very potent Risk of immunogenic effects 

Biological & chemical diversity Cleared from body quickly 
 

 

1.3. COMPUTATIONAL BACKGROUND 
 

1.3.1. MOLECULAR DOCKING 

 

In early-phase drug discovery studies, novel drugs are identified by screening  large 

molecule libraries.  Since there are some experimental problems that affect the complexity of 

the assay procedure, the cost, and screening quality [36,37,38,39], the computational 

screening methods become important tools with recent improvements in computational 

techniques and the advancement of computer performance, structure based screening has 

become a commonly used method in drug development.   

 

The principal of structure based computational methodology is based on molecular 

docking. The premise behind molecular docking is the prediction of the conformation of a 

protein-ligand complex and the presentation of binding affinity as a docking score. The 

docking programs; therefore, generally have two operations: docking and scoring. In the first 

operation, multiple protein-ligand conformations or multiple ligand conformations in defined 

binding pocket in receptor protein are produced [40-46]  

TABLE  1: The advantages and disadvantages of peptide drugs 
[35] 
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Most of docking programs keep the receptor protein in fixed conformation and allow 

ligand to rotate [47]. Secondly, the binding affinity between the receptor protein and the 

ligand is calculated with a scoring function [48, 49]. Although, the docking programs are fast 

and essential tools, the results can include false positives [50]. 

 

 The discussions about the problems of molecular docking include the inaccuracy of 

scoring functions, flexibility, and neglecting the solvent-related terms. Moreover, the docking 

score based on the binding free energy is not an accurate result, as it is calculated for a single 

conformation instead of evaluating it as an ensemble property [51]. 

 

1.3.2 MOLECULAR DYNAMICS 

 

For 25 years, molecular dynamic simulations have been essential tools for the analysis 

of the structure and function of biological macromolecules. Molecular dynamics  simulations 

provide coordinates of an individual particle as a function of time. This makes molecular 

dynamics simulations very important for biophysics. Another significant feature is that the 

system is under the control of the user. Thus, the user can remove or change specific 

contributions of potentials [52]. 

 

To confirm results of molecular dynamics simulations, the ergodic hypothesis of 

statistical mechanics is used. According to this hypothesis, averages of statistical ensemble 

are the same as the time averages of the system, so it is mainly based on statistical mechanics 

[53]. 

 

The essential task of  molecular dynamics simulations is to solve the classical 

equations of motion numerically. For a simple atomic system these classical equations may be 

written : 

 

�	
�� �  �	                                    Eq 1. 1 

�	 � � �
����                                                            Eq 1. 2 
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Calculation of the forces fi acting on the atoms can be derived from a potential energy 

U (rN). The complete set of 3N atomic coordinates is represented with rN = (r1,r2,r3…rN) [54]. 

Recently, in the studies of biomolecular systems, molecular dynamics simulations are 

commonly used to get detailed information about atomic interactions and fluctuations  [55]. 

With the improvements that have made force fields more reliable, the results of molecular 

dynamics simulations are more realistic. MD simulations are mainly used in identifying the 

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

COMPUTATIONAL METHODS 
 

 

2.1. MODELS OF PROTEIN AND PEPTIDE 

 

In amyloid literature, the terms “fibril” and “protofilament” refer to different degrees 

of molecular organization of biological fibers. “Fibril” is generally  used for the lowest degree 

of organization. In studies of Amyloid proteins, it refers to organization between many of 

protein chains that have different sizes and are still soluble. They have unknown degree of 

complexity [56]. On the other hand, the term “protofilament” refers to assembled fibrils that 

are perpendicular to the fibril axis in two molecular layers. [7,57,58]. Here, we study the 

inhibition of association of two Aβ protofilament to form the mature fibril and the terms 

“fibril” and “protofilament” are used interchangeably. 

 

2.1.1 AMYLOID BETA – 42 
 

In this study, Aβ42 protofilament subunit (pdb accession code: 2BEG) was used for 

docking and molecular dynamics simulations. The 3D structure of the fibrils comprising Aβ 

(1-42) was obtained by using hydrogen-bonding constraints from quenched hydrogen- 

deuterium exchange NMR, side-chain packing constraints from pair wise mutagenesis studies, 

and parallel, in-register -sheet arrangement from previous solid state NMR studies [58]. In 

this used pdb file (2BEG), there are ten chains. One of them (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 organization, called cross β-sheet 

that is formed by the association of β-strands [59]. The term cross-β fibril, refers to the overall 

structure where individual β strands have in-register and parallel arrangement [60].  Three 

consecutive repeats of GxxxG motif may take place in peptide accumulation [61] and form 

molecular ridges and grooves in the surface. These are critical for rational design of inhibitors 

to prevent fibril formation [7]. 

The GxxxG motif is also found in prion protein [62] and α-synuclein protein [63]. In 

order to understand the role of glycine and the importance of the GxxxG motif, a model 

peptide (GpA70-86) that is composed of spanning residues of transmembrane helix of 

glycophorin A, was studied experimentally. This model peptide has also in-register 

orientation like other amyloids, and it contains GxxxG motif between residues 79 and 83. The 

study showed that the amino acids with large side chains form molecular ridges which fit into 

the glycine grooves. The compatibility between surfaces stabilizes fibril formation. [7] 

Smith et al studied a model peptide that has the general inhibitor architecture 

RGTFEGKF-NH2 and showed that this inhibitor prevents GPA70-86 and Aβ fibrillization. [7] 

The inhibitor is designed in a way that the hydrophobic xGxFxGxF and hydrophilic 

RxTxExKx  amino acids are placed on the opposite faces of the peptide. Thus, the small and 

large amino acids on the hydrophobic face of the inhibitor match the GxxxG face of the Aβ 

peptide.  Moreover, variants of this peptide also affect Aβ fibrillization negatively. [7] 
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2.2. PEPTIDE LIBRARY 
 

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

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

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

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

2. 

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

 pK a values  
Amino 
Acid 

Symbol pK1 pK 2 pK R Hydropathy 
index 

Occurrence in 
Proteins (%) 

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

hydrophobic side chains. They use hydrophobic interactionsto stabilize protein structure  

Glycine Gly G 2.34 9.60  -0.4 7.2 
Alanine Ala A 2.34 9.69  1.8 7.8 
Proline Pro P 1.99 10.96  1.6 5.2 
Valine Val V 2.32 9.62  4.2 6.6 
Leucine Leu L 2.36 9.60  3.8 9.1 
Isoleucine Ile I 2.36 9.68  4.5 5.3 
Methionine Met M 2.28 9.21  1.9 2.3 
Aromatic R groups : Amino acids of this group have a cyclic structure intheir side 

 chains, and these side chains are relatively hydrophobic  

Phenylalanine Phe F 1.83 9.13  2.8 3.9 
Tyrosine Tyr Y 2.20 9.11 10.07 -1.3 3.2 
Trptophan Trp W 2.38 9.39  -0.9 1.4 
Polar, Uncharged R groups : The side chains of these amino acids are more soluble 

in water, therefore they form hydrogen bonds with water 

Serine Ser S 2.21 9.15  -0.8 6.8 
Threonine Thr T 2.11 9.62  -0.7 5.9 
Cysteine Cys C  1.96 10.28 8.18 2.5 1.9 
Asparagine Asn N 2.02 8.80  -3.5 4.3 
Glutamine Gln Q 2.17 9.13  -3.5 4.2 
Positively charged R groups: These are the most hydrophilic amino acids which have 

significant positive charge at their side chains  

Lysine Lys K 2.18 8.95 10.53 -3.9 5.9 
Histidine His H 1.82 9.17 6.00 -3.2 2.3 
Arginine Arg R 2.17 9.04 12.48 -4.5 5.1 
Negatively charged R groups : These have a second carboxyl group with a net negative  

                                                        
* Nelson, D. L & Cox, M.M. (2005). Lehninger: The principles of biochemistry. (4th Edition). New York: W.H 
Freeman and Company 



Chapter 2: Computational Methods  13 

 
 

charge at pH 7.0 

Aspartate Asp D 1.88 9.60 3.65 -3.5 5.3 
Glutamate Glu E 2.19 9.67 4.25 -3.5 6.3 

 

  For example, to test the role of 1-Arginine in inhibition, it was changed with 

Histidine and Lysine (HGTFEGKF, KGTFEGKF); and to test the importance of Lysine in 

seventh residue, it was replaced with Arginine and Histidine (RGTFEGRF, RGTFEGHF). 

 

Phenylalanine was replaced with Tyrosine and Tryptophan. Since there are two 

Phenylalanine residues, the fourth and eighth positions were changed separately and then 

together (RGTWEGKF, RGTYEGKF, RGTFEGKW, RGTFEGKY, RGTWEGKW, 

RGTYEGKY-NH2, RGTYEGKW-NH2, and RGTWEGKY-NH2). Glycines in the second and 

sixth positions were changed only with Valine, Isoleucine, and Leucine from the amino acid 

group that has nonpolar, aliphatic R groups. Since the methionine derivative of peptide was 

not effective [7], glycine was not changed with methionine. Serine, Asparagine, Glutamine 

was used instead of Threonine in the third position and Aspartate was replaced with 

Glutamate. 

 

After analyzing the results of one type of change, the library was expanded by trying a 

combination of amino acid replacements that resulted in higher docking scores. For example, 

the replacement of glycine with valine and the replacement of phenylalanine with Tyrosine, 

Tryptophan was done together. Additionally, the peptide sequences that was obtained with 

some random replacements of amino acids from different groups are added to peptide library. 

 

In order to obtain PDB files of peptides, the sequences were drawn and the three 

dimensional structures were minimized with ChemBioOffice 2009 that is distributed by 

CambridgeSoft.  

 

2.3. MOLECULAR DOCKING 
 

Docking studies of designed peptides were carried out using GOLD Genetic 

Optimization for Ligand Docking) 4.1 program from Cambridge Crystallographic Data 

Center, UK [8]. GOLD uses genetic algorithm for docking flexible ligands into the protein 

binding site to explore the full range of ligand conformational flexibility with partial 
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flexibility of the protein[8].  The binding energy of the ligands after auto editing by GOLD 

was predicted with GOLD score and ChemScore that are implemented in GOLD.  

 

The total GOLD score is calculated by considering the hydrogen bonds and van der 

Waals interactions between protein and ligand. The four main components of the GOLD 

fitness function are protein-ligand hydrogen bond energy (external H-bond), protein-ligand 

van der Waals energy (external vdw), ligand internal van der Waals energy (internal vdw), 

and ligand torsional strain energy (internal torsion). Another component that refers to ligand 

intramolecular hydrogen bond energy (internal H-bond) may be added, optionally. By keeping 

parameter at their default options, output files give a single internal energy term S (int) which 

is the sum of the internal van der Waals and the internal torsion [64]. The larger fitness scores 

are better, since the fitness score is the negative of the sum of the component terms [64]. 

 

ChemScore is derived empirically from a set of 82 protein-ligand complexes and is 

trained by regression against experimental affinity data.  The total free energy change is 

calculated by the formula below [65]: 

 

 

 

Each component in this formula refers to the product of a term that is related to the 

magnitude of a particular physical contribution to free energy [65]. 

 

 

The V terms symbolize the regression coefficients and the P terms are the various 

types of physical contributions to binding. The final ChemScore includes a clash penalty and 

internal torsion terms. Covalent and constraint scores are also considered. [65, 66] 
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2.3.1 THE RECEPTOR THAT IS USED IN DOCKİNG STUDIES 
 

In this study, Aβ42 protofilament subunit (PDB ID: 2BEG) was used as receptor. The 

ligand binding site was defined as a collection of residues placed within a sphere of 20 Å 

around the coordinates of SD-MET35, which is an element of GxMxG motif. In order to 

obtain diverse conformations with a high docking score, the number of the data files was 

taken as 100 and did not used the early termination option. All other parameters were kept at 

their default values. 

 

Docking results were compared, and the one with the lowest ChemScore was selected 

for molecular dynamics simulations. 

 

2.4. MOLECULAR DYNAMICS 
 

As mentioned previously, molecular dynamics simulations solve the classical equation 

of motion numerically.  

 

�	
�� �  �	 
�	 � � �

�
	 � 

 

  The forces fi acting on the atoms can be calculated by the derivation from a potential 

energy U (rN). The complete set of 3N atomic coordinates is represented with rN = (r1, r2, 

r3…rN). U is the total potential energy, and is the sum of the bonded and non-bonded 

interactions [54]. 

 

2.4.1. Non-bonded interactions: 

 

The potential energy that is provided by non-bonded interactions can be formulated as: 
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������������
�� �  ∑ ��
	�  ∑ ∑ !"
	, 
$%  &$'			                    Eq 2. 1 

 

Where, ��
	� term stands for an externally applied potential field. For fully periodic 

simulations, it is usually neglected. For the second term in the Equation 3.1., the most 

commonly used form is The Lennard-Jones potential and it can be written as: 

 

!()�
� � 4+ ,-.�/
01 � -.�/

23                                           Eq 2. 2 
 

There are two parameters in this equation which are 4, the diameter, and +, the well 

depth. If electrostatic charges are available, the appropriate Coulomb Potential is also 

calculated [54]. 

 

!5�67�8��
� � 9:9;
<=>?�                                             Eq 2. 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 molecule. The bonds between 

neighbor atoms is represented with 
	$ � @
	 � 
$@, the bond angle between adjacent bonds, 

such as, 
	 � 
$ and 
$ � 
A  is represented with B	$A, and C	$A7stands for the torsional angle 

[54]. 
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The potential that is caused by intramolecular forces can be formulated as: 

 

�	�D�E8�7�F67E� �  
0
1∑ G	$� "
	$ � 
�H%1  0

1∑ G	$AI���� E�J7�K����K "B	$A � B�H%1  
0
1∑ ∑ G	$A7L,8

8 -1  cos "�C	$A7 � Q8%/D��K	�� E�J7�K                    Eq 2. 4 

where 

cosC	$A � RS 	$ · RS$A � "
	$ · 
	$%�0 1⁄ "
$A · 
$A%�0 1⁄ "
	$ · 
$A%,     �  RS � R |
|⁄    �      Eq 2. 5 
 

cosC	$A7 � �WS	$A · WS$A7,    �W	$A �  
	$ � 
$A,      W$A7 � 
$A � 
A7,     XY � X W⁄   �      Eq 2. 6 
 

The form of Equation 2.4., the strength parameters G and other constants are specified 

in the used force fields. The term “force field” expresses the combination of formula of 

molecular dynamics and associated parameters that are used in potential energy calculation 

[67]. There are different force fields that are commonly used in biomolecular simulations. 

These include AMBER [68], CHARMM [69], OPLS [70] and Dang95 [71] with SPC/E [72] 

and TIP3P  [73] water models. 

 

In this study, molecular dynamics simulations were performed in explicit solvent 

(water) using NAMD 2.6 [74] with CHARMM27 [75] force field. Simulations were 

performed at 310 K temperature and 1 bar pressure. The highest scoring docked structures 

obtained in GOLD of AB1 (modified version of reference peptide) and INH1 (reference 

peptide) were selected as their initial structures.ACE cap were used for the N-terminus and 

CT3 cap were used for the C-terminus . The reaction coordinates were aligned with the 

positive x axis.  The proteins were then solvated in a waterbox of 40 Å  cushion in the 

positive x direction and 10 Å cushions in the other directions. Periodic boundary conditions 

were applied. Ions were added in order to represent a more typical biological environment. 

Langevin dynamics was used to control the systems temperature and pressure. All atoms were 

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

 

Nonbonded and electrostatic forces were evaluated each time step. In order to keep all 

degrees of freedom no rigid bonds were used. At every 500th time step of final conventional 
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molecular dynamic simulation, the instantaneous atomic coordinates R  of all atoms, the 

pressures and the energies were recorded.  

 

2.4.1. MINIMIZATION 
 

The pdb file along with the psf file, that is generated with NAMD, contains guessed 

coordinates for hydrogen atoms of the structure. Therefore, energy minimization will correct 

hydrogen positions in a more accurate way [76].  The minimization was performed for 30000 

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

 

2.4.1.1. FIXATION 
 

Generally, Molecular Dynamics minimization includes fixing and releasing molecules 

in the system. Since the protein responds much slower than the water, fixing the protein 

allows the water to settle in the first step. Thus, it provides less computational effort [76]. 

Additionally, fixing the protein prevents possible damage that is caused by the collapse of 

water molecules during minimization. The fixation in this study was performed for 500000 

steps (0.5 ns) under constant temperature and constant pressure conditions. The configuration 

file is in the appendix. (Appendix B) 

 

2.4.1.2. HARMONIC CONSTRAINTS 

 

During minimization, constraints can be used to fix the motion of particular atoms. 

Thus 

• exploration of a specific region of the potential energy surface can be improved 

• boundary forces can be imposed to prevent solvent molecules from escaping, 

and 

• high- frequency vibrations can be removed [77] 

 

In this study, the degree of harmonic constraints were diminished step by step. The 

constant of constraint “k” was chosen as 1, 0.5, and 0.125 successively. Totally, restraint were 

removed throughout 2 ns. 
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2.4.2. ISOTHERMAL – ISOBARIC (NPT) ENSEMBLE 

 

In the isothermal-isobaric ensemble, the constant parameters are the number of moles 

(N), pressure (P), and temperature (T).  In order to keep the system at constant temperature 

and constant pressure, a thermostat and a barostat are required. In this study, the simulations 

were performed according to Langevin Dynamics.  

 

Langevin dynamics is an approach to control the system temperature/or pressure by 

controlling the kinetic energy of the system. The method is based on Langevin equation for a 

single particle: 

 

�	 �
;Z��D�
�D; � [	\]	�^�_ � Q	 �Z��D��D �	  `	�^�                      Eq 2. 7 

 

On the right hand side, two additional terms refer to the ordinary force that the particle 

experiences.  The particle with frictional coefficient Q	�	 faces a frictional damping, and this 

damping is represented with the second term’s equation. The third term stands for random 

forces which may be applied to the particle. In order to keep the system’s temperature, the 

kinetic energy is fixed with these terms [76]. 

 

Additionally, to keep the system’s pressure at a constant value Langevin piston 

method was used. With the extended system formalism [78], the deterministic equations of 

motion for the piston degree of freedom are replaced with the Langevin equation.  This 

replacement is suitable to eliminate the non-physical ringing of the volume associated with 

the piston mass [79]. 

 

After performing simulations with NPT ensemble, we checked the convergence of the 

volume and the Root Mean Square Deviation (RMSD) convergence of the protein was 

checked. When two graphics started to fluctuate around a small interval, we continued with 

Canonical ensemble (NVT). The configuration file of simulations is in the appendix 

(Appendix C). 
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2.4.3. CANONICAL ENSEMBLE 

 

In the canonical ensemble, the number of moles (N), the volume (V) and the 

temperature (T) are kept at constant values. The energy of endothermic and exothermic 

processes is exchanged with a thermostat. In order to arrange the energy change in the system, 

there are different types of thermostat methods. Simulations were performed with Langevin 

thermostat model that is mentioned previously. The configuration file is in appendix 

(Appendix D). 

 

Conventional MD simulations were performed for 18ns for AB1 (the designed peptide 

which is the lowest ChemScore) and for 19ns for INH1 (the experimentally successful 

reference peptide) so that stable conformations of the complexes were found. Using the final 

structures of the T,P,N simulations additional simulation under T,V,N condition were 

performed. For AB1 after 5.5 ns, it was observed that the complex rotated too much in the 

waterbox so that there was not enough water in the pulling direction. Therefore, the final 

structure were realigned with the x axis and resolvated under the same conditions indicated 

before. Minimization and equilibration were performed under T,P,N conditions keeping the 

protein fixed in order to relax the water in the first place. Then T,V,N simulation were 

performed for an additional 9 ns. For INH1 such a strong rotation were not observed and 

T,V,N simulation were performed for 12 ns. Starting structures for the SMD simulations were 

sampled from the final 2.5 ns part of the conventional MD simulations. 

 

2.5. STEERED MOLECULAR DYNAMICS 

 

There are many modeling methods that are applied in searching for ligand-receptor 

interactions [80]. The premise behind the computer simulations that provide insights to 

binding affinities is the idea of reversibility. Umbrella sampling and free energy perturbation 

are based on reversibility [81,82,83]. In Steered Molecular Dynamics, time-dependent 

external forces are applied, and the changes in the system are analyzed. During these 

processes, irreversibility is considered. Thus, it can be 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 recording of applied forces can give 

information about ligand-receptor interaction and binding pathway. Additionally, quantitative 

information about the binding potential can be also obtained with SMD. 

 

In order to apply external forces, there are different options. One of them is to restrain 

the ligand to a point in space. Unbinding is performed by shifting the restraint point in a 

specifically defined direction. Thus, the ligand is forced to move along its unbinding path. 

When a single reaction coordinate x, and an external potential � � G�] � ]a�1 2⁄  are 

assumed, the applied external force can be formulated as: 

 

[ � G�]a  !^ � ]�                                          Eq 2. 8 
 

In this formula, G stands for the stiffness of the restraint and ]a expresses the initial 

position of the restraint point that is moving with a constant velocity !  [84]. From the 

classical equation of work: 

 

c � [ � ! � ∆^                                             Eq 2. 9 
 

In this study, the constant velocity "de�f Å gh⁄ % was used and spring constant was 

taken as 7 kcal/molÅ2 . For designed peptides the atoms of the fifth and the sixth residues 

were chosen as SMD atoms, since they were the closest residues to Methionine residues on 

the surface of amyloid. The side chain of Methionine residue (71MET) was fixed. The 

simulations were performed for 3 and more nanoseconds. The configuration 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 is performed with a finite 

velocity. Due to this finite velocity the process becomes a non-equilibrium process. The 

Jarzynski’s Equality is a relation between equilibrium free energy differences ∆A and work 

done through non-equilibrium  processes ci85l. The Jarzynski’s Equality states that the 

following equality holds regardless of the speed of the process [86,87]. 



Chapter 2: Computational Methods  22 

 
 

 

m�nop �  qm�nrs                                            Eq 2. 10 
 

The major difficulty of the Jarzynski’s Equality is that its average is dominated by 

small work values that are observed only rarely. Therefore, if only a small number of steered 

molecular dynamic simulations are performed, the velocity should be small enough to permit 

such small work values. In the literature, this difficulty was overcome to some extent by 

applying the cumulant expansion [87,88,89] as.  

 

logqm�nrs � �vqcs  n;
1 �qc1s � qcs1� � nw

x! �qcxs � 3qcs1qcs  2qcsx� ..     Eq 2. 11 
 

Using the cumulant expansion, two kinds of error are involved: systematic error due to 

the truncation of higher order terms and statistical error due to insufficient sampling [85]. For 

a finite number of trajectories, the statistical error is larger than the systematic error. 

Therefore,  as [85] have been pointed out, approximate formulas may give better  results 

because lower order cumulants are estimated with smaller statistical error. 

 

The finite-sampling estimate of a non-linear average is biased [85]. Therefore, instead 

of using the second order cumulant expansion directly, the unbiased estimate introduced by 

[85] will be used as: 

 

logqm�nrs � 0
n |

0
}∑ c	 � n

1
}
}�0 ,

0
}∑ c	1 � -0}∑ c	}	~0 /1}	~0 3}	~0 �      Eq 2. 12 

 

Here, M is the total number of trajectories and c	  is the work obtained from the ith 

trajectory. The average  q. s is taken over the ensemble of SMD trajectories, whose initial 

states are sampled from the canonical ensemble, each being 0.25 ns separate from each other. 

i.e., structures of the N,V,T simulation, each again 0.25 ns away from each other will be used 

as starting structures for SMD simulations. 

 

Constant velocity SMD simulations were performed in which the center of mass of the 

backbone atoms of residues 4-5 of the peptides is attached to a dummy atoms via a virtual 

spring with a spring constant of G. The dummy atom is then pulled with a constant velocity 
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into the reaction coordinate ξ, which is defined as the vector between the center of mass of the 

backbone atoms of the 71th residue of the protein (which were fixed) and the center of mass of 

the pulled atoms. Hence, the distance along the RC λ is changed with a constant velocity as: 

[90],  

��^� �  ��0�  !^                                                Eq 2. 13 
 

Here t is time and  ��^� is the � parameter value at time t of the simulation. The 

Jarzynski’s Equality provides the methodology to evaluate the free energy differences 

����^�� � ����0�� using the work values c��a����D� . Hence, to calculate the potential of 

mean force (PMF) ϕ���  at ξ, c��a����D�, values at different time t but being at the same  

reaction coordinate ξ, have to be combined. When the spring constant k of the guiding 

potential is sufficiently large so that the reaction coordinate follows the constraint center λ 

closely, the following stiff-spring approximation emerges [85]: 

 

���� �  C���                                           Eq 2. 14 

 

Hence, the PMF  C��� will be evaluated by the Jarzynski’s equality using the work 

values c��a����D�.The external work is evaluated as: 

 

c��a����D� �  ��� � i� � ���0�  !^�l�^��D�
��a�                    Eq 2. 15 

 
Due to the external potential applied to the SMD atoms, the conformation of the 

peptide will be lightly biased. Therefore, the final states will not be in equilibrium. However, 

to relax these final states, no external work is required. Therefore, Jarzynski’s Equality can be 

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

RESULTS 
 

 

3.1. DOCKING RESULTS 
 

The docking scores of RGTFEGKF and peptides that have higher docking score than 

RGTFEGKF are presented in Table 3.  

TABLE 3 : Docking Scores of RGTFEGKF and its derivatives 

NO Sequence ChemScore 
(kJ/mol) 

Gold 
Score 

1.  RGTFEGKF 
(inh1) 

-7.13 49.12 

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 peptide (named AB1 and the 

second peptide in Table 1) was docked with AutoDock Vina 1.0 and binding affinity was 

calculated as -8.7 kcal/mol [91]   

The second peptide in Table 2 was chosen for molecular dynamic simulations and free 

energy calculation by considering the score, binding region, and molecular properties. As a 

result of docking with GOLD, the complex of second peptide and 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 RGTFEGKF and 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 process at constant temperature and constant 

pressure, the volume change was checked. For the reference peptide, RGTFEGKF, the 

volume decreased from 392500 Å
x
 to approximately 355000Å

x
. For the modified version 

RVTWEGKF (second peptide in Table 1) of it, the volume decreased from 357500 Å
x
to 

32000Å
x
. 

 

3.2.2 THE CANONICAL ENSEMBLE 

 

 During NVT simulations, the complex of protein and peptide was aligned according to 

protein and RMSD change of peptide was considered. The designed peptide (AB1) found its 

stable conformation and binding region faster than the reference peptide (INH1).Therefore, a 

longer NVT simulation was performed for INH1. 

 

For SMD, sample conformations of designed peptide (RVTWEGKF) were taken from 

interval 2.5 - 5 ns. Since the reference peptide did not find its stable conformation, sample 

conformations were taken from interval between 7.50 – 9.75 ns.  There was 0.25 time 

difference between conformations.  
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3.3. STEERED MOLECULAR DYNAMICS 
 

As a result of steered molecular dynamic simulations, work that is done on peptides 

was calculated with c � [ � ! � ∆^. Here, F is force in��; v is in Å ��⁄  and ∆^ is time in��. 
Thus, work can be calculated in terms of joule. In order to convert joule to kcal/mol, it must 

be multiplied with conversion unit of kcal and Avogadro number�2,3109 ] 10�< ) �
�6,02 � 101x�. The pseudocode that was used in calculation of work is given in the below: 

 

 
 

When calculated work  in terms of kcal/mol is plotted along trajectories: see Graph 

3.3.1 and Graph 3.3.2 are obtained. 

 

t = is the time step number 

f = external force that is applied to peptide 

w(1) =  (10-27)xf(1)x6.02x(1023)x2.3901x(10-4); 

for i = 2 to (total number of time step) 

w(i) = w(i-1)+(10-27)xf(i)x 6.02x(1023)x2.3901x(10-4); 

end 

 

TABLE  4 : The pseudocode that uses �� �� � � ∆� formula and implies the work in kcal/mol 
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3.4. POTENTIAL OF MEAN FORCE 
 

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

 

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 reference peptide that were obtained by 

amino acid replacements are compared, it can be stated that replacements with a more 

hydrophobic amino acid according to Kyte and Doolittle [92] generally result in higher 

scores. For instance, the replacements of Glycine, with Valine and Isoleucine that are more 

hydrophilic than glycine provide higher docking scores. Another feature of valine or 

Isoleucine that contributes to the interactions and increases the score may be the longer side 

chain. The replacement of lysine in the seventh position with Arginine, that has extra –NH2 

groups and is more hydrophobic also gives a better binding.  

 

  However, there are also exceptions. For example, when Theroine in the third residue is 

replaced with serine that has a less hydropathy index, a higher score is obtained. Additionally, 

the replacement of phenylalanine in the fourth and last residues with tryptophan that is more 

hydrophilic increases the docking scores.  But, when Phenylalanine is replaced with tyrosine 

that is more hydrophilic than phenylalanine and tryptophan, the docking score drops. 

  

Another exception is the change of glutamate with glutamine. Glutamate has a 

negatively charged side chain, whereas glutamine has an uncharged polar side chain. Their 

hydropathy index is the same and -3.5, but the usage of glutamine increases the score.  

 

The reason for obtaining higher scores with more hydrophobic amino acids may be the 

hydrophobicity of residues in amyloid surface. As given in Table 2, the residues of the 

reference peptide was mainly replaced more hydrophobic amino acids in the same amino acid 

group by considering hydrophobic characteristic of amyloid protofilament subunit.  

Additionally,  interactions of amino acids also changed with replacements and this resulted in 

a different 3D structure. Therefore, the change of interaction within the peptide sequence with 

a different amino acid may also play a role in the increase of its score by causing a more 

compatible 3D structure for  GxMxG motif on the amyloid protein. 
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The second peptide in Table 2 (AB1) was chosen according to its docking score and 

binding region. It fills the grooves that are composed by subsequent GxMxG motifs. 

Therefore, it prevents the binding of another amyloid. The reference peptide (INH1) can also 

fit in the groove partially and this positioning breaks possible interactions between two 

amyloid protofilament subunits. At the same time, they have similar physical and chemical 

properties. In order to analyze the binding process and obtain more accurate results, the two 

peptide-protein complex is investigated with molecular dynamics simulations.  

 

As a result of the first two steps, the designed peptide (AB1) has reached its stable 

conformation faster than the reference peptide. In addition to this, the reference peptide 

(INH1) did not find its main binding region for a long time and its position changed a lot. 

Therefore, a longer NVT simulation for the reference peptide (INH1) was performed 

considering RMSD convergence of the peptide sequence. This shows that docking result of 

the designed peptide is more close to realistic case, and it could find its stable conformation 

and permanent binding region in a short time. 

 

According to the results of steered molecular dynamics simulations, it can be clearly 

claimed that the designed peptide (AB1) binds amyloid stronger than reference peptide. 

Unbinding of the designed peptide requires a bigger force. By using the Jarzynski’s Equality, 

binding free energy of the reference peptide was calculated as -2.98 kcal/mol; on the other 

hand binding free energy of designed peptide was calculated as -5.3 kcal/mol. Therefore, it 

can be stated that steered molecular dynamics simulations has confirmed comparison of 

docking results of two peptides.  In addition to interaction with GxMxG motifs on amyloid 

surface, another reason that it effects on the difference between two calculated binding free 

energies may be the difference between NVT simulations. Since the reference peptide tried 

different conformations during the long NVT simulation, sample snapshots which were used 

in steered molecular dynamics simulations were less similar than the snapshots of the 

designed peptide. 

 

However, magnitude of binding affinity, which is calculated with steered molecular 

dynamics is inconsistent with docking programs. GOLD calculated the binding affinity as 

approximately -15 kJ/mol and AutoDock calculated it as -8.7 kcal/mol. The possible reason 

for this may be the equilibration process in molecular dynamics simulations. In this process, 
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peptides did not stay in the exactly same conformation that they had taken in the docking 

programs, where they also changed their position. Thus, peptides in a different conformation 

and position were pulled in simulations.  

 

As a result of the entire study, the designed peptide which is a derivative of the 

reference peptide binds to amyloid plaques successfully and with a higher affinity. Moreover, 

the calculated binding affinity is much greater than that of the reference peptide that is 

experimentally proved as effective. The designed peptide is expected to increase the ratio of 

survival of cells with Alzheimer’s disease, since it has similar physical and chemical 

properties with the reference peptide. 
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CHAPTER 5 
 

CONCLUSION 
 

 

In the cross-β fibril structure of amyloid proteins, individual β strands have in-register 

and parallel arrangement and consecutive repeats of GxxxG motif form molecular ridges and 

grooves in the surface. This motif is also present in prion protein and α-synuclein protein.  It 

has been shown that the amino acids with large side chains form molecular ridges, which fit in 

glycine grooves, and therefore this match between surfaces stabilizes fibril formation.  

 

In order to break this compatibility between two amyloid surfaces, an 8-residue 

peptide RGTFEGKF  was successfully designed and its inhibition effect was studied 

experimentally. Thus, this peptide and its derivatives were proven to be effective inhibitors 

against amyloid aggregation.   

 

The aim of the present study that had motivated by the success of the experiments was 

to develop effective inhibitors and to investigate newly designed peptides’ binding to amyloid 

with computational methods. In order to obtain derivatives of reference peptide, its amino 

acids were replaced with other amino acids that have the same characteristics. Thus, a small 

peptide library was obtained, and the peptide sequences in this library were docked to amyloid 

protofilament subunit. According to docking scores and physical and chemical similarity, the 

best result was chosen.  

 

The two amyloid-peptide complexes were minimized and equilibrated. Then, peptides 

were pulled with an external force. The free energy change during this unbinding process was 

calculated with the Jarzynski’s Equality that states Helmholtz free-energy difference between 

two equilibrium configurations of a system may be obtained from an ensemble of finite-time 

(nonequilibrium) measurements of the work performed in switching an external parameter of 

the system. 
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As a result of this study, it is shown that the newly designed peptide binds the amyloid 

protofilament subunit stronger than the reference peptide. Additionally, it completely fits the 

surface of glycine grooves on the amyloid surface whereas the reference peptide partially fits 

on the surface. Since these findings are the results of computational methods that simulate real 

systems with approximations, these must be confirmed experimentally. Furthermore, this 

study would probably provide more options to investigate other peptides that are successful in 

binding to the amyloid protofilament according to docking results. 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: 

 
###################################################### 
## INPUT AND OUTPUT FILES                           ## 
###################################################### 
 
structure         ../common/1t_ionized.psf 
coordinates       ../common/1t_ionized.pdb 
set temperature    310  
set outputname     1t 
set restartname    res 
 
firsttimestep      0 
paraTypeCharmm     on 
parameters          ../common/par_all27_prot_lipid.inp 
temperature         $temperature 
############################################################# 
## SIMULATION PARAMETERS                                   ## 
############################################################# 
# Periodic Boundary Conditions 
cellBasisVector1     97.8     0.     0. 
cellBasisVector2      0.     67.5     0. 
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        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 
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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 
############################################################# 
## EXTRA PARAMETERS                                        ## 
############################################################# 
# 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 : 

###################################################### 
## INPUT AND OUTPUT FILES                           ## 
###################################################### 
structure         ../common/1t_ionized.psf 
coordinates       ../common/1t_ionized.pdb 
set temperature    310  
set outputname     1t 
set restartname    res 
set ref_fix      ../common/reffix.pdb 
 
 
firsttimestep      0 
# Input 
paraTypeCharmm     on 
parameters          ../common/par_all27_prot_lipid.inp 
temperature         $temperature 
############################################################# 
## SIMULATION PARAMETERS                                   ## 
############################################################# 
# Periodic Boundary Conditions 
cellBasisVector1     97.8     0.     0. 
cellBasisVector2      0.     67.5     0. 
cellBasisVector3      0.     0.     59.6 
cellOrigin           25.192     -11.358     1.119 
wrapWater           on 
wrapAll             on 
 



Appendix  39 

 
 

 
# 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 
############################################################# 
## EXTRA PARAMETERS                                        ## 
############################################################# 
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 : 

###################################################### 
## INPUT AND OUTPUT FILES                           ## 
###################################################### 
 
structure         ../common/ab1_ionized.psf 
coordinates       ../common/ab1_ionized.pdb 
set temperature    310  
set outputname     ab1 
set restartname    res 
bincoordinates   ../..../res.coor 
binvelocities    ../…/res.vel 
extendedSystem   ../…/res.xsc 
 
firsttimestep      0 
# Input 
paraTypeCharmm     on 
parameters          ../common/par_all27_prot_lipid.inp 
#temperature         $temperature 
############################################################# 
## SIMULATION PARAMETERS                                   ## 
############################################################# 
# Periodic Boundary Conditions 
cellBasisVector1     76.1     0.     0. 
cellBasisVector2      0.     66.1     0. 
cellBasisVector3      0.     0.     61.1 
cellOrigin           -6.1     11.4     -5.7 
wrapWater           on 
wrapAll             on 
 
 
# 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) 
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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 
############################################################# 
## EXTRA PARAMETERS                                        ## 
############################################################# 
# 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 : 

###################################################### 
## INPUT AND OUTPUT FILES                           ## 
###################################################### 
structure         ../common/ab1_ionized.psf 
coordinates       ../common/ab1_ionized.pdb 
set temperature    310  
set outputname     ab1 
set restartname    res 
bincoordinates   ../…/res.coor 
binvelocities    ../…/res.vel 
extendedSystem   ../…/res.xsc 
 
firsttimestep      0 
# Input 
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paraTypeCharmm     on 
parameters          ../common/par_all27_prot_lipid.inp 
#temperature         $temperature 
############################################################# 
## SIMULATION PARAMETERS                                   ## 
############################################################# 
# 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        80 
PMEGridSizeY        72 
PMEGridSizeZ        64 
wrapAll on 
 
# Constant Temperature Control 
langevin            on     
langevinDamping     5      
langevinTemp        $temperature 
langevinHydrogen    on     
 
############################################################# 
## EXTRA PARAMETERS                                        ## 
############################################################# 
# 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 : 

###################################################### 
## INPUT AND OUTPUT FILES                           ## 
###################################################### 
structure         ../common/1t_ionized.psf 
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coordinates       ../common/1t182.pdb 
set temperature    310  
set outputname     1t182 
set restartname    res 
set ref_smd      ../common/smdref_182.pdb 
extendedSystem   ../common/res.xsc 
 
firsttimestep      0 
# Input 
paraTypeCharmm     on 
parameters          ../common/par_all27_prot_lipid.inp 
temperature         $temperature 
############################################################# 
## SIMULATION PARAMETERS                                   ## 
############################################################# 
if {1} {  
cellBasisVector1    95.48    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        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     
############################################################# 
## EXTRA PARAMETERS                                        ## 
############################################################# 
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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