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ABSTRACT

Plants being sessile organisms are continuously being subjected to pathogens prevailing
in their environment. Understanding the theory behind it would be a great step towards
understanding the mechanisms making plants disease resistant. There are two ways in
which plant defences are activated- first by structural interaction between the pathogen-
associated molecular pattern (PAMP) and the pattern-recognition receptor (PRR) known
as pattern-triggered immunity (PTI) and secondly through effectors known as effector
triggered immunity (ETI). In PTI, to combat the pathogens, plants employ PRRs which
detect PAMPs and employs co-receptor proteins. The aim of this study is to acquire a
better understanding of the early stages of PTI mediated by PRR CORE and PAMP csp22
by modelling of these followed by docking and molecular dynamics (MD) simulation
using GROMACS software suite. The leucine rich repeat (LRR) on the PRR is
responsible for binding to the PAMP, so different in silico modelling approaches were
used to acquire the CORE LRR 3D structure. Of which only the model generated by I-
TASSER using the threading method gave the best results with verification tools such as
ERRAT, Verify 3D and Ramachandran plot. The docking result also shows the PAMP
csp22 binds at one lateral side of the CORE LRR with the co-receptor BAK1 attaching
head on, on to the same lateral side, which is very consistent with the protein interaction
observed in the reference FLS2 crystalline complex. The interactions between the three
proteins were also analyzed using the protein interaction calculator (PIC) and it was seen
that after the MD simulation the number of hydrogen bonds formed between them almost
became half. Starting with 42 H-bonds before the simulation, whereas only 22 afterwards.
These changes are significant indicators of conformational changes that take place over
the simulation period and are vital in understanding the early events of PTI by the
receptor protein CORE.
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CHAPTER 1

INTRODUCTION

1.1  Background of the study

The plant pattern recognition receptor protein kinase (PRR-PK) CORE is activated when
the pathogen associated molecular pattern (PAMP) csp22 interacts with its leucine rich
repeat (LRR) region and recruits the co-receptor BAK1 to help with the process, which
then positively regulates the pattern triggered immunity (PTI) (Stefanie, 2017). To better
understand the activation mechanisms of these vital immunity regulating proteins, in
silico approach of modelling, docking and MD simulation were conducted. Then the
acquired results were compared to the established crystalline structures of plant PRR such
as FLS2, which mediate a similar type of activity (Sun et al., 2013). This in silico study
on the PRR CORE is the first of its kind, looking into the structural basis of the protein

activity in great details.

CORE
Solanaceae BAK1 m

Fig 1.1: PTI mediated by CORE in tomato plant (Stefanie, 2017)

T
dso

2 dsd

1.2 Significance of the studying
There are two ways in which plant defences are enhanced- first through antimicrobial

compounds and secondly PTI. The first method invokes biosafety issues where as the

second does not. This is why it is an important sector to study when considering
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improvements to plant’s defence mechanisms. Thus the modelling of CORE and its
PAMP csp22 is imperative. Also it is very important to see the interactions between these
two proteins and the recruited co-receptor protein BAK1, in order to fully understand the

mechanism of the first layer of defence in plants.

1.3 Research aim and objectives

The primary goal of this work is to understand PTI of tomato plant mediated by pattern
recognition receptor CORE using bioinformatics approaches. Baring that is mind, the
following achievements was intended:
e To construct a model of plant immune receptor CORE and bacterial PAMP csp22
and to validate the model.
e To construct the docking complex of CORE, csp22 and BAKL to analyze the
interactions between them.
e Analyze the docked complex by comparing with the present PRR-PAMP-
Coreseptor complex crystalline structure of FLS2-flg22-BAK1.

1.4 Literature review

This chapter presents the overview of plant pattern triggered immunity mediated by the
pattern recognition receptor CORE, on members of the Solanaceae family. At the end of

the chapter different tools used for this study are briefly described.

1.4.1 Introduction to plant immune system

To date it is understood that plants employ two layers of defense mechanisms to impart
immunity to them against invading pathogens. The first is knows as pattern triggered
immunity (PTI) and the second layer known as effector triggered immunity (ETI). This
process of defense mechanism was clearly illustrated by Jonathan in 2006 through a

zigzag model. According to their model, plant confers this immunity following four
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phases. In the first phase, different pathogen associated molecular patterns (PAMPS) or
microbes-associated molecular patterns (MAMPS) are recognized by different pattern
recognition receptors of plant. This recognition of PAMPs by PRR results in PTI. Some
successful pathogen can successfully evade the PTI of plant which results in phase two
effector susceptibility (ETS) (Fig 1.2). In this case pathogens deploy effectors and escape
PTI. These effectors are again recognized by nucleotide binding leucine rich receptors
(NB-LRRs) which activates ETI, the third phase of the zigzag model. In the final phase,

the pathogen gains new effectors which can again suppress ETI (Fig 1).

" PTI ETI ETI
igh —
Silencing ETS ETS
Pathogen Threshold for
- Effectors New Effector HR/PCD
c
[ Suppressors
: o
2 A
‘é . Direct [ | . Direct
5 ] or indirect orindirect
- recognition recognition of
% of an effector a new effector
2 or a suppressor q
B A
3 ~
E 4330 Ji
NB-LRR New NB-LRR
A" ¢ PAMPs Threshold for
& DAMPs effective
Low xoxxe Viral dsRNA Fesistance

Fig 1.2: ZigZag model of plant immune system (Jones and Dangl, 2006)

1.4.2 Pattern triggered immunity (PTI)

The first layer of defense against invading pathogens is known as Pattern triggered
immunity (PTI) (Jones and Dangl, 2006; Ronald and Beutler, 2010; Tsuda et al., 2009).
Plants contain an arsenal of receptor proteins on the cell surface membranes, and these
proteins ultimately play a vital role in PTI. These receptors are able to lock on to specific

pathogen associated molecular patterns (PAMPS) or microbial associated molecular
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pattern (MAMPs) which different invasive microorganisms such as bacteria and fungi
secret. These PAMPs and MAMPs are recognized by the LRR region of PRRs which are

mainly of two types. One is receptor like kinase which has kinase domain at the end and

another one is receptor like protein which does not have any kinase domain (Zipfel,

2014). Receptor like kinase has four main regions which are leucine rich repeat (LRR), a

single pass transmembrane domain (TM), one juxtamembrane domain (JM) and an
intracellular kinase domain (Song et al., 1995). The LRR binds with PAMPs/MAMPs
(Figure 1.3) and through the TM and JM the signal is transferred to the inner side of the

cell by kinase domain and PTI is activated. During this event a co-receptor protein is

recruited which is required for the fill activation of PTI. (Stefanie, 2017)

Bacterial Molecular Patterns
Flagellin EF-Tu RaxX XUP CSP  (eMax)  NLPs PGN' PGN* LPS
3 N LN v $ J, ' .
fig22* figli-28° CD2-1 elf18* EFa50 RaxX21-sY* xup nip20* LA
A
N r - - W~ o : o g - -0 ; - § w
@z @ €L z @ X B oo F3¥ af¥ c¥
25 2° b3 3 & gs 9% 3% xE 53 o8
@ ® ° o
3 : s 3 i i 3 :
2 f: §: 3 § 6§ B3 8 g
P o§ T g T ¢ 2 § 3§ 3 € 2
5§ 3 : E 5§ 0§ g3 : g
T @ < @ @ < @
% LAR repeats O Kinase domain B B-lectin domain | Transmembrane domain
@ LysMdomain @ EGF-ike domain A PAN domain ¢ Glycosylphosphatidylinositol anchor
Current Opvon i Plant Bioiogy

Fig 1.3: Different PRRs along with their recognized PAPMs in bacteria (Stefanie, 2017)
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1.4.3 Effector triggered immunity (EIT)

Successful pathogens can avoid the pattern triggered immunity and secrets effectors by its
type 3 secretion system (Thomma et al., 2011). Plant can also avoid doing harm by
effectors by its resistant proteins R. Most of these proteins are intracellular receptor
proteins of the nucleotide binding leucine rich repeat (NB-LRR). Effector triggered
immunity occur more quickly than pattern triggered immunity (Jones and Dangl, 2006;
Tao et al., 2003; Tsuda and Katagiri, 2010). These effectors were previously known as
avirulence factors (Bent and Mackey, 2007; Chisholm et al., 2006). This ETI is also
known as gene-for-gene hypothesis where both gene product from plant and pathogen

interacts with each other in receptor-ligand manner (Schirch et al., 2004).

1.4.4 CORE mediated pattern triggered immunity

CORE is a cold shock protein receptor kinase which shows which recognizes the PAMP
csp22. The responsiveness to csp22 actually helped subsequent identify the receptor
kinase CORE as the PRR for csp22, as described by Lei et al. in 2016. CORE acts as a
genuine receptor with high affinity and specificity for csp22, as identified by its

heterologous expression in A. thaliana (Lei et al., 2016).

The CORE protein contains 22 leucine rich repeat (LRR) domains with a six AA long
island domain in the middle of the 11™ LRR domain. It is flanked by the N-terminal (Nt)
LRR and C-terminal (Ct) LRR domains on either side. The Ct LRR is on the other side
joined to the outer juxtamembrane (JM) domain, which along with the inner JM domain
sandwich the transmembrane membrane (TM) domain, with the kinase domain on the
other side of the inner JM domain (Lei et al., 2016) (Fig 1.4). This structure was found to
be very similar to the structure of EFR, the bacterial EF-Tu found in members of the
Brassicaceae family such as A. thaliana (Zipfel et al., 2006) and Xa21, the bacterial
receptor kinase found in the rice for RaxX21-sY (Song et al., 1995; Pruitt et al., 2015),

respectively.
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LRR

Fig 1.4: Positions of the different domains for the CORE protein (Dangl and Jones, 2001)

A comparative study revealed the similarities and differences the CORE protein AA
sequence had with the EFR sequence (Fig 1.5), and it was seen that the LRR region
shows about 64% sequence similarity and the kinase domain with about 50% similarity
(Lei et al., 2016). The remaining differences in the sequences are thus thought to be the

cause for the specificity of the receptors to their respective MAMPSs.
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Fig 1.5: Comparison of the primary structures of the LRR receptor kinases encoded by
CORE (Solyc03g096190) from tomato and EFR (At5g20480) from Arabidopsis. Single
letters indicate positions with identical amino acids (AA, green underlay) while two

letters separated by “/” indicate divergent AA residues (first letter denoting CORE AA

and the later denoting EFR AA), respectively. Positions with deletions by “.” or insertions

of single AA in the repeats are highlighted in yellow (Lei et al., 2016).
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1.45 Csp22 as activator of CORE

The highly conserved nucleic acid binding motif RNP-1 of bacterial cold shock proteins
(CSPs) was identified about fifteen years ago, but never found in plants outside the
Solanaceae family (Felix et al., 2003), for instance in Arabidopsis or rice. Bacterial
secretions which were able to rapidly lower the incubation temperature by more the 10 °C
(cold shock) were named CSPs (Bae et al., 2000). As these proteins are naturally found in
the bacterial cytoplasm and are membrane impermeable, it was surprising to see that
plants contained receptors which were able to detect them but specificity of the activity of
csp22 (the RNP-1 epitope with PAMP activity) strongly suggested the presence of a PRR
protein located on plant surfaces able to perceive this PAMP (Lei et al., 2016)

1.4.6 BAKI1 Co-receptor regulated the CORE mediated immunity

Similar to EFR, which is a structural homologue to CORE, the binding of csp22 to CORE
LRR also triggers the formation of a heterodimer with BAK1, acting as a co-receptor to
facilitate the PTI mechanism (Chinchilla et al., 2009; Postma et al., 2016). This is also
consistent with the FLS2 mediated immunity, which also recruits BAK1 as a co-receptor

in a ligand dependent manner (Sun et al., 2013).

1.4.7 Other characterized pattern triggered immunity

The FLS2 complex was the first PRR to be fully characterized with its activity with flg22
studied in details as the crystalline complex was produced. On the attachment of the flg22
to the immunogenic epitope of FLS2, a co-receptor protein BAK1 also attaches to form a
heterodimer essentially forming the activated complex responsible for medicating PTI
(Fig 1.6) (Zipfel, 2014; Chinchilla et al., 2006; Felix et al., 1999; Sun et al., 2013). The
PRR FLS2 was first discovered in Arabidopsis Thialiana (Gémez-Gémez and Boller,
2000), following which it was also identified in tobacco, tomato, rice and grapevine
(Hann and Rathjen, 2007; Robatzek et al., 2007; Takai et al., 2008; Trda et al., 2014).
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FLS2LRR /T ¥y /B
BAK1LRR > // rl‘/.f

Fig 1.6: Cartoon structure showing the binding pattern of FLS2 (green) with its PAMP
flf22 (pink) and co-receptor BAK1 (Sun et al., 2013)

FIg22 binds to PRR FLS2 on the concave surface by crossing 14 LRR domains (LRR3 to
LRR6) and the Ct of flg22 gets trapped in between the FLS2 LRR and BAK1 co-receptor.
Interactions of flg22 with FLS2LRR can be divided into two parts separated by a kink
(flg22 Asnl10 and Serll) in the central region of the peptide (Figure 2.11). Before the
kink, the N-terminal seven residues bind to FLS2 LRR2 to LRR6 (FLS2LRR2-6) (Figure
1.7 A). Both hydrogen bonds and hydrophobic contacts mediate flg22 interaction with
FLS2LRR. Flg22 Leu3 inserts into a hydrophobic pocket of FLS2 (Figure 1.7 B). In
addition to hydrophobic contacts, FLS2 Arg152 and FLS2 Tyr148 also engage hydrogen
bonds with flg22 GInl and flg22 Leu3, respectively (Sun et al., 2013)
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Fig 1.7: Molecular interaction of FLS2 (blue) and flg22 (pink) (Sun et al., 2013)

Similar to FLS2, EFR which was previous seen to show remarkable similarities to the
CORE protein, also interacts with the bacterial elongation factor Tu (EF-Tu). So the
conserved Nt acetylated epitope, elf18, the first 18 AA of EF-Tu binds to EFR and
mediates PTI (Kunze et al., 2004; Zipfel et al., 2006).

1.4.8 Computational approach for protein 3D structure prediction

X-ray crystallography, NMR-spectroscopy and dual polarization interferometry are
definitively the tools of choice for producing protein structures. But due to their
extremely high expenses, their utility is limited. As a result several computational
methods for protein structure determination have been developed. There are chiefly two
main classifications- single template modelling (STM) and another is multiple template
modelling. As the names suggest, STMs and MTMs use only one or more than one
template(s) or reference structure(s), respectively; to compare the AA sequence provided,

and produce 3D structures of the proteins with respect to the AA sequence provided.

In our case both STM and MTM succeeded in producing the whole protein, but with
varying degrees of accuracy. It was also observed that the MTM tools tended to perform
better, as opposed to STM tools. In the course of our study we ended up using three
different modelling tools for the modeling of the CORE ectodomain, and the protein
models they produced, namely- Muster, HHpred, IntFOLD and I-TASSER.
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Muster being the only STM among the four tools and it relies of threading/fold detection
to predict the protein (Wu and Zhang, 2008). I-TASSER (Fig 1.8) and IntFOLD (Fig 1.9)
followed suit and also applied the threading method to attain their models, but unlike
Muster they both use multiple templates (Roy et al., 2010; Daniel et al. 2011). I-TASSER
even incorporates ab initio (Fig 1.10) besides threading, so allow an even more thorough
model. HHpred on the other hand relied on homology modelling (Fig 1.11) for producing
the model (Al-Lazikani et al., 2001; Garcia-Sanchez et al., 2000).

I-Tasser Iterative Threading Assembly Refinement

(Zhang, & Skoinick)

Separate training of protocol for: easy/ medium/ hard targets

Structure re- assembly

Structure assembly

Sequences

"Gf

Adding rotamers

e, ( y Pulchra & Scwrl
S - '\
| \

Cluster Centroid Final model

Fig 1.8: Steps of threading modelling by I-TASSER tool (Zhang Lab)
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Fig 1.9: IntFOLD’s mechanism used to model CORE LRR ectodomain (Daniel et al.
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Fig 1.11: Principles of Homology modelling

1.4.9 Model validation

To test the structural integrity of the modelled proteins various bioinformatics tools were
employed. They were- Verify3D, ERRAT, Ramachandran distribution plot generated by
the RAMPAGE server and GROMACS software suite (Laskowski et al., 1993)

The statistics of non-bonded interactions between different atom types ERRAT tool is
used whereas Verify 3D analyzes the compatibility of an atomic 3D protein model with
its own primary amino acid sequence. The angle of rotation of the residues was analyzed
and they were positioned in an allowed or disallowed region, to see the precision of
rotation of the structure. The GROMACS software suite was used to run molecular

dynamics simulations to analyse the biomolecular system and conformations of a protein.
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1.4.10 Protein-protein docking

Docking refers to the method of prediction of orientation of one molecule with another
molecule to form a stable complex. Molecules can be proteins, nucleic acids,
carbohydrates etc. The receiving molecule is known as receptor molecule most commonly
a protein. The partner molecule is known as ligand which binds with the receptor

molecule.

After looking through various docking tools in order to observe the interactions between
the proteins, the online docking tool ClusPro was used (Kozakov et al, 2017; Kozakov et
a, 2013; Kozakov et al, 2006; Comeau et al, 2004). As protein-protein interactions are
very important in understanding the mechanism of action of the receptors, the data was

keenly analyzed to reach conclusions.

1.4.11 Molecular dynamics simulation

Molecular dynamic (MD) simulation is becoming one of the most important and popular
technique in the theoretical study of molecules since last decades. It is the computational
method of research which connects the knowledge of macroscopic world with the
microscopic study by the theory of statistical mechanics. MD simulation gives the result
of detailed information on the fluctuation and conformational change of protein and also
being used to determine the structure, dynamics and thermodynamics of biological
molecules and their complexes (Allen, 2004). It is also important for the study of different
biological processes in plants and animals by analysing the protein stability,
conformational changes, protein folding and dynamic done by MD simulation.
Commonly used MD simulation tools are GROMACS, AMBER, CHARMM and NAMD

etc.

Page | 15



1.5  Scope and Limitations of the Study

To begin with we analyzed the primary and secondary structure of the LRR of PRR
CORE and PAMP csp22 which helped us with the second stage of our study, which was
modelling them using different tools and verifying the structural integrity of these models
using other validation tools. In the next stage these models were subjected to a molecular
dynamics system using the GROMACS software suite. Then the root mean square
deviation (RMSD), root mean square fluctuation (RMSF) and radius of gyration (Rg)
were measured and discussed. Following this, the PRR, PAMP and co-receptor CORE,
csp22 and BAKL, respectively; where docked to form a three protein complex using the
online tool ClusPro. The docked complex was subjected to MD simulation following the
same protocol and the same analyses were conducted on it. As the LRRs of the PRRs are
responsible for the binding and triggering of the PTI, our model of the LRR of CORE was
sufficient to understand the interactions that take place in the complex.

There is no in silico study reference of MD simulation of PTI proteins. Thus, the

reference structure was limited to FLS2 crystalline structure, FLS2 complex with its
PAMP flg22 and crystal BAK1 having PDB ID 4MNA and 4MNS8, respectively.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Introduction

This chapter consists of the methodology used for sequence based analysis of the CORE
protein, followed by the steps for modelling of the ectodomain domain (the LRR region
which is responsible for the interaction with the PAMP) of the CORE protein and also the
PAMP csp22. Finally the procedures followed to run the molecular dynamics simulations

and observe protein interactions via docking, are also described here.

2.2 Modelling of pattern recognition receptor CORE

Intensive modelling methodology was followed for the modelling of CORE ectodomain.
Different modelling approaches such as single template modelling (STM) and multiple
template modelling (MTM) were followed to model the CORE LRR ectodomain. It was
seen that the four tools — HHpred toolkit, I-TASSER, IntFOLD and Muster; were able to
model the CORE protein’s LRR region with relative similarity.

Muster was the only tool which was able to generate a satisfactory model being a single
template modelling tool using the threading method. Whereas the rest of the models were
generated using multiple template modelling tools — HHpred used multiple template
homology modelling, I-TASSER used threading and ab intio method, and finally
IntFOLD used accuracy self-estimate (ASE) scores and refinement based on multiple

template modelling.
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2.2.1 Sequence based analysis and delineation of domain boundary

The Amino acid (AA) sequence of the target CORE protein was retrieved from Uniprot
KB with the accession number K4BJ41/ Solyc03g096190 (Lei Wang et al, 2016). To
have an initial idea about the physio-chemical properties and secondary structure CORE,

primary structure was used to analyze for predicting physio-chemical properties using

ProtParam tool (Gasteiger et al., 2005) and the secondary structure was predicted using

PSIPRED (Buchan et al., 2010). To identify the conserved region of the sequence,

ConSurf tool (Armon et al., 2001) was used. To investigate the domain architecture,
InterPro (Hunter et al., 2009) was used. TMHMM (Emanuelsson et al., 2007) was used

for predicting the transmembrane region.

2.2.2 Single template modelling

NCBI BLASTp (Mahram and Herbordt, 2010) analysis of CORE protein AA sequence
was carried out against Protein Data Bank (PDB) using default parameter values to search

for the suitable template for CORE single template modelling. NCBI BLASTp suggested

4mn8_A (chain A of crystal structure FLS2-Bak1-flg22 complex) as the best template for

modelling of CORE. This is confirmed by the template covering 100% of the protein with

36% identity. Then different single template modelling approach was carried out (Table

2.1) using different single template modelling approaches were carried out using SWISS-
MODEL (Schwede et al., 2003), RaptorX (Kallberg et al, 2012), Spark-X (Huang et al.,
2014), Muster (Wu and Zhang, 2008) and PSPS (Chen et al, 2006).

Table 2.1: Single template approach for modelling of CORE LRR ectodomain

Tool Modelling Method Template
SWISS-MODEL Homology 4mn8A
RaptorX Threading 4mn8A
FFAS-3D Threading 4mn8A
FFAS03 Threading 4mn8A
Sparks-X Threading 4mn8A
Muster Threading 4mn8A
PSPS Homology 4mn8A

Page | 18



2.2.3 Multiple template modelling

Different multiple template modelling approaches were also carried out for the modelling
of CORE receptor protein. Phyre2 intensive modelling (Kelley et al., 2015), I-TASSER
(Roy et al., 2010), HHpred toolkit (Soding et al, 2005), AIDA (Xu et al., 2014) and
IntFOLD (Daniel et al, 2011), where used. Phyre2 is based on ab initio, I-TASSER is
based on threading and ad initio and AIDA is homology based multi-template modelling

Server.

Table 2.2: Multiple template approach for modelling of CORE LRR ectodomain

R/P ID Tool Modelling | Template/s
Method
CORE_Hhpred11 HHpred Homology | 4mnA_A+5hyx B+5gr9 B
CORE_AIDA AIDA Homology | 4mn8+4mnA
CORE_I-TASSER I-TASSER Ab  initio | 5gijB+4mn8A+5hyxB
and
Threading
CORE_Phyre2 Phyre2 Ab initio 4mnaA+4mn8A+5gijB
Intensive
CORE_IntFOLD IntFOLD Threading | 4mn8+4mnA

2.2.4 Structural validation

To evaluate the structural and geometrical consistency and reliability of the modelled
proteins, several approaches were adopted. ERRAT (Wallner and Elofsson, 2003) was
used to study the non-bonded interactions between different atom types while, Verify 3D
(Liithy et al., 1992) was subjected to assess the compatibility of the atomic models with
its own AA sequence. To study the geometrical consistency of the modelled proteins,
Ramachandran plot generated from RAMPAGE (Laskowski et al., 1993) were assessed.
The protein quality was also visually analysed by PyMOL tool (DeLano, 2002). Detailed
analysis of the complex was done to identify the structural details of the CORE LRR

ectodomain.

Page | 19



2.2.5 Molecular dynamics simulation of CORE ectodomain and csp22

To refine and obtain the stable structure of CORE protein, protein modelled by HHpred
toolkit, I-TASSER, Muster and IntFOLD tools were subjected to molecular dynamics
(MD) simulation with GROMACS (Van Der Spoel et al., 2005) software suite. The
OPLS united force field was used to run the simulations. Before running the simulation,
the systems were solvated, neutralized, energy minimized and equilibrated. In case of
solvation, the proteins were taken into a cubic box with a minimum distance 1A between
the protein surfaces and edges. Then the boxes with these proteins inside were solvated
with SPC water model (van der Spoel et al., 1998). The systems were neutralized with
genion tool of GROMACS before energy minimization. Then the systems were
equilibrated for 1 ns NPT ensemble followed by 1 ns NVT ensemble maintaining a
constant 1 atm pressure and 300 K temperature, respectively. Finally a 20 ns MD
simulation was carried out for each system. The same procedures were also followed for
MD simulation of PAMP csp22 except csp22 simulation run was set for a 100 ns period.
To treat the long range electrostatic interactions, particle mesh Ewald (PME) method was
applied. Root mean square deviation (RMSD), radius of gyration (Rg), energy and root
mean square fluctuations (RMSFs) were calculated using GROMACS tools to monitor

conformational changes over the simulation time.

2.3 Docking of CORE, its PAMP csp22 and co-receptor BAK1

The best LRR structure (model produced by I-TASSER) was energy minimized and
equilibrated. After 2 ns NPT equilibration followed by 1 ns NVT equilibration the energy
minimized and equilibrated structure was given as initial protein structure. Same
procedure was followed in case of csp22 protein. But in case of co-receptor BAK1 X-ray
crystallographic structure (PDB ID: 4MN8) was obtained. Then CORE LRR, csp22 and
BAKZ1 structures were subjected to docking with the protein-protein docking tool ClusPro
(Kozakov et al, 2017; Kozakov et a, 2013; Kozakov et al, 2006; Comeau et al, 2004).
For multiple protein docking first CORE was docked with the csp22 and then best docked

structure complex was used for further docking with BAK1.

From docking result, best predictions were selected and interactions were analysed using
PyMOL (DeLano, 2002).
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2.4 Molecular dynamics simulation of docked complexes

After docking, each complex was subjected to run molecular dynamic (MD) simulation
with GROMACS (Van Der Spoel et al., 2005) software suite. The OPLS united force
field was used to run the simulations. Before running the simulation, the systems were
solvated, neutralized, energy minimized and equilibrated. In case of solvation, the
proteins were taken into a cubic box with a minimum distance 1A between the protein
surfaces and edges. Then the boxes with these protein complexes inside were solvated
with SPC water model (van der Spoel et al., 1998). The systems were neutralized with
genion tool of GROMACS before energy minimization. Then the systems were
equilibrated for 1 ns NPT ensemble followed by 1 ns NVT ensemble maintaining a
constant latm pressure and 300 K temperature, respectively. Finally a 20 ns MD
simulation was carried out for each systems and root mean square deviation (RMSD),
root mean square fluctuation (RMSF) and radius of gyration (Rg) was done. Also after 20

ns of simulation the complexes were subjected to further analysis by PyMOL tool.

25 Comparative study between CORE ectodomain complexes with FLS2

complex

To compare the binding mechanism between CORE docked complexes and FLS2-flg22-
BAKT1 crystal complex, the crystal structure of FLS2-flg22-Bak1 (PDB ID: 4mn8A) was
obtained from protein data base. Then, PyMOL tool was used for comparative study of

binding conformation between CORE complexes and FLS2 PRR complex.

2.6  Summary
This chapter illustrates the detailed methodology of protein modelling used in this study.

Also model validation, docking protocol, MD simulation protocol is also described at the
end of the chapter.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 Introduction

This chapter presents first the sequence based analysis results and modeling results. Then
the interactions between the plant PRR CORE with the PAMP csp22 and co-receptor
BAK1 are illustrated and analyzed. Finally the interactions between the proteins in our
three protein complex are compared to FLS2 mediated immunity, at the end of this
chapter.

3.2 Sequence based analysis and delineation of domain boundaries

At first the physico-chemical properties of the CORE protein ectodomain was analyzed
by using ProtParam, which revealed that the CORE LRR domain consisted of 580 AA
and has a molecular weight of 62.5 kDa. The isoelectric point (pl) was seen to be as 5.75
consistent with the slightly acidic property of the protein and the aliphatic index was
found to be 113.59 which indicated the stability of CORE in a wide range of
temperatures. The instability index was seen to be below 40 at about 29.33 proving the
protein to be quite stable. Finally a GRAVY value of 0.129 told us that the protein was

polar in nature.

The secondary structure predicted using PSIPRED (Fig 3.1) showed that the CORE

protein ectodomain is mainly composed of alpha helix, beta sheets (strands) and coils.
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Then InterPro was used to analyse the domain architecture of the LLR ectodomain of the
CORE protein (Fig 3.2). It was seen that there were three leucine-rich domain
superfamilies, six leucine-rich repeat typical sub-types and three leucine-rich repeat

domains on the CORE ectodomain.

Homologous superfamilies
(e | Homolagous superfarmi

Domains and repeats
— [em—] — — —_ e P Repeat
- - CEE—— P Repeat

Detailed signature matches

B |PRO32675 Leucine-rich repeat domain superfamil
e | P G3DSA:3.80.10.10

[ IPRO03591 Leucine-rich repeat, typical subtype
[em—] [ m—} —_— [ — {1 —— P SM00369 (LRR typ_2)

[ IPRO0161L Leucine-rich repeat

Fig 3.2: Domain architecture analysis by InterPro

Then the ConSurf tool was used to predict the conserved region of the CORE protein’s
LRR region. The results show that most of the amino acids are exposed residues
according to the neural-network algorithm with an even distribution of buried residues,

predicted functional residues and predicted structural residues (Fig 3.4).
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Legend:

The conservation scale:
M2 3 45 6 78ER
Variable Average Conserved

- An exposed residue according to the neural-network algorithm.
b - A buried residue according to the neural-network algorithm.
T - A predicted functional residue (highly conserved and exposed).
S - A predicted structural residue (highly conserved and buried).
- Insufficient data - the calculation for this site was performed on less than 10% of the sequences.

Fig 3.3: Prediction of conserved regions using the ConSurf tool.

3.3  Single template modelling

On conducting a Protein Blast (BLASTp) on the NCBI server many suitable templates
complimentary to the CORE LRR sequence turned up. Among which, the most closely
linked one proved to be of AMNA_A (the free ectodomain of the FLS2 crystalline
complex) with the highest score of 823, an e-value of 3e-101 which was the lowest and a
sequence identity of 36%. The HHpred server also showed similar results with 100%
probability of a match with the 4AMNA_A template.

Multiple single template modelling tools were employed in attempts of modelling the
CORE protein’s ectodomain. All the tools were able to construct the LRR region of the
protein with varying success. PSPS, Muster and Swiss Model tried to predict the protein
structure using homology modelling; whereas RaptorX, Spark X, FFAS03 and FFAS-3D
modelled the protein using local meta-threading server (LOMETS) produced multiple

structures, of which the best models were chosen for further validation.

3.4 Multiple template modelling

I-TASSER selected top ten threading templates according to the highest Z-score of each

threading alignment of LOMENTS (Roy et al, 2011) from thousands of threading

alignments. Finally according to the lowest C-scores five models were generated and the

model with the lowest C-score was chosen for further validation.
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Multiple sequence alignment (MSA) using the Praline tool (Simossis and Heringa, 2005)

using the top five templates (Fig 3.5), according to lowest e-value, from NCBI BLASTp

was carried out to see sequences similarity it had with the query sequence (CORE LRR

580 AA sequence) (Table 3.1). Then in the HHpred server the top five templates were

selected, as it is the only tool which allows the templates to be selected manually, and for

modelling in all possible combinations. Only the top five templates were used as it was

stated in the HHpred literature that no more than five templates should be used to acquire

the best possible results. On trying all possible combinations, we finally got 30 models

and all were constructed using the HHpred toolkit (Table 3.2)

Table 3.1: Protein Blast results obtained from the NCBI database

PDB ID

Max. Score

E-value

Q C (%)

Idn. (%)

Template Short Identity

AMNA_A

321

3e-101

98

36

Chain A, Crystal Structure of
the Free FLS2 Ectodomain

AMNS_A

287

4e-87

97

35

Chain A, Crystal Structure of
flg22 in complex with the
FLS2 and BAK1

ectodomains

5GR8_A

268

1e-80

97

34

Chain A, Crystal Structure of
Peprl-atpepl

SHYX_B

247

2e-73

97

34

Chain B, Plant Peptide
Hormone Receptor Rgfrl in
Complex with Rgfl

4Z5W_A

218

2e-62

98

34

Chain A, The Plant Peptide

Hormone Receptor

Max. Score, Maximum Score; Q C, Query Coverage; Idn., Identity.
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Fig 3.4: MSA of the CORE LRR sequence with the top five templates from NCBI
BLASTDp results.
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Table 3.2: Top five templates turned up on uploading the CORE LRR sequence to the
HHpred server

PDB ID hit  Name Probability E-value

AMNA_A LRR receptor-like serine/threonine-protein 100 1.1e-42
kinase FLS2; FLS2, plant immunity,
Leucine-rich repeat; HET: NAG; 3.998A
{Arabidopsis thaliana}

5GR8 A Leucine-rich repeat receptor-like protein 100 4e-41
kinase; PEPR1, DAMP, PRR, AtPEP1.,
TRANSFERASE; HET: NAG; 2.587A
{Arabidopsis thaliana}

5HYX_B ASP-PTR-TRP-LYS-PRO-ARG-HIS-HIS- 100 1.3e-40
PRO-HYP-
ARG-ASN-ASN, Probable LRR receptor-
like serine/threonine-protein; Plant

Receptor, TRANSFERASE; HET: PTR,
NAG; 2.56A {Arabidopsis thaliana}

4Z5W B plant peptide hormone receptor; receptor, 100 4.5e-38
HORMONE; HET: NAG, TYS; 22A

{Daucus carota}

5GR9 B Leucine-rich repeat receptor-like protein 100 8.8e-41
kinase; LRR receptor, extracellular domain,
TDR; HET: NAG; 2.647A {Arabidopsis
thaliana}

On analyzing the validation scores (Appendix A) and also visualizing each model, it was
quite evident that Model-11 (4AMNA_A+5HYX B+5GR9 B) was the most accurate
representation of the CORE LRR ectodomain out of all the 30 models which were
generated. With a 95.16% score on Verify 3D, indicating excellent compatibility of the
model with its own AA sequence; the ERRAT score of 59.54 shows that the generated
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model is robust; and finally the Ramachandran distribution shows about 98.3%
(89.1%+9.2%) of the protein is in the allowed region. Thus this was selected for further

treatments.

Phyre2 was only used to conduct its intensive modelling, where it used twenty templates
(selected automatically by the server) based on maximum confidence, heuristics, and
alignment coverage and percentage identity. All the models were constructed with over

95% confidence.

AIDA predicted the LRR domain using the templates 4AMNA_A and 4MN8_A, and the

final model was considered for further validation.

IntFOLD was also used for its template based modelling based of accuracy self-estimate
score and refinement. This integrates the ModFOLD6 _rank method for scoring the
multiple-template models that were generated using a number of alternative sequence-

structure alignments.

35 Structural validation

On visually analyzing the seven models generated by the single template modelling tools
(Fig 3.7) it was evident that most tools were struggling to produce the entire protein.
FFASO03, FFAS-3D, PSPS and Swiss Model showed major gaps in the middle of the LRR
domain, where RaptorX and Spark X had difficulty forming the two terminals and
showed a loss coil in the middle region of the protein. Only Muster was able to produce a
structure that could be said to be consistent with the FLS2 ectodomain.

Following the visual analysis, different structural validation tools were used to
quantitatively analyse the structure. Verify 3D was used to analyse the compatibility of
the model with its own AA sequence, ERRAT was used to analyse the interactions
between the AA and understand how robust the structure is, and finally the
Ramachandran distribution plot showed the stability (Table 3.4) of the protein according
to the rotational symmetry of the structure generated based on which the AA are labeled

to be in allowed and disallowed regions.
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On running the test it was seen that FFAS02 and FFAS-3D scored 75.49% and 78.11%,

respectively, in Verify 3D, meaning that these models did not give acceptable results

(>80). At the same time, the same two models failed to produce any results for ERRAT

whereas all the others met the requirement (>50). And although none of the models

acquired the ideal scores in the Ramachandran Plot (Favored region ~ 98% and Allowed
region~2%) using the RAMPAGE server (Lovell et al., 2003), Muster showed the most

promise with there being more than 90% in the favored region.

Table 3.3: Validation scores for CORE LRR models made using single template models

Verify 3 ERRAT Ramachandran Plot Summary
IModelling tool} from RAMPAGE (%)
(%) FR AR OR
Muster 93.62 61.53 90.1 8.5 1.4
PSPS 87.07 67.66 84.9 14 1
Raptor X 89.14 74.26 85.6 12.8 1.6
Spark X 92.93 62.24 89.1 9.5 14
Swiss model 89.42 70.73 87.3 11.7 1.1
FFASO3 75.49 Failed 85.3 13.1 1.6
FFAS-3D 78.11 Failed 85 13.4 1.6
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I-TASSER

Fig 3.6: Models of the CORE LRR domain generated using Multiple Template Modelling
tools

The multiple template modelling tools performed much better than the single template
modelling tools (Fig 3.8), as can be visually verified. With the exception of two major
gaps in the middle of the protein structure in those constructed by Phyre2 and AIDA, the

others were able to construct the full ectodomain of the CORE protein. While HHpred
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and I-TASSER both produced very well constructed proteins, the one produced by
HHpred is seen to be a little less consistent with the LRR domain of the FLS2 crystalline
complex, whereas the I-TASSER model shows a remarkable similarity.

Then similar to the single template models these models were also subjected to the same
validation tools and the results were analyzed (Table 3.8). It is seen that all the models
scored over 90% in Verify 3D and so qualified with great remarks, expect for the model
produced by Phyre2 (intensive modelling) (70%) which failed to across the 80%
acceptable score. This showed that the AA have good compatibility with their own 3D
structure. All the models scored acceptable amounts on ERRAT (>50) proving that the
models had robust structures. The models also have most of their residues in the allowed
region (more than 95%) of the Ramachandran distribution plot with again Phyre2 having

the highest amount of residues in the outlier region (3.5).

Table 3.4: Validation scores for CORE LRR models made using multiple template

models

verify 30| ERRAT Ramachandran Plot Summary
Modelling tool from RAMPAGE (%)

(%) FR AR OR

Phyre2 (intensive) 70 75.72 84.9 10.6 4.5
IntFOLD 100 62.24 89.4 9 1.6
AIDA 93.97 64.34 84.6 12.6 2.8
I-TASSER 97.59 73.51 79.9 17.1 2.9
HHpred (model-11) | 95.16 59.54 89.1 9.2 1.7

After visual analysis and quantitative structural validation was done, the models with the
best overall scores were short listed (Table 3.7 and 3.8 — marked with blue) subjected to
molecular dynamics (MD) simulation to identify which is the most accurate model of the
CORE LRR ectodomain.
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As for the PAMP csp22, due to the amino acid sequence being so small, among all the
tool used only I-TASSER, HHpred, Quark and PepFOLD were able to model the PAMP.
But then also gave some controversial results. For instance, none of the models scored
any points on Verify 3D (all got zero) whereas on the other hand scored pretty high scores
on ERRAT and Ramachandran distribution plot. Having already taken into account that
this is a very short AA sequence, these are to be expected and so unable to identify the

most accurate model of csp22, all were subjected to MD simulations.

Table 3.5: Validation scores for csp22 models constructed using various types of

modelling tools

Ramachandran Plot Summary
Modelling tool Verify 3D ERRAT from RAMPAGE (%)
(%) FR AR OR
HHpred 0 78.57 95 5 0
Quark 0 100 70 20 10
I-TASSER 0 100 80 15 5)
PepFOLD 0 87.5 100 0 0

3.6 Molecular dynamics simulation of CORE LRR ectodomain and csp22

proteins

To better understand and verify the structures modelled by the various single and multiple
template modelling tools, and also to get a clear idea of the different characteristics, a 20
ns molecular dynamics simulation was run. The results of the simulation were depicted in
the form of root mean square deviation (RMSD), root mean square fluctuation (RMSF)
and Radius of Gyration (Rg) graphs, and then analyzed. For the CORE LRR ectodomain,
most models gave similar results for RMSD, RMSF and Rg, after the initial

discrepancies, showing similar stability and compactness of the different models.
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All the RMSD values of the different models were compiled and a studied (Fig 4.9). It
was seen that all the models fluctuated around the relatively constant point of 0.4 nm.
Among which, the HHpred model reached the highest RMSD value of about 0.6 nm at
around 14 ns in the, curiously HHpred was also the model to acquire the lowest value at
around the 7 ns. So, it can be assumed that this change in the RMSD was due to the
protein not adhering to a fixed conformation throughout the simulation period. The other
models by I-TASSER, IntFOLD and Muster, also gave similar results but did not deviate
as much from the 0.4 nm value. But on finer observation it was observed that the model
produced by I-TASSER was the most stable across the 20 ns simulation time. Showing
the least amount of deviation and also having the lowest overall average RMSD value, as

can be observed on the graph.

RMSD
CORE LRR ectodomain

|
A "*M"""\WV‘“"“‘ i

RMSD (nm)

O 1 [ T I T I |l
0 5 10 15 20
Time (ns)

Fig 3.7: RMSD graphs generated by the four different models of the CORE LRR
ectodomain. The green, red, blue and pink represent the models by I-TASSER, HHpred,
IntFOLD and Muster, respectively.
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Similar to the RMSD analysis, the RMSF of all the models was also observed (Fig 3.10).
Surprisingly the HHpred models showed the maximum fluctuation nearing the end when
approaching close to 9000 atoms, despite giving the impression of having the most stable
terminals among all the generated models. Muster on the other hand showed a sizable
fluctuation at around the very center of the protein, at around the 4400 atom cluster. Both
I-TASSER and IntFOLD showed relatively less fluctuations thorough out the structure
with I-TASSER having a net higher fluctuation at the starting (0-200 atoms) and
IntFOLD having a net higher fluctuation at the far end (7500-8200 atoms).

RMS fluctuation
CORE LRR ectodomain

(nm)
T
|

0 3000 6000 9000

Fig 3.8: RMSF graphs generated by the four different models of the CORE LRR
ectodomain. The green, red, blue and pink represent the models by I-TASSER, HHpred,
INtFOLD and Muster, respectively.
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The Radius of Gyration values of the different models were more mixed and so had no
conclusive good model. While I-TASSER had the highest Rg vale peaking to about 3.565
nm thrice, at 2 ns, 5 ns and 7.5 ns, subsequently. At the same time I-TASSER was also
the one to have the smallest deviation in the Rg value over the simulation period, proving
that the model constructed by I-TASSER was the one which had the least uncoiling over
the 20 ns simulation period (Fig 3.11). Completely contradictory to this, we also see the
HHpred model giving the lowest Rg values but also the structure showing the maximum
fluctuation, meaning that the structure is more prone to uncoiling over the simulation

period.

Radius of gyration

(total and around axes)

0 5000 10000 15000 20000
Time (ps)

Fig 3.9: Rg graphs generated by the four different models of the CORE LRR ectodomain.
The green, red, blue and pink represent the models by I-TASSER, HHpred, IntFOLD and

Muster, respectively.
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The same conditions were applied to the PAMP csp22, but due to its small structure the
values were fluctuating a lot which is to be expected from a small protein consisting of
only 22 AA. The RMSD graph showed that the I-TASSER generated model consistently
has the lowest values with the minimum amount of fluctuation till 60 ns at an average
value of around 0.15 nm, which is a remarkable amount of stability for a small protein
(Fig 12 a). But following that its value spikes up and reaches its maximum value of 0.25
nm. Which is still very low, but then the RMSD value of the PepFOLD model took the
place of the lowest value at about 0.17 nm. But the PepFOLD graph shows much more
fluctuations compared to that of I-TASSER. The models generated by HHpred and Quark
consistently gave a relatively high value showing much fluctuation as well, showing
instability.

Similarly the RMSF (Fig 3.12 b) and Rg (Fig 3.12 c) values were also plotted on to
graphs and analyzed over the 20 ns simulation period. As expected all the models showed
relatively high fluctuation in both cases, and so any conclusive remark was difficult to
make. But on finer observation it was seen the RMSF values of the I-TASSER and
PepFOLD models were again comparatively lower, whereas when it came to the Rg value
I-TASSER had a lower value proving the structure was a bit more compact among the

two.
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In lights of the molecular dynamics findings the CORE LRR ectodomain model and the
csp22 models generated by I-TASSER were chosen for the purposed of observing the
molecular interaction between these two proteins, in the presence of the co-receptor
BAKZ1; which a consistent observational study as was done to observe the interactions
between PRR FLS2 with PAMP flg22 in the presence BAKZ1, in the crystalline structure.

3.7 Molecular interaction of CORE with PAMP csp22 and co-receptor BAK1

Significantly different bonds were observed in the interaction between the CORE LRR
ectodomain, csp22 and BAK1 proteins before and after the molecular dynamics
simulation. In which hydrogen bonds (H-bonds), hydrophobic interactions, ionic
interactions, cation-Pi interactions and aromatic interactions in the three protein complex
were the most prominent. The detailed interactions between these PTI components are
discussed below in details. The interactions which were seen both before and after the 20
ns molecular dynamic simulation were the probable prominent bonds and so were
highlighted and analyzed (Fig 3.13).

Looking at the H-bond interactions being established, we can see that the Arginine
residues (ARG) in the positions 222 and 146 of the A (CORE LRR) and C (BAK1)
chains, respectively; were prominent contributors to the number of H-bonds being
formed. ARG 222 of the A chain formed bonds with ASP 170 on the C chain, whereas
the ARG 146 of the C chain formed bonds with the ASN 175 of the A chain. Other
interaction between ASN 151 of A with TYR of C was also observed. And only one
interaction between the CORE LRR domain and csp22 was observed at LYS 12 of B with
TYR 324 of A (Table 3.10).

At the same time it was observed that no H-bonds between the chains A and C were seen
to be present with chain B (csp22), both before and after the simulation. Some
hydrophobic interactions were also observed between PHE 16 and PRO 19 of chain B
with PRO 191 and ILE 192 of chain C. Whereas the residues of chain A- LEU 153, PHE
269, LEU 294 and LAL 369 interacted with residues TYR 100, LEU 188, VAL 5 and
ALA 10 of chains C and B, subsequently (Table 3.11).
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After that only one ionic interaction (within 6 Angstroms) and one Aromatic interaction
(within 4.5 and 7 Angstroms) were observed before and after the 20 ns MD simulation
(Table 3.12 and Table 3.14). At the same time it was observed that no Cation-Pi
interactions between any of the chains were observed after the simulation (Table 3.13).

Table 3.6: H-bonds formed by CORE LRR domain with csp22 and BAK1

Protein-Protein Side Chain-Side Chain Hydrogen Bonds

Before MD Simulation

DONOR ACCEPTOR Distance
Position |Chain |Residue |Atom |Position |Chain Residue |Atom |(A°)
129 A THR oGl |77 C ASN ND2 3.11
151 A ASN ND2 |124 C TYR OH 2.98
151 A ASN ND2 |124 C TYR OH 2.98
175 A ASN ND2 |124 C TYR OH 2.77
175 A ASN ND2 |124 C TYR OH 2.77
197 A THR OGl1 |170 C ASP OD1 285
222 A ARG NH2 |170 C ASP oD1 2.77
222 A ARG NH2 |170 C ASP oD1 2.77
222 A ARG NH2 |170 C ASP OD2 281
222 A ARG NH2 |170 C ASP OD2 281
12 B LYS NZ 183 C ASN ODl1 3.24
77 C ASN ND2 |129 A THR OGl1 311
7 C ASN ND2 |129 A THR oGl 311
124 C TYR OH 151 A ASN ND2 |2.98
124 C TYR OH 175 A ASN ND2 |2.77
143 C ARG NH1 [224 A ASN ODl1 2.67
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After MD Simulation

DONOR ACCEPTOR Distance
Position | Chain | Residue | Atom | Position | Chain | Residue | Atom | (A%
151 A ASN OD1 |124 C TYR OH 2.67
151 A ASN OD1 |124 C TYR OH 2.67
222 A ARG NH1 |170 C ASP OoD2 255
222 A ARG NH1 |170 C ASP OoD2 255
222 A ARG NH2 |170 C ASP OD2 342
222 A ARG NH2 |170 C ASP OD2 342
348 A TYR OH 11 B GLU OE2 2.56
124 C TYR OH 151 A ASN OD1 2.67
143 C ARG NE 201 A GLU OE1 3.36
143 C ARG NE 201 A GLU OE2 2.78
143 C ARG NH2 201 A GLU OEl1 2.59
143 C ARG NH2 201 A GLU OEl1 2.59
146 C ARG NE 175 A ASN ND2 3.32
146 C ARG NH1 |175 A ASN ND2 |3.08
146 C ARG NH1 175 A ASN ND2 |3.08
146 C ARG NH2 [199 A HIS ND1 |2.77
146 C ARG NH2 199 A HIS ND1 |2.77
246 A ARG NH2 |15 B GLY O 3.04
246 A ARG NH2 |15 B GLY O 3.04
324 A TYR OH 10 B ALA 0] 2.65
12 B LYS N 324 A TYR OH 3.15
13 B GLY N 324 A TYR OH 3.34
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Table 3.7: Hydrophobic Interactions formed by CORE LRR domain with csp22 and

BAK1

Hydrophobic Interactions within 5 Angstroms

Before MD Simulation

Position Residue Chain Position Residue Chain
1 ALA B 192 ILE C
14 PHE B 180 ILE C
14 PHE B 182 VAL C
14 PHE B 186 PHE C
14 PHE B 189 PHE C
14 PHE B 191 PRO C
14 PHE B 194 PHE C
16 PHE B 180 ILE C
16 PHE B 182 VAL C
16 PHE B 191 PRO C
17 ILE B 191 PRO C
19 PRO B 191 PRO C
19 PRO B 192 ILE C
103 MET A 125 LEU C
153 LEU A 100 TYR C
217 PHE A 2 VAL B
221 TYR A 1 ALA B
243 ILE A 2 VAL B
266 LEU A 2 VAL B
269 PHE A 188 LEU C
294 LEU A 5 VAL B
343 ALA A 5 VAL B
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345 PHE A 10 ALA B
345 PHE A 5 VAL B
345 PHE A 7 TRP B
345 PHE A 8 PHE B
347 ALA A 10 ALA B
369 ALA A 10 ALA B
After MD Simulation

Position Residue Chain Position Residue Chain
7 TRP B 182 VAL C
16 PHE B 182 VAL C
16 PHE B 191 PRO C
19 PRO B 191 PRO C
19 PRO B 192 ILE C
153 LEU A 100 TYR C
217 PHE A 1 ALA B
221 TYR A 192 ILE C
243 ILE A 17 ILE B
266 LEU A 17 ILE B
266 LEU A 5 VAL B
269 PHE A 188 LEU C
294 LEU A 5 VAL B
324 TYR A 8 PHE B
345 PHE A 8 PHE B
369 ALA A 10 ALA B
369 ALA A 8 PHE B
371 LEU A 10 ALA B
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Table 3.8: lonic interactions formed by CORE LRR domain with csp22 and BAK1

lonic Interactions within 6 Angstroms

Before MD Simulation

Position Residue Chain Position Residue Chain
222 ARG A 170 ASP

264 ARG A 20 ASP

After MD Simulation

Position Residue Chain Position Residue Chain
201 GLU A 143 ARG

222 ARG A 170 ASP

395 ARG A 11 GLU

Table 3.9: Cation-Pi Interactions formed by CORE LRR domain with csp22 and BAK1

Cation-Pi Interactions within 6 Angstroms

Before MD Simulation

Position |Residue |Chain |Position |Residue Chain |D(cation- |Angle
Pi)
7 TRP B 391 LYS 5.14 160.73

After MD Simulation

simulation.

No Cation-Pi interactions were observed at the end of the 20 ns molecular dynamics
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Table 3.10: Aromatic interactions formed by CORE LRR domain with csp22 and BAK1

Aromatic-Aromatic Interactions within 4.5 and 7 Angstroms

Before MD Simulation

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

14 PHE B 194 PHE C 6.87 57.02

345 PHE A 7 TRP B 5.3 101.76

345 PHE A 8 PHE B 5.46 109.86

After MD Simulation

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

324 TYR A 8 PHE B 6.93 100

345 PHE A 8 PHE B 4.81 152.48

Chain A is for CORE LRR ectodomain; Chain B is for csp22; and Chain C is for BAK1;

the interactions in bold were seen both before and after the 20 ns MD simulation
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Fig 3.11: (a-h) Molecular interactions between CORE LRR (green), csp22 (cyan) and
BAKUL (purple); (i) Cartoon representation of the complex of CORE LRR (green), csp22
(cyan) and BAK1 (purple) before the simulation and (j) after the simulation.
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3.8  Comparative study between CORE-csp22-BAK1 complex and FLS2-flg22-
BAKT1 crystal structure

On observing the three protein (CORE LRR, csp22 and BAK1) docked complex and
analyzing it, much structural similarities where seen with the FLS2 LRR-flg22-BAK1
crystal structure in its binding behavior. It can be seen that the PAMP csp22 binds to one
lateral side of the LRR of CORE with the co-receptor BAK1 binding head first on to

them, forming a heterodimer.

Just as it is observed in the FLS2-BAK1 complex that a heterodimer formation is induced
by the PAMP flg22 (Sun et al., 2013), for the CORE-BAK1 complex also the
heterodimer is established induced by the PAMP csp22 (ref. Diff — PNAS).

Also, there are lots of hydrogen bonds formed between FLS2 and flg22 and between
FLS2 and Bak1l protein which contribute significantly for in case of binding. A total 31
H-bonds formed between FLS2 and PAMP flg22 and 27 H-bonds formed between FLS2
and co-receptor Bakl protein. Among these, FLS2 Tyr272 and Tyr296 and flg22 Lys13
contribute significantly to the interactions around this interface (Fig 3.14). (Sun et al.,
2013)

On analyzing the CORE LRR, csp22 and BAK1 complex, we observed that there was a
total of 42 H-bonds of which 30 of the bonds were between CORE LRR and BAK1
whereas on 12 H-bonds were between CORE LRR and csp22. And no H-bond
interactions were observed between the PAMP and the co-receptor. The residues
ARG222 and ARG146 of the A (CORE LRR) and C (BAK1) chains, respectively; were
prominent contributors to the number of H-bonds being formed. ARG222 on chain A
formed bonds with ASP170 on the C chain, whereas the ARG 146 of the C chain formed
bonds with the ASN 175 of the A chain. There was only one H-bond interaction between
the CORE LRR domain (TYR 324) and csp22 (LYS 12) which was observed both before
and after the simulation. Other similar hydrophobic, ionic and aromatic interactions were
also observed, but very few were seen after the simulation (Table 3.11, 3.12, 3.13 and
3.14) (Fig 3.13)
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FLS2LRR
BAK1LRR

Fig 3.12: Binding method in FLS2 complex showing various interactions for FLS2
(cyan), flg22 (pink) and BAK1 (green).

3.9  Molecular dynamics simulation of CORE LRR ectodomain, csp22 and BAK1

complex

RMSD and RMSF for backbone atoms and radius of gyration (Rg) of C-alpha atoms were
calculated for the complex of CORE LRR with csp22 and BAK1. The RMSD graph (Fig
3.15 a) shows an initial spike going up to 0.35 nm in the first 2.5 ns. After that the overall
average RMSD value was seen to be 0.35 nm with a fluctuation of about +/-0.5 nm
though out the rest of the 20 ns simulation. The highest value was seen to be reached at
around 5 ns, which was of about 0.4 nm. From these values it can be concluded that the
three protein complex formed after csp22 binds to the CORE LRR aided by co-receptor
BAKL is a very stable structure. Proving that the modelled proteins (CORE LRR and
csp22) are very accurate and the produce realistic interactions as expected in vivo.
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The RMSF graph (Fig 3.15 b) produced showed maximum fluctuation in the beginning
and in the starting of the last quartile of the graph. The maximum fluctuation reached was
about 0.6 nm, by about 100 atoms in the 8800 to 8900 atoms interval. This fluctuation
might have been due to some conformational changes cause by the interaction of the

different proteins.

The Rg values for C-alpha atom also showed that the complex was quite active over the
simulation period but at the same time was not uncoiling itself. The values ranged from
about 3.125 to 3.45 nm over the 20 ns (20000 ps) simulation time. Reaching a maximum

value at around 16 ns of 3.45 nm and then came back down (Fig 3.15 c).
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Fig 3.13: The following graph were generated for the CORE LRR, csp22 and BAK1
three protein complex- (a) RMSD graph; (b) RMSF; (c) Radius of gyration (RQ)

3.10 Summery

This chapter elaborately describes all the steps followed in order to achieve a full
understand of the interaction between the CORE ectodomain with the PAMP csp22, with
the help of the co-receptor BAKZ1; along with the molecular dynamics study of the PRR
and PAMP before observing the interactions and also that of the structural dynamics after
the docking. Finally, the interactions were quantified and compared to see the overall
changes which took place during the 20 ns MD simulation. It was observed that there was
a significant loss in interaction over all, which included hydrogen bonding, hydrophobic
interactions, ionic interactions, cation-Pi interactions and aromatic interaction (Table
3.15). It was concluded that this might have been a result of the proteins changing their

conformation over the simulation period.
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Table 3.11: Summary of interactio