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Abstract 

This study includes a protein subunit extraction from Arabidopsis Thaliana. Arabidopsis 

Thaliana, an ideal plant for any type of research leading to a new direction of genetic 

experiments. Its importance shows by its minimum size that restrict the need of growth facilities, 

self-pollination that speeds the seed production. A mutation in the third leucine repeat of the 

BRI1 linked kinase 1(BAK1) protein of 4mn8 in Arabidopsis Thaliana changes the 122
nd

 amino 

acid which is aspartate to asparagine along with deleted flg22.The mutation is specifically 

associated with photo morphogenesis. The BAK1 enzyme, however, also plays a key role in 

plant immunity by producing a heterodimer with a pattern-triggered flagellin sensing 2 (FLS2) 

receptor, a bacterial flagellin elicitor protein that leads to BAK1 and FLS2 trans-phosphorylation 

and subsequent initiation of the signal transduction pathway which is involve in activation of the 

immune response. The impact of the D122N mutation in BAK1 on the structural integrity of the 

FLS2-BAK1 complex was investigated here through molecular dynamics simulation. The 

D122N mutation in the native FLS2-BAK1 crystallographic structure of the BAK1 protein was 

induced using the in silico process. Simulation was done for both native and mutant complexes 

by subsequently utilizing molecular dynamics techniques for 5ns.The mutant and native complex 

is compared based on some parameters like RMSD (Root Mean Square Deviation), RMSF (Root 

Mean Square Fluctuation), Rg (Radius of Gyration), Hydrogen bond etc. The mutation is found 

to result in lower deviation of atoms from reference structure for the whole complex, FLS2-

BAK1, compared to counterpart from the non-mutated complex. RMSF analysis revealed that 

mutation caused lower fluctuation of amino acid in both the N terminal and C terminal of FLS2-

BAK1 complex that hinder stable interactions.FLS2-BAK1 had a lower radius of gyration at the 

complex containing mutation compared to the non-mutated complex. The mutation hindered the 
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formation of hydrogen bonds among all the peptides, often terminating all the hydrogen bonds 

between peptide.  



ix 

 

Table of content 

Declaration..................................................................................................................................... ii 

Approval ....................................................................................................................................... iii 

Ethics Statement........................................................................................................................... iv 

Dedication ...................................................................................................................................... v 

Acknowledgement ........................................................................................................................ vi 

Abstract ........................................................................................................................................ vii 

Table of content ............................................................................................................................ ix 

List of Tables and Figures ........................................................................................................... xi 

List of Acronymes ....................................................................................................................... xii 

Chapter 1: Introduction ............................................................................................................... 1 

1.1 PTI and ETI................................................................................................................. 1 

1.2 PAMPs ......................................................................................................................... 2 

1.3 PRR .............................................................................................................................. 2 

1.4 Arabidopsis thaliana: An ideal plant for studying plant models ............................. 3 

1.5 4mn8: crystal structure of flg22 in complex with FLS2 and BAK1 ....................... 4 

1.5.1: FLS2.............................................................................................................. 4 

1.5.2 BAK1 co-receptor .......................................................................................... 6 

1.6 Importance of studying this protein .......................................................................... 6 

1.6.1 SASA ............................................................................................................. 7 



x 

 

1.6.2 RMSD ............................................................................................................ 7 

1.6.3 RMSF ............................................................................................................. 7 

1.6.4 Rg ................................................................................................................... 7 

1.6.5 H-bond ........................................................................................................... 8 

1.7 PIC (Protein Interaction Calculator) ........................................................................ 8 

1.8 Purpose of the research .............................................................................................. 8 

Chapter 2: Materials and methods .............................................................................................. 9 

2.1 Retrieving protein sequence ....................................................................................... 9 

2.2 GROMACS ................................................................................................................ 10 

2.3 Modification of the protein ...................................................................................... 10 

2.4 Computation approach for Molecular Dynamic (MD) simulation ...................... 10 

Chapter 3: RESULT ................................................................................................................... 12 

3.1 Molecular visualization of mutated FLS2 LRR D122N BAK1 LRR ................... 12 

3.2 Pressure, Temperature and Potential ..................................................................... 13 

3.3 RMSD, RMFS, Rg analysis and H-bond ................................................................ 14 

3.3.1 RMSD of the complex ................................................................................. 15 

3.3.2 RMSF ........................................................................................................... 16 

3.3.3 Radius of Gyration ....................................................................................... 17 

Chapter 4: Discussion ..................................................................................................... 23 

Chapter 5: References .................................................................................................... 27 



xi 

 

List of Tables and Figures 

List of Figures 

Figure 1 : flg22 in complex with FLS2LRR D122N BAK1 LRR crystal structure ....................... 5 

Figure 2:  Molecular visualization of FLS2 LRR D122N BAK1 LRR CRYSTAL Complex after 

mutation. ....................................................................................................................................... 12 

Figure 3 : Different parameter of pre-molecular dynamics processing of LRR D122N BAK1 

LRR CRYSTAL protein complex. ............................................................................................... 13 

Figure 4: RMSD graph of mutated and native complex at 5ns or 5000 ps ................................... 15 

Figure 5: RMSF calculation of residues from both native and mutate ......................................... 16 

Figure 6 : Radius of gyration of both Native and Mutated complex at 5ns or 5000ps ................. 17 

Figure 7: H-bond graph of both native and mutated complex ...................................................... 18 

Figure 8: SASA calculation of both Native and mutated complex at 5ns or 5000 ps .................. 22 

 

List of Tables 

Table 1:Tools used in this study...................................................................................................... 9 

Table 2:  Hydrophobic Interactions within 5 angstroms ............................................................... 18 

Table 3: Protein-protein main chain-side chain interaction .......................................................... 19 

Table 4:  Protein peotein side chain-side chain Hydrozen bond .................................................. 19 

Table 5 : Protein-protein Aromatic-aromatic Interactions ............................................................ 21 

Table 6:  Protein – protein cation-Pi Interaction ........................................................................... 22 

file:///C:\Users\USER\Downloads\thesis%20final,%20rodoshi_%2030.1.21.docx%23_Toc62899710


xii 

 

List of Acronymes 

PTI        = Pattern Triggered Immunity 

ETI        =Effector Triggered Immunity 

PRR       = Pattern Recognition Receptor 

RLK      =Receptor Like Kinase 

PAMP   =Pathogen Associated Molecular Pattern 

RMSD  =Root Mean Square Deviation 

RMSF  =Root Mean Square Fluctuation 

Rg=Radius of Gyration 

SASA   =Solvent Accessible Surface area  

Dd-a       =   Distance Between Donor and Acceptor 

Dh-a       =   Distance Between Hydrogen and Acceptor 

A(d-H-N)  =   Angle Between Donor-H-N 

A(a-O=C)  =   Angle Between Acceptor-O=C 

MO           =   Multiple Occupancy



1 

 

Chapter 1: Introduction 

1.1 PTI and ETI 

The growth and reproduction of plants are hampered by a range of plant-associated microbes 

which acts as pathogens for the plant. Plants respond to these infections using a two-branched 

innate immune system. The first branch of this innate immune system is activated when 

interaction occurs with different molecules from different microbes, which can be non-pathogens 

as well. This system, since it is activated by different molecular patterns, is referred to as Pattern-

Triggered Immunity (PTI). On the other hand, the second branch responds to factors associated 

with pathogen virulence. This activity is either direct or done through its effect on host goals. 

This system is known as Effector-Triggered Immunity (ETI)[1]. Wide-spectrum immunity to 

subsequent distal tissue pathogen attacks, a mechanism called Systemic Acquired 

Resistance(SAR), is often triggered by local PTI and ETI activation [2]. 

Incredible insights into molecular characterization, cell biology and evolution through biological 

kingdoms are presented by these plant immune systems, and the pathogen molecules to which 

they react. A thorough knowledge of plant immune function would promote increase in crop 

production for fruit, fiber and biofuels [1]. 
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1.2 PAMPs 

The first line defense mechanism in plants is Pattern-triggered immunity. For any kind of non-

self microbial signature, pathogen-associated molecular patterns (PAMPs) is canonically 

triggered through the detection. Pattern recognition receptor (PRRs) can easily recognize PAMP 

as they are tightly stored molecules with reflective properties of a whole microbe community. 

Some PRRs, such as FLAGELLIN SENSING 2 (FLS2) and EF-Tu RECEPTOR, are trans-

membrane receptor-like kinases (RLKs) or receptor-like proteins (RLPs) (EFR).For providing a 

downstream immune signaling, PRR’s interference or noninterference with its partner protein 

depends on PAMP perception. For example, it may include the fast explosion of Ca2+ and 

accelerated release of Reactive Oxygen species (ROS), Ca2+-dependent protein kinase (CDPK) 

induction along with miltogen-activated protein kinase (MAPK) activation, phytohormone 

synthesis and comprehensive transcriptional and metabolic reprogramming [3]. 

In order to achieve disease tolerance after identification of PAMPs during the early phases of 

pathogen penetration, immune signal amplification is very essential to plants. 

 

1.3 PRR 

The first and most critical step in removing the bacteria from the host's body is the recognition of 

a bacterial attack. To do this, pattern recognition receptors (PRRs) for instance, Toll-like 

receptors (TLRs), nucleotide-binding leucine-rich repeat-containing receptors (NLRs) and 

alsoscavenger receptors (SRs) are mostly present in innate immune cells in the host innate 
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immune system. The presence of bacteria is detected by these receptors and helps to disperse the 

signal to the host, resulting in the recruitment of other immune cells that expel the bacteria from 

the system[10]. Plants have a large number of PRRs with remarkable structural and functional 

similarities to drosophila TOLL and mammalian TLRs. The first PRR detected in plants or 

animals was the protein Xa21, which confers resistance to Xanthomonasoryzae, a gram-negative 

bacterial pathogen. Since then, two other PRR from plants have been isolated: Arabidopsis FLS2 

(flagellin) and EFR (Tu receptor elongation factor). It has defined the corresponding PAMPs for 

FLS2 and EFR. The plant PRRs transduce PAMP-triggered immunity(PTI) upon the 

identification of ligands. Resistance proteins that mimic NOD-like receptors are also encoded by 

plant immune systems which feature NBS and LRR domains and can also bear other retained 

interaction domains such as the cytoplasmic TIR domain found in Toll and Interleukin 

receptors[11]. For effector-triggered immunity (ETI), the NBS-LRR proteins are required. 

 

1.4 Arabidopsis thaliana: An ideal plant for studying plant models 

In this research, the protein subunit used here is derived from A. thaliana. Arabidopsis thaliana 

has strengthened its position as an optimal plant for scientific studies over the past 8 to 10 years. 

It grows, reproduces and responds in much the same way to stress and disease, as do many crop 

plants. In contrast to other plants, Arabidopsis has a small genome that simplifies and encourages 

genetic research. Unlike other plants, repetitive DNA sequences that hinder the study of genomes 

are missing [13]. 



4 

 

A. thaliana, similar to animal model species, is easy to look after. It grows rapidly, produces 

many very tiny seeds, has a tiny genome of ~114.5 Mb and is genetically well defined because of 

the amount of work concentrated on this plant [13]. According to some other research, the 

genome size was found to be about ~135 Mb [14]. 

By studying their Arabidopsis homologues, the role of several genes isolated from crop plants 

can be understood better. For example, information gained from Arabidopsis about defense 

mechanisms against pathogens can be used directly in the production of disease-resistant plants 

in other species. 

As seen by the vast number of Arabidopsis publications cited in 1993, which also included 

studies of crop plants such as soybeans, corn, maize, wheat, barley, rye, pepper, tomatoes, 

potatoes, cotton or sorghum, genetic similarities between Arabidopsis and crop species are 

increasing [16].While of no agricultural importance on its own, A. Thaliana is part of the 

Brassicaceae family which includes species of crops such as cabbage, cauliflower, sprouts of 

brussels, bokchoy, radish, and Chinese cabbage [15]. There is sufficient reason to believe that 

Arabidopsis will increasingly serve as a resource base for crop plant breeders in the coming 

years and as a model plant species that promotes the awareness of plant scientists worldwide. 

1.5 4mn8: Crystal structure of flg22 in complex with FLS2 and BAK1 

1.5.1: FLS2 

FLS2 (Flagellin sensing-2) is associated with flagellin receptor and basically leucine rich kinase 

protein (LRR-RLK) repeat. This receptor has a specific focus in plant defense mechanism. It is 

activated by bacterial elicitor.Mutation in FLS2 gene can cause lack of response to flg22. 
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FLS2 is made of three major parts: an extracellular, a trans-membrane, and an intracellular 

region. The extracellular domain is known as the Leucine-rich repeat (LRR) domain. It is in this 

region, the amino-terminus, where the response of FLS2 to flg22 is said to have direct interaction 

with flagelin. Trans-membrane domain is where proteins migrate from extracellular to 

intracellular and is very much thermodynamically stable.This occurs only in phospholipid 

membranes of cells. 

 

The other one is intracellular domain which consists of serine/threonine kinase. A protein kinase 

cascade that leads to a response is catalyzed by phosphorylation in this domain. This response 

expresses the changes of plant growth and defense in FLS2 [21]. 

 

Figure 1 : flg22 in complex with FLS2LRR D122N BAK1 LRR crystal structure [19] 
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1.5.2 BAK1 co-receptor 

BRI1 (Brassinosteroid Insensitive 1)-associated receptor kinase 1 is known as BAK1. This is 

also known in another name SERK 3 (Somatic Embryogenesis Receptor Kinase 3).Since 

researchers discovered in 2002 that SERK3 serves as a signaling partner of another LRR receptor 

kinase, BRI11, SERK3 was renamed BAK1. 

It is a leucine rich repeat (LRR)receptor-like kinase(LRK). This LRR domain is followed by 

serine and leucine rich domain.It also includes of a short C domain and cytoplasmic kinase 

domain. 

BAK1 was discovered to interact with receptor FLS2 which has a function in plant innate 

immunity. These researches resulted in the formulation of the idea that BAK1 has a crucial role 

in the regulation of several LRR-RLK by interacting with them in a stimulus dependent manner. 

 

1.6 Importance of studying this protein 

Regulatory leucine-rich repeat (LRR) RLK proteins such as SERK or BIR proteins are required 

by plant cells in terms of plant defense mechanism. Molecular Dynamics of this protein shows 

how FLS2 connects signaling complexes with BAK1 (SERK3). Moreover, by this study, FLS2-

BAK1 Interactions with the domain may take place independently of intracellular domain 

interactions. As this is computational scenario, depending on the study many in-vivo experiments 

may take place with a proper acknowledgement of the resources. 
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1.6.1 SASA 

SASA(Solvent accessible surface area) calculates a solvent molecules role over the surface of the 

molecule of interest. By this calculation protein folding problem can be solved. But it has some 

limitations in terms of measuring quantitative area. 

1.6.2 RMSD 

RMSD (Root Mean Square Deviation) is used to measure the average distance between the 

atoms of superimposed (between the 3D folds of two structure) proteins. 

An RMSD of 1Å = 0.1nm means identical structures. Higher RMSD value means loss of 

interactions with other atoms. 

1.6.3 RMSF 

RMSF (Root Mean Square Fluctuation) of each residue in simulation period can be obtained 

only after Protein-ligand simulation studies. RMSF is in general less evolutionary then net 

structure. The function of a protein depends not only on its structure but also on its dynamics. 

Because dynamics is less conserved, RMSF is not as conserved as structure.  

1.6.4 Rg 

Radius of Gyration (Rg) is used to determine the compactness of protein. Protein recoiling, 

uncoiling in the mean of time is detected by Rg value. 
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1.6.5 H-bond 

H-bond is very low than covalesive bond but massive H-bond gives rise to protein folding 

hydrophobic interaction .Maximum H-bond is favorable and it determines side chain-side chain 

interaction and side chain-main chain interaction. 

In any complex if RMSD, RMSF values are comparatively low, it means it is favorable for the 

complex. If not then we remove it by mutating and again calculate RMSD,RMSF. 

1.7 PIC (Protein Interaction Calculator) 

Protein structure interactions and protein interactions in an assembly are important factors in 

understanding the molecular basis of protein stability and functions and their complexes. Many 

strong and weak interactions are present in any structure to represent the stability of a protein 

structure. The Protein Interactions Calculator (PIC) is a server which shows a view of the 

coordinate set of a protein or illustrates the 3D structure of the assembly and measures various 

3D structures such as disulphide bonds, hydrogen bonds, hydrophobic residue interactions, ionic 

interactions, aromatic-aromatic interactions, aromatic-sulphur interactions and cation-π 

interactions within a protein or in a complex between proteins. 

1.8 Purpose of the research 

The purpose of the research is to find out the change in crystal interaction in between FLS2 LRR 

D122N BAK1 LRR complex and to find out its stability. 
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Chapter 2: Materials and methods 

The data calculation was done on open source programs like GROMACS, Xmgrace, Chimera. 

These softwares were used to analyze the interaction of 4mn8 protein in complex with FLS2 and 

BAK1 ectodomain. 

Table 1:Tools used in this study 

Tool Function 

RCSB protein data bank 

Retrieving data from database for the three-dimensional structural 

data of large biological molecules 

GROMACS 5.0 Dynamic simulations of biomolecules 

Xmgrance Interactively modify plots for biomolecules 

Chimera Interactive visualization of molecular structures 

Pymol Animating 3D structures of biomolecules 

PIC (Protein interaction 

calculator) 

Recognizing bonds and interactions of protein molecules; 

Determining surface area and distance of a residue 

 

2.1 Retrieving protein sequence 

At first, PDB file of native 4mn8 was collected from Protein data bank[19]. PDB file is required 

for running files in GROMACS as it includes data obtained by X-ray crystallography and nuclear 

magnetic resonance (NMR) spectrometry by biologists and biochemists from all over the world. 
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2.2 GROMACS 

It was run on GROMACS to find out its molecular interaction and stability. The three 

dimensional visualization was analyzed in PyMOLl. Using the Linux operating systemwhich is 

open for numerous softwares, this study has been a lot easier. The native version was run in 

GROMACs in 5ns to check its stability in terms of RMSD, RMSF,Rg,H-bond etc. 

2.3 Modification of the protein 

To make it more stable protein and to compare with the native version, 4mn8 protein was 

modified a little. Using GROMACS the PDB file was read. When BAK1, FLS2 and flg22 were 

only remaining, the flg22 portion was deleted from the whole sub-unit as flg22-FLS2-BAK1 

mutated complex. In BAK1 (which is the longest) 122 number residue was mutated. It was 

changed with asparagine from aspartate. Then the remaining portion of mutated BAK1-FLS2 

complex was run at 5 ns which would ultimately help to analyze graphs of RMSD, RMSF and 

Rg. The model was run at 5 ns.  

2.4 Computation approach for Molecular Dynamic (MD) simulation 

It is technically known as Molecular dynamics to model the movements of a system of particular 

particles. The mechanism is normally small like an atom and a diatomic molecule undergoes a 

greater chemical reaction like a galaxy [23]. Understanding of the interaction potential for the 

particles is important for performing a molecular dynamics simulation [24]. 

Model simulations are used to obtain conclusive descriptions of the passage of a single particle 

as an act of time and to comprehend the properties of a model. In the field of macromolecular 
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science, three distinct types of simulation methods exist. The first works by means of sampling 

configuration space, which helps to identify configurations with knowledge obtained from real-

life experiments. The second approach is used to explain the equilibrium mechanism with the 

assistance of structural and motional characteristics and thermodynamic parameter values. The 

real dynamics was studied by the third methodology in which the motion and growth of over 

time was calculated. [25]  

Program availability and computing power must be needed to perform practical studies on 

biological macromolecules using molecular dynamic (MD) simulation. In older days, conducted 

in less than 10 ps in duration, but in the current scenario, 1000 times longer simulations of the 

same sizes are mostly performed in half the time needed than before. Apart from time saving 

computing capacity from which several numbers of simulations can be done is another 

significant fact of simulation. The most frequently used applications are CHARMM20, 

GROMOS22 along with AMBER21. In order not to have intense and regulated temperature and 

pressure where numerical simulations solve this problem, it is often difficult to get the desired 

outcome in the laboratory [25]. 
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Chapter 3: RESULT 

In this study, interactions between mutated BAK1 and FLS2 complex were analyzed and also 

illustrated with graphs and figures. Molecular differences of the wild 4mn8 were compared with 

mutated complex before and after MD simulations and molecular interactions of BAK1-FLS2 

complex were calculated at the end of the chapter. 

3.1 Molecular visualization of mutated FLS2 LRR D122N BAK1 LRR 

FLS2 has total 784 residues and BAK1 has 200 residues in total after deleting everything in the 

protein structure. Our targeted mutation was done on the 122
th

residue of BAK1. It was changed 

to asparagine from aspartate. The colored portion is the changed amino acid of BAK1 at residue 

number 122. 

 

 

 

 

 

 

 

 

Figure 2:  Molecular visualization of FLS2 LRR D122N BAK1 LRR CRYSTAL Complex 

after mutation. 
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3.2 Pressure, Temperature and Potential 

 

 

 

 

 

 

 

Figure 3 : Different parameter of pre-molecular dynamics processing of LRR D122N BAK1 

LRR CRYSTAL protein complex. (a) Temperature equilibration of mutated complex, (b) 

Pressure equilibration of mutated complex, (c) Energy minimization steps of mutated 

complex. 

  

a) b) 

c) 
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After incorporating water solvent, the protein complex was first energy-minimized and the 

system's charge was neutralized by adding ion. The system was stabilized first under the NVT 

ensemble for 1000 ps after energy minimization, where the whole system stabilizes at an average 

temperature of 300 K. Under the NPT ensemble, the second step of equilibration was carried out 

where the system stabilizes the average pressure. The system's density stabilizes at an average 

density. In a pair of desktop computers consisting of an intel i5 7500 processor and 16 gigabytes 

of RAM, the molecular dynamic simulations were then carried out for 5 ns or 5000 ps. Using all 

4 threads with an average of 2.841 ns per day, the simulations took about 12 days to complete. 

 

3.3 RMSD, RMFS, Rg analysis and H-bond 

Several key parameters were analyzed to discern the difference between native and mutated 

protein complexes as molecular dynamic simulations were completed. Compared with the native 

form, RMSF analysis, Rg analysis and amount of H-bond analysis over time between the 

mutated FLS2-BAK1 complex and the native one, these analyses involve RMSD over time of 

the mutated complex. 

 

  



15 

 

3.3.1 RMSD of the complex 

RMSD (Root Mean Square Deviation) is used to measure the average distance between the 

atoms of superimposed (between the 3D folds of two structure) proteins.  The stability of the MD 

simulation was measured in terms of deviations by analyzing Root meansquare deviation 

(RMSD). The time evolution of the BAK1 and FLS2 (residues only) are monitored as a function 

of time. The RMSDs ofBAK1 and FLS2 in the four simulated systems are shown in Figure 4. 

 

Figure 4: RMSD graph of mutated and native complex at 5ns or 5000 ps 
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3.3.2 RMSF 

The RMSFs of the residues of BAK1 and FLS2 in all the simulated systems were calculated 

from the MD trajectories. 5ns were used to calculate the RMSF values.  

 

Figure 5: RMSF calculation of residues of native and mutated complex 
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3.3.3 Radius of Gyration 

 

The radius of gyration or Rg for mutated complex stayed less than the native complexuntil 0.3ns. 

After that, the Rg for mutated complex maintained a higher value than the native complex until 

1ns. Then it stayed lower than the native complex most of the time till 5ns. 

 

 

  

Figure 6 : Radius of gyration of both Native and Mutated complex at 5ns or 5000ps 
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3.3.4 H-bond  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: H-bond graph of both native and mutated complex 

 

The cumulative number of hydrogen bonds between the FLS2 and BAK1 peptides suggests that, 

compared to the non-mutated BAK1-FLS2 relationship, the mutated BAK1 forms a smaller 

number of hydrogen bond. 

Table 2:  Hydrophobic Interactions within 5 angstroms 

POS Residue  Chain Position Residue  Chain 

369 PHE A 54 VAL B 

507 ILE A 60 PHE B 

509 TYR A 60 PHE B 
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555 VAL A 60 PHE B 

650 MET A 144 PHE B 

 

 

Table 3: Protein-protein main chain-side chain interaction 

POS CHAIN RES ATOM POS CHAIN RES ATOM MO Dd-a Dh-a A(d-

H-N) 
A(a-

O=C) 

530 A GLN NE2 44 B LYS O 1 2.74 1.98 126.43 131.29 

530 A GLN NE2 44 B LYS O 2 2.74 3.12 59.40 131.29 

 

Dd-a       =   Distance Between Donor and Acceptor 

Dh-a       =   Distance Between Hydrogen and Acceptor 

A(d-H-N)  =   Angle Between Donor-H-N 

A(a-O=C)  =   Angle Between Acceptor-O=C 

MO           =   Multiple Occupancy 

 

Table 4:  Protein peotein side chain-side chain Hydrozen bond 

POS CHAI

N 
RES ATO

M 
POS CHAI

N 
RES ATO

M 
MO Dd-a Dh-a A9d-H-

N) 
A9a-O=C) 

625 A AS

N 
ND2 100 B TY

R 
OH 1 3.01 3.35 62.26 999.99 
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625 A AN

S 
ND2 100 B TY

R 
OH 2 3.01 2.99 81.51 999.99 

625 A AN

S 
ND2 124 B TY

R 
OH 1 3.34 3.38 78.58 999.99 

625 A AS

N 
ND2 124 B TY

R 
OH 2 3.34 2.58 130.44 999.99 

674 A AS

N 
OD1 96 B TY

R 
OH 1 3.26 2.22 162.88 999.99 

674 A AS

N 
OD1 96 B TY

R 
OH 2 3.26 3.96 42.29 999.99 

698 A ASP OD2 167 B GL

N 
OE1 1 2.42 1.90 105.48 999.99 

698 A ASP OD2 167 B GL

N 
OE1 2 2.42 2.26 85.62 999.99 

698 A ASP OD2 167 B GL

N 
NE2 1 2.43 2.76 60.85 999.99 

698 A ASP OD2 167 B GL

N 
NE2 2 2.43 1.46 149.75 999.99 

96 B TY

R 
OH 674 A AS

N 
OD1   - 3.26 9.99 999.99 999.99 

100 B TY

R 
OH 625 A AS

N 
ND2   - 3.01 9.99 999.99 999.99 

124 B TY

R 
OH 625 A AS

N 
ND2   - 3.34 9.99 999.99 999.99 

143 B AR

G 
NH2 674 A AS

N 
OD1 1 2.97 3.57 47.89 999.99 

143 B AR

G 
NH2 674 A ME

T 
OD1 2 2.97 3.20 130.59 999.99 

143 B AR

G 
NH1 699 A ME

T 
SD 1 3.84 3.45 104.30 999.99 

143 B AR

G 
NH1 699 A ME

T 
SD 2 3.84 4.00 73.64 999.99 

146 B AR

G 
NH1 650 A ME

T 
SD 1 4.00 4.95 22.02 999.99 

146 B AR NH1 650 A ME SD 2 4.00 3.28 128.80 999.99 
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G T 

146 B AR

G 
NH2 650 A ME

T 
SD 1 3.30 3.92 47.29 999.99 

146 B AR

G 
NH2 650 A ME

T 
SD 2 3.30 2.35 153.54 999.99 

167 B GL

N 
OE1 698 A ASP OD2 1 2.42 1.59 128.93 999.99 

167 B GL

N 
OE1 698 A ASP OD2 2 2.42 3.31 26.63 999.99 

167 B GL

N 
NE2 698 A ASP OD2 1 2.43 1.62 129.93 999.99 

167 B GL

N 
NE2 698 A ASP OD2 2 2.43 3.32 24.95 999.99 

 

Dd-a       =   Distance Between Donor and Acceptor 

Dh-a       =   Distance Between Hydrogen and Acceptor 

A(d-H-N)  = Angle Between Donor-H-N 

A(a-O=C)  = Angle Between Acceptor-O=C 

MO           =   Multiple Occupancy 

 

Table 5 : Protein-protein Aromatic-aromatic Interactions 

Residu

e                    

 

Position Chain   Residue   Position Chain    D (centroid-centroid)   Dihedral Angle 

509 TYR A 60 PHE B 6.91 63.82 
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Table 6:  Protein – protein cation-Pi Interaction 

Position                           

 

Residue   Chain Position Residue  Chain  D (cation-Pi)   Angle 

676 PHE A 143 ARG B 5.71 124.48 

 

 

3.3.5 SASA 

 

Figure 8: SASA calculation of both Native and mutated complex at 5ns or 5000 ps  
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Chapter 4: Discussion 

Why use computational approach?  

In recent years, with the progress of an expanding scope of genome sequencing programs, the 

number of identified protein sequences has risen exponentially.However, a 3D structure is 

required.As of 2019, UniProtKB/TrEMBL has 147 million protein sequences and just 140,393 

RSCB PDB structures.This large distance is due to the inherently time-consuming and dynamic 

nature of conventional X-ray crystallography structure determination techniques, NMR 

spectroscopy, which restricts their usefulness. 

Significance and findings of the study: 

The different analytical techniques were used in this research to understand Arabidopsis thaliana 

Pattern Triggered Immunity (PTI) against FLS2 by using the BAK1 domain of 4mn8. Besides, 

the in-depth analysis to the relationships between FLS2 and BAK1 reveals the 122
nd

residue 

(aspartate changes to asparagine) in BAK1 plays a significant role in the function of the FLS2- 

BAK1 interaction. This residue gives higher binding energy in the interaction between FLS2 and 

BAK1. 

The special dynamic characteristics of proteins are derived from their fluid existence, which can 

be well characterized in terms of a multi-minimum energy landscape.In fact, proteins occur in a 

very large number of slightly different, hierarchically ordered, conformative sub-states.Each 

protein molecule is limited to one local minimum in the energy landscape at low temperatures, 

and the system behaves as a harmonic solid.Proteins undergo reversible folding/unfolding 

transitions when subjected to hydrostatic pressures of 2–10 kilo bars (kbar). 
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In the crystal structure, the mutation of aspartate to asparagine at the 122
nd

 residue in the BAK 

was induced to preserve the conformation of other amino acids to the indigenous form. The 

proteins can cause unnecessary changes to the conformation of the complex as they mutate in the 

raw amino acid sequence and then modeling and docking is done. 

The mutation was done in a way that guaranteed the less hysterical collision of new amino acid 

asparagines with neighboring molecules. Both the native and mutated protein complexes were 

positioned at the middle of a three-dimensional cubic box at least 1.0 nm away from the edge of 

the protein in order to conduct the molecular dynamics simulation.Since the distance was set to 

follow the minimal image convention, we used periodic boundary status in the simulation (PBC). 

The procedure subsequently reduced energy to relax the protein complex, since the crystallized 

protein form does not entirely reflect the existing state of nature due to the complex handled with 

the crystallization process.The machine was then adjusted in two phases, adding about 300 

Kelvin to the system temperature or room temperature in the first process. The machine pressure 

and density were modified in the second phase to get them to a running average pressure, 

RMSD is useful in evaluating the motions of the structure in the trajectory of simulation in a 

time-dependent way [20]. Here, we used the first simulation frame as the reference structure, as 

what we used to start the simulation was the balanced structure rather than the unchanged 

crystallographic structure.The Value of RMSD, comparison of native and mutated forms 

revealed that atoms of the mutated complex deviated less than the native complex initially.  

The RMSD of the mutated complex stayed lower than the native complex before 0.9 ns. After 

0.9 nsthe RMSD of mutated complex were same as the RMSD of native one in two peaks.From 

the graph it can be  seen that the mutated one is more stable than the native one.Specifically, 
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between1.5ns to 2 ns and some region after 2.5 ns and 3.5ns mutated one was more stable 

whereas the native one in this 5ns did not show any stable graph. 

Another parameter for calculating the variance of individual atoms or groups of atoms relative to 

the reference structure average over atoms is the Root Mean Square Fluctuation, or RMSF. An 

increase in the value of RMSF means protein is unstable at that specific point and RMSF 

decreasing means protein is becoming morestable. 

After calculating the average for each residue, RMSF data revealed that almost all FLS2 residues 

and most BAK1 residues form a mutated complex fluctuate less than the native counterpart.  

The radius of gyration or Rg is a protein compactness measurement that is measured by 

calculating the distance between the protein's center of mass and each of its terminal ends.It 

checks how often the structure of a protein folds or unfolds. Rg values of the whole complex 

show that the mutated complex evolves more than the native complex, suggesting that the loss of 

rigid interactions over time and mutated protein extends more than the native complex. 

The radius of the mutated one showed higherand lowervalues than the native oneup to 1.5ns. 

After 1.5 ns it decreasedwithtime and stayed lower than the native values.After 1.5 ns till 2 ns it 

showed very much compactness than the native one and again after 2.5ns till end it showed 

morecompactness than the native one. 

If we take a close look at the number of hydrogen bonds formed over the simulation period 

between two different complexes, we can get an idea of the pattern of intra-protein interaction 

taking place. The number of hydrogen bonds formed between BAK1 and FLS2 stayed higher in 

the mutated graph and lower in native one. 
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It shows that the BAK1-induced mutation had a strong effect on the formation of hydrogen 

bonds between these two peptides. Compared with the native complex, the mutated complex 

permitted less hydrogen bonds between FLS2 and BAK1.  

By analyzing all the data produced through the simulation of molecular dynamics, RMSD, 

RMSF, Rg, hydrogen bond interaction, we can see that the mutation had more stable effect on 

the FLS2-BAK1 complex. The Arabidopsis thaliana elongated (elg) phenotype is caused by the 

D122N mutation in the BAK1 coding protein, which, among other phenotypes, causes the plant 

to have elongated stem and early flowering. Not only does BAK1 protein play a role in cell 

growth, but it also participates in plant growthand immunity by forming a heterodimer caused by 

flg22 with FLS2 plant PRR. But in this study flg22 was deleted at the very first step in the 

mutation which dramatically changes the result of mutated version compared to the native one. 
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