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Resumen

La Salmonella es una bacteria gramnegativa conocida por ser la causante de enfermedades gastrointestinales en
animales y humanos. Una parte determinante de la patogenicidad de Sa/monella es la union bacteriana a las células
o estructuras del huésped, que estd mediada por la fimbria de esta, mas especificamente por FimH. Determinar
donde se produce la interaccion entre la FimH de Salmonella y el huésped, en este caso el TLR4 del pollo podria
ser decisivo para su control y mitigacion de esta bacteria. El objetivo de este estudio es encontrar interacciones que
sirvan como posibles epitopos para el desarrollo de una vacuna contra la Salmonella. Para ello se realiz6 un estudio
in silico de la estructura. El acoplamiento molecular se realizé en Autodock Vina, el cual gener6 una serie de tablas
con los diez mejores modelos de cada simulacion. Como resultado, se determin6 que siete de estos modelos podrian
usarse como candidatos para el desarrollo de vacunas, antes de pasar a las pruebas experimentales es necesario

realizar un analisis mas detallado de estos modelos.

Palabras claves: Receptor tipo Toll 4, Fim H, acoplamiento molecular, energia de unién, analisis 2D, interac-

ciones favorables e interacciones no favorables.
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Abstract

Salmonella is a gram-negative bacteria known to cause gastrointestinal diseases in animals and humans. A
determining part of the pathogenicity of Salmonella is bacterial attachment to host cells or structures, which is me-
diated by Salmonella fimbriae, more specifically by FimH. Determining where the interaction between the FimH of
Salmonella and the host occurs, in this case, the TLR4 of the chicken could be decisive for its control and mitigation.
The objective of this study is to find interactions that serve as possible epitopes for the development of a vaccine
against Salmonella. For this, an in silico study of the structure was carried out. The molecular docking was carried
out in Autodock Vina, which as a result produced a series of tables with the ten best models of each simulation. As
a result, it was determined that seven of these models could be used as candidates for vaccine development. It is

necessary that a more detailed analysis of these models be carried out before moving on to experimental tests.

Keywords: Toll-like receptor 4, Fim H,Molecular docking, Binding energy,2D analysis, favorable interactions

and Non favorable interactions.
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Chapter 1

Introduction

Food-borne illnesses are considered one of the major public health problems. According to the World Health
Organization (WHO), more than 200 diseases have been involved with contaminated food, leading not only to health
problems but also the socioeconomic ones. In May 2022 it was reported that at least 1 in 10 people in the world
fall ill after eating contaminated food, resulting in the death of 420,000 people and the economic loss of 110 billion
dollars a year. Due to its adaptability, profitability, and efficient breeding and production, worldwide, poultry has
been seen as the main source of animal protein®. A study about antimicrobial resistance in the globalized food chain
mentions that in 2022 there was an increase of 2.6% in poultry meat production in contrast to 2019*. However, it
is this rapid expansion that could have increased the risk of poultry disease transmission. A study that evaluated
the increase in foodborne diseases mentions that large-scale production and wide distribution of food is one of the
main factors in the appearance of diseases>. In Ecuador, poultry production is one of the most important industries.
According to the National Corporation of Poultry Farmers of Ecuador (CONAVE), poultry farming contributes 3% to
the national gross domestic product, in 2021 the gross value of production was 3.7 billion dollars. They also reported
that 15 tons more chicken meat was produced in 2022 than in 2021. With this increase in production, the rate of
spread of bacteria and its cultivation also increased, making the use of antibiotics essential that could contribute to
antibiotic resistance. Studies in Ecuador have revealed that at least half of producers expose broiler chickens, which
are intended for local consumption, to high levels of antibiotics, which has led to resistance to antibiotics, making
it difficult to contain the spread of these®. Studies carried out in 20 provinces of Ecuador where 383 samples were
obtained determined that they were resistant to at least one of the antibiotics”.

To overcome this wave of antibiotic resistance and contain the spread of bacteria, there has been a need to



highlight the crucial role that vaccines play in preventing infections caused by viruses and bacteria, which directly
reduces the use of antibiotics and its resistance. The success of this will depend directly on the type of vaccine to be
used, the method of administration, and where they are directed®. To contribute to the mitigation of this problem,
this work will focus on the in silico study of structures related to the colonization of bacteria in chickens, in this case,

Salmonella Typhimurium, to find a prospect for the design of a vaccine against S. Typhimurium for chickens.



Chapter 2

Theoretical Background

The emergence of new pathogens in humans, domestic animals, wildlife, and plants is inherently unpredictable, as
well as their biological invasion dynamics, which remains unknown. An emerging pathogen refers to an infectious
disease agent or strain characterized by increasing incidence after first appearance in a new host and, in turn, increas-
ing incidence in an existing host population as a result of infection strain adaptation to survive environmental stress.
Among the emerging pathogens, three can be distinguished: new, evolving and emerging foodborne pathogens®,
these are mainly classified by their appearance and prevalence in the host. New foodborne pathogens are those that
have not yet been described and therefore represent a serious danger to human health. Evolving foodborneare those
that become more potent or are associated with other pathogens that have caused disease and have been wrongly
attributed to other foodborne pathogens. Emerging foodborne pathogens are related to pathogens that have been
recently identified, have always been recognized as pathogens for a long time, but have only recently been associated
with foodborne transmission. One of the recognized reasons for favoring the potential appearance of pathogens is the
change of host species. The host change has had several consequences, including some of the most devastating epi-
demics, such as HIV/AIDS, rinderpest in African cuds, and COVID-19, among others 10 Some prevalent and serious
emerging pathogens of meat, poultry and meat products including Campylobacter jejuni, Salmonella Typhimurium,

Escherichia coli, Mycobacterium avium subsp.paratuberculosis, and prionsg.

Salmonella, considered as one of the major zoonotic pathogens is also considered as the main cause of foodborne
illnesses ''.WHO has been reported that Salmonella is considered as 1 of the 4 cause of diarrhea diseases globally;

as a result, 550 million people become ill each year, which is why it is important to implement, prevent and control



strategies of animal spread disease, which also include vaccine use*. Salmonella is a gram-negative bacillus belong-
ing to the Enterobacteriaceae family, characterized mainly by being anaerobic and facultative intracellular pathogens,
favoring its ability to survive, develop, and multiply inside and outside the host, in the presence or absence of oxygen.
To date, two species of Salmonella are recognized: Salmonella enterica and Salmonella bongori each having six
and one subspecies, respectively, and enclosing more than 2500 serotypes 2. Salmonella enterica subs. enterica
serovar Typhimurium is the sub-specie with the most incidence in animals and humans-feed illness, becoming one
of the more common in the species. It is also known to possess fimbriae, a filament structure present on its surface.
In Salmonella genus the fimbriae will be determined by the putative fimbrial operons. Studies have shown that
Salmonella enterica serovar Entenritis could contain fourteen of this operons, however only a few of them will be
expressed. In Salmonella serovar Enteritis there are present SEF21, SEF17, SEF14, LPF and PEF fimbriae enconded
by fim, agf, sef. Ipf and pef operons, respectively !*. Their mechanism is similar to the enzymatic mechanism, of the
horseshoe-key type, which is important to determine the host and the specific organotropism of the bacterium. The
most common fimbriae expression is SEF21, also known as type 1 fimbriae, which, as mentioned before, is the form
of a six-gene operon (fimAICDHF) encoding structural and assembly components and three regulatory genes, fimZ,
fimY and fimW'*. FimA protein subunits are the main component of type 1 fimbriae, followed by FimC and FimD
subunits, which are used to assemble fimbriae on the cell surface. However, the adhesive capability of the fimbriae
is given by FimH'>. FimH is a lectin-like adhesin located at the tip of the fimbriae, which is mainly involved in the

adhesion to the host cell'* and then immune system activation (Figure 2.2).

Some studies have shown that Salmonella fimbria can produce an immune response in the host due to interaction
with immune cells such as macrophages and dendritic cells'¢. It has also been mentioned that it could act as an
antigen, studies have shown that fimbria can activate the Toll-like receptor on dendritic cells and macrophages, which
could lead to the production of inflammatory cytokines and also to the activation of T cells'”.

Pathogen-associated molecular patterns (PAMPs) are components of bacteria and viruses, induce the expression
of mediators by several types of cells, including macrophages, and influence the host immune system'8. PAMPs
include cell wall components derived from Gram-positive bacteria, lipopolysaccharides (LPS) from Gram-negative
bacteria, lipoteichoic acid, flagella, and fimbriae, all of which are recognized by pattern recognition receptors such

as Toll-like receptors (TLRs).

Toll-like receptors (TLRs) family plays a crucial role in the innate immune response by recognizing PAMPs.

Toll-like receptor 4 (TLR4) is commonly found in the cell membrane of the intestine. It is primarily characterized
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FimH FimF FimA FimC unfolded FimD

Figure 2.1: Salmonella type 1 fimbriae (T1F) structure. Adapted from Kolenda et al. .

for recognizing lipopolysaccharides (LPS) from Gram-negative bacteria and, nowadays, is also involved in the
interaction with other molecules, including certain host-derived proteins.

Currently, multiple tactics have been implemented to combat diseases in animals destined for production. These
range from cleansing measures to the use of additives designed to optimize gastrointestinal health and strengthen
immune defenses!®. In terms of hygiene, sanitation procedures are applied in breeding sites and food processing
plants to reduce microorganisms and block the transmission of infectious agents. The use of probiotics and prebiotics
has proven to be a valuable tactic, promoting healthier digestion?’. On the other hand, it has been recognized that
beta-glucan plays an essential role in directly activating the immune defenses of animals, thus offering an extra level
of protection against diseases?!. Although these methodologies have been beneficial, they still face obstacles such
as antibiotic resistance. For this reason, vaccines are also essential to preserve animal health. Historically, vaccines
have been provided to prevent common pathologies in livestock, such as foot-and-mouth disease or avian flu, ensuring
direct defense against these diseases??. The integration of vaccines into a comprehensive disease control strategy is
vital to minimize the possibility of contagion and ensure the well-being of animals within production systems.

Over the years, vaccines have been seen as a key strategy to prevent and control the spread of animal diseases.

There are studies on protein-protein coupling with TLRs that reveal their effectiveness against Salmonella®}. How-
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ever, the development of new Salmonella vaccines still faces limitations and challenges during and after production.
The insufficient knowledge of the resistant mechanism and long-term protective immunity are the main challenges to
overcome, along with the emergence of new Salmonella serovars.Thus, computational methods have been considered
a promising option for designing vaccines against the evolving threats that Salmonella poses to the chicken popu-
lation. Among these methods, molecular docking and molecular dynamics simulations have become indispensable

tools to accurately predict antigen-antibody interactions and the dynamic behavior of vaccine candidates.

2.1 Computer-aided drug design

In today’s pharmaceutical industry, drug design stands out as one of the most expensive, demanding, and slow
processes. The emergence of new pathogens poses a significant challenge to society, as the likelihood of acquiring
an illness or condition has increased, and effective tools to prevent or combat these infections are often lacking.
In response to these challenges, Computer-Aided Drug Design (CADD) has emerged as a promising tool for the

discovery, design, and development of drugs, effectively reducing drug discovery and development costs by up to 50%.

CADD, through virtual screening, primarily focuses on predicting the potential of a compound or agent after
interacting with a specific biological target. The goal is to identify a reduced number of compounds that can then
undergo experimental evaluation. CADD evaluation can be approached in two ways: 1) Structure-Based Drug
Design (SBDD) and 2) Ligand-Based Drug Design (LBDD). SBDD relies on the availability of the target’s structure,
and approaches such as virtual screening, structure-based pharmacophore modeling, and molecular docking are
commonly employed. On the other hand, LBDD approaches center around similarity-based screening, including
ligand-based pharmacophore modeling, scaffold hopping, and quantitative structure-activity relationship (QSAR)

studies?.

As previously mentioned, SBDD requires the 3D structure of the target, also known as the receptor. It is crucial
to assess whether the biological behavior of the receptor is influenced by the binding of a molecule. Additionally,
consideration must be given to the binding pocket of the target, which should not be excessively deep, large, or possess
a highly charged binding pocket, as this could hinder interactions with molecules. Obtaining 3D structures involves
using resources such as the Protein Data Bank (PDB), (http://www.rcsb.org/pdb), particularly when X-ray crystallog-
raphy or nuclear magnetic resonance (NMR) methods are employed. In cases where computational approaches are

used to determine protein structures, homology modeling using software like MODELLER, Swiss-Model, Phyre2,
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I-TASSER, etc., is common?2*.

2.2 Molecular docking bases

Considered a novel technology in drug design, molecular docking is a structure-based drug design method that,
by simulating optimal conformations, can predict and determine the binding affinity and interactive mode of a
receptor-ligand complex. In this method, a protein or nucleic acid serves as the receptor, while a small molecule or
even another protein may function as the ligand. The location and orientation of the binding site can be influenced

by protein flexibility >>.

The modeling of molecular interactions is inherently complex due to the various forces involved, such as hy-
drophobic interactions, van der Waals forces, hydrogen bonding, electrostatic forces, and stacking interactions
between aromatic amino acids. The goal of receptor-ligand interaction is to predict the orientation of the molecule
that forms a stable complex when it binds to another. Different methods can be employed to evaluate the effective-
ness of docking performance, as mentioned earlier. Binding affinity is commonly assessed due to its importance
in establishing the binding site. Other methods involve comparing values such as real space R-factor (RSR) and

root-mean-square distance (RMSD) .

2.3 Problem Statement

Salmonella infection has been a challenge in the Ecuadorian poultry industry. The complications at both a health and
economic level have been significant. The increase in demand for poultry products has forced industries to increase
the poultry population, which has contributed to the expansion, contamination, and antimicrobial resistance. Faced
with these challenges, the need to find a way to help control and mitigate how this bacteria has increased. The in
silico study of the structures involved in the infection and colonization of Salmonella in chickens can contribute to
the development of vaccines, which can be used as a strategy for the control and mitigation of Salmonella in the

poultry population, in turn, it would mitigate economic problems in the industry as well as human and animal health.



2.3. PROBLEM STATEMENT

Computer-aided drug design
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Figure 2.2: Workflow for computer-aided drug design.Tacken from Macalino et al.?
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2.4 General and Specific Objectives

The main objective of this work is to find possible epitopes that can be used as a candidate for a vaccine against
Salmonella enterica subs. enterica serovar Typhimurium for veterinary use by carrying out an in silico study of
the structures between chicken TLR4 and Salmonella enterica subs. enterica serovar Typhimurium FimH, using

molecular docking.

Specific objectives of this work include:

* Predict the possible binding sites between the Fim H of Salmonella enterica subs. enterica serovar Typhimurium

and the Toll-like receptor 4 of the chicken, through simulations carried out in Autodock Vina.

* Determine if the models resulting from the simulation between Salmonella enterica subs. enterica serovar

Typhimurium Fim H and the Toll-like receptor 4 are viable.

* Examine the interactions that occur in each model and thereby determine which models are viable to be used

as a vaccine candidate against Salmonella enterica subs. enterica serovar Typhimurium.






Chapter 3

Methodology

This chapter provides a detailed account of the procedures undertaken during the development of this study. It

outlines the essential files and parameters required for the molecular docking of the structures.

3.1 Molecular docking

Two main software tools were utilized to conduct the molecular docking: Autodock Tools for preparing the PDBQT
files, and Autodock Vina for performing the molecular docking simulation. The initial step in the simulation process
involved identifying the structures that would serve as the receptor and ligand. After identifying these structures,
prerequisite files were generated to initiate the simulation, specifically, extended PDB files (PDBQT) for both the
receptor and the ligand, along with the configuration file. Figure 3.2 shows a general workflow of the process steps
used in this work. To obtain the 3D structures of the receptor and the ligand, homology modeling of the structures
was carried out, this mainly focuses on building 3D protein models from the amino acid sequence, which is aligned
with a similar protein structure of which its 3D structure is already known?’. To carry out the homology modeling
of the structures, the SWISS MODEL workspace (https://swissmodel.expasy.org/interactive) was used; For this, it
was important to consider the percentage of sequence similarity between the structure of the template and those to
be modeled. According to the literature it is considered that if the percentage of similarity between the sequences
falls below 30% the estimated 3D structure could be unviable since they become more dispersed. On the other hand
if this percentage is greater than 50% the obtained 3D structure is reliable enough to be used in the study?’. To

achieve this, the amino acid sequence was initially uploaded in FASTA format. Once uploaded, the structures are

11
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built in 3D. The obtained structures are the ones that will be analyzed and compared against the acceptance criteria.

3.2 Structure validation

For structures modeled in the SWISS MODEL workspace, it is important to consider the following parameters 28 2

MolProbity Score: This measure informs us about the quality of the protein structure. A value less than 1.5 is
considered very good, while values between 1.5 and 2 are deemed acceptable.

Clash score: This parameter assesses the aesthetic clashes between the atoms of the structure. A score less than 5
is considered good, with lower scores indicating better quality.

Rachamandran Favoured: This parameter reflects information about favorable regions, mainly considering their
steric interactions and conformations.

Rachamandran Outliers: This parameter speaks to the regions where the dihedral angles phi and psi of the structure
are not compatible with the steric constraints.

Rotamer outliers: This value primarily describes the preferred conformations of the dihedral ring of the side chains.
Ideally, the values should be below 1-2 %.

C-beta deviations: This value indicates deviations in the positions of the C-beta atoms in the side chains. For this
parameter, lower values are preferable.

Bad bonds and bad angles: These parameters refer to the geometry of the structure. The ideal value for both
parameters is zero; hence, the lower the value, the better, considering zero as the best value.

Cis Prolines: This measurement indicates the percentage of proline residues in the cis conformation. Generally, a
low percentage is considered ideal.

Twisted Non-Proline: It evaluates the twisting of non-proline peptide bonds. Similar to the previous parameter, a

low percentage is better, and a value of 1 to 2 % is considered acceptable.

3.2.1 Preparation of coordinated files
Protein Structure Preparation

The 3D structure of the protein was modeled using SWISS-MODEL workspace, utilizing the FASTA file of Toll-like
receptor 4 (TLR4) from the organism Gallus gallus (accession number AFK08535.1. Sequence length: 843 a.a. ).
First, the program will search for templates for modeling, then align the target sequence to finally build the model.

Homology modeling was performed with Perdix perdix( Gray partridge) as a template, which exhibited 94.42%
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sequence identity(Figure 3.1a).

Once the 3D structure of the protein was obtained, the PDBQT file of the protein was generated. Only the
extracellular part was taken, which is found in amino acids 23 to 641. This file was instrumental for the molecular
docking, involving the addition of necessary molecules and the removal of unnecessary ones. Autodock Tools
facilitated this step by incorporating functions that streamlined the protein preparation process. Specifically, all
hydrogens were added, with subsequent removal of only the non-polar hydrogens. Additionally, Kollman and
Computer Gasteiger charges were included. It is imperative to verify the absence of water molecules in the structure;
however, in this case, their elimination was unnecessary as the 3D structure inherently lacked water molecules due

to its nature.

Ligand Structure Preparation

The 3D structure of both the ligand and the protein was acquired through 3D modeling in SWISS-MODEL workspace.
The FASTA file of Type 1 fimbrin D-mannose specific adhesin (precursor), also known as FimH, from Salmonella
enterica subs. enterica serovar Typhimurium. str. LT2 (primary accession number, P37925; Sequence length: 335
aa) was employed (Figure 3.1b).

In the PDBQT file of the ligand, the optimal root atoms were primarily established, and torsion numbers were

assigned. These steps enabled the determination of the final total number of active torsions.

Configure file

This file encompasses determinant information for the molecular docking simulation including the input receptor
file, grid box specification parameters, and also the numbers of runs and energy range. The grid box determines
the specific site where molecular docking will take place. To mitigate computational costs, six docking boxes were

employed. Although all of them shared the same size, they had different coordinates, as illustrated in Table3.2.

3.2.2 Molecular Docking Procedure and Interaction Analysis

Molecular docking was conducted using Autodock Vina, a software that allows ligand flexibility, enabling exploration

of various ligand orientations and conformations. Six simulations were performed per ligand with a spacing of 1
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Figure 3.1: The 3D structures utilized in the molecular docking simulation include: a) TLR4, featuring a sequence
length of 843 amino acids, serving as the receptor; and b) Salmonella FimH, with a sequence length of 335 amino

acids, employed as the ligand for the simulation.
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Table 3.1: Amino acid subdivision of the FimH ligand.

Ligand Ligand sequence Ligand Ligand sequence Ligand Ligand sequence
Ligand 1 | MKIYSALLLA Ligand 23 | ITDSVAGVFYP Ligand 45 | FSQAGAGNRPQ
Ligand2 | SALLLAGTALF | Ligand 24 | AGVFYPPRNYI | Ligand 46 | AGNRPQGVTPQ
Ligand 3 | AGTALFFTHPA | Ligand 25 | PPRNYILMGVD | Ligand 47 | QGVTPQTKTIA
Ligand 4 | FFTHPALATVC | Ligand 26 | ILMGVDYNVSQ | Ligand 48 | QTKTIAIKCTN
Ligand 5 | ALATVCRNSNG | Ligand 27 | DYNVSQQKPFG | Ligand 49 | AIKCTNVAAQA
Ligand 6 | CRNSNGTATDI | Ligand 28 | QQKPFGVQDSK | Ligand 50 | NVAAQAYLSMR
Ligand 7 | GTATDIFYDLS Ligand 29 | GVQDSKLVFKL | Ligand 51 | AYLSMRLEAEK
Ligand 8 | IFYDLSDVFTS Ligand 30 | KLVFKLKVIRP | Ligand 52 | RLEAEKASGQA
Ligand 9 | SDVFTSGNNQP | Ligand 31 | LKVIRPFINMV | Ligand 53 | KASGQAMVSDN
Ligand 10 | SGNNQPGQVV | Ligand 32 | RPFINMVTIPR Ligand 54 | AMVSDNPDLGF
Ligand 11 | PGQVVTLPEKS | Ligand 33 | MVTIPRQTMFT | Ligand 55 | NPDLGFVVANS
Ligand 12 | TLPEKSGWVGYV | Ligand 34 | RQTMFTVYVTT | Ligand 56 | FVVANSNGTPL
Ligand 13 | SGWVGVNATCP | Ligand 35 | TVYVTTSTGDA | Ligand 57 | SNGTPLTPNNL
Ligand 14 | VNATCPAGTTV | Ligand 36 | TSTGDALSTPV | Ligand 58 | LTPNNLSSKIP
Ligand 15 | PAGTTVNYTYR | Ligand 37 | ALSTPVYTISY Ligand 59 | LSSKIPFHLDD
Ligand 16 | VNYTYRSYVSE | Ligand 38 | VYTISYSGKVE | Ligand 60 | PFHLDDNAAAR
Ligand 17 | RSYVSELPVQS | Ligand 39 | YSGKVEVPQNC | Ligand 61 | DNAAARVGIRA
Ligand 18 | ELPVQSTEGNF | Ligand 40 | EVPQNCEVNAG | Ligand 62 | RVGIRAWPISV
Ligand 19 | STEGNFKYLKL | Ligand41 | CEVNAGQVVEF | Ligand 63 | AWPISVTGIKP
Ligand 20 | FKYLKLNDYLL | Ligand 42 | GQVVEFDGGDI | Ligand 64 | VTGIKPAEGPF
Ligand 21 | LNDYLLGAMS Ligand 43 | FDFGDIGASLF Ligand 65 | PAEGPFTARGY
Ligand 22 | LGAMSITDSVA | Ligand 44 | IGASLFSQAGA | Ligand 66 | TARGYLRVDYD




16 3.2. STRUCTURE VALIDATION
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Figure 3.2: The workflow diagram outlines the essential steps for conducting the molecular docking simulation. It

specifies the three required files and their respective specifications.
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Table 3.2: Coordinates each grid box of size 126 x 126 X 126 used in the molecular docking, to a better understanding

it can be seen a graphic representation in Figure 3.3

Grid Box 1 2 3 4 5 6
x -32.097 -32.097 -19.637 19.637 19.637 19.637
y -3.065  -3.065 3.060 3.060 3.060 -0.493
z -20.309  7.781  24.880 24.880 -2.364 -33.442

A.a completeness of 15, and 10 outputs (models) per simulation. Subsequently, the best results in terms of binding
energy were selected for a detailed analysis of the interactions.
The highest-quality models were initially visualized in PyMol and later in Discovery Studio Visualizer, generat-

ing detailed 2D images of the observed interactions.

As mentioned above, given the predictions made by molecular docking, the computational work required is high.
Therefore, the computer hardware must be suitable. For a reduction in computational time and better performance,
it is recommended that the computer used have a minimum RAM capacity of 32 GB, and a CPU with the greatest
number of cores possible, for some cases it is essential to have a Nvidia graphics card. In this work, a computer was
used with an 8-core processor of the 11th generation of Intel Core 17, with a speed of 2.30GHz and the capacity to

handle up to 16 processing threads, and with a RAM of 16 GB, with a system 64-bit operating system.

3.3 Evaluation parameters

To assess the quality of the positions of predicted binding poses and the estimated binding affinities between a ligand

and its target protein, it was necessary to evaluate certain parameters.

3.3.1 Binding energy

Considered one of the crucial parameters in the assessment of molecular docking, binding energy provides information
on the strength and stability of the receptor-ligand interaction. A more negative binding energy usually indicates a
strong binding affinity. In this study, the affinity energy values determined by the FDA were considered to be in the
range of -5.63 kcal/mol to -6.85 kcal/mol°.
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1)

2)

3)

3)

6)

Figure 3.3: The graphical representation illustrates the transitions of the grid during molecular docking on TLR4, as

detailed in the accompanying Table3.2.
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3.3.2 RMSD (Root Mean Square Deviation)

RMSD is a quantitative measure that allows us to determine how well the simulated structure aligns with the
experimental or native structure, enabling the evaluation of prediction coherence. Lower RMSD values suggest more

consistent predictions, while larger RMSD values could indicate significant structural changes>'.

3.3.3 Visual Inspection

This parameter will enable the evaluation of the quality of the predicted binding poses. Important considerations
include the binding site interactions, looking for the formation of hydrogen bonds, electrostatic interactions, van
der Waals contacts, and other relevant interactions. Additionally, the assessment involves examining the binding
posture, checking the orientations and positioning of the ligand at the binding site, and evaluating the shape and size
of the binding pocket. Consideration of conformation changes is crucial in determining the reasonableness of any

alterations in the protein or ligand.






Chapter 4

Results & Discussion

4.1 3D Structure Validation

To initiate molecular docking and determine the optimal model to serve as a vaccine candidate, the 3D structures
of the ligand and receptor used for this study were first determined. The 3D modeling was carried out on the
SWISS-MODEL workspace (https://swissmodel.expasy.org), these were made from the FASTA files of chicken
TLR4 and Salmonella enterica subs. enterica serovar Typhimurium FimH. Once the 3D structures of chicken TLR4
and Salmonella FimH were obtained, they were validated. This evaluation focused on the parameters detailed in
the methodology, which provide information on the molecular geometry, steric collisions, the conformation of the
dihedral angles phi and shi, the orientation that the groups can take, the chemical bonds, and the atypical angles?’.
The validation of the structures is of utmost importance as the outcome of molecular docking is directly related to the
quality and reliability of the model 2. Figure 4.1 details the parameters evaluated in each structure, thus it can be seen
that in the two structures, the parameters MolProbity Score, Clash Score, Ramachandran Favoured, Ramachandran
Outliers, Bad Bonds, Twisted Non-Prolines and Cis Non-Proline are within the ranges considered as ideal; on the
other hand, the values of C-Beta Deviations, Bad Angles, Cis Prolines, and Twisted Prolines, although not ideal, are
within the acceptable values for the validation of the 3D structures. Once the structures were determined, the required
files for docking were prepared, which included the receptor and ligand in PDBQT format and the configuration file,
to finally start the simulation. In order to do a thorough study, blind molecular docking was carried out to explore
possible interactions in more detail. For this purpose,Salmonella enterica subs. enterica serovar Typhimurium FimH

was divided into 66 ligand segments, which are made up of 11 amino acids, except for the first segment (1), which

21
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Ideal values

Chicken TLR4

Salmonella FimH

- ; 10— !
-180° 0 180° -180° 0 180°
0] [

MolProbity Score: less than 1.5 0.96 0.73

Clash Score: less than 5. 0.22 0.20

Ramachandran Favoured: >98%. 94.53% 97.30%

Ramachandran Qutliers: as low as 0.36% 0.60%

possible.

Rotamer Outliers: bellow 1-2%. 0.90% 1.05%

C-Beta Deviations: as low as possible. | 3 2

Bad Bonds: zero. 0/6884 0/2603

Bad Angles: zero. 46/9334 8/3555

Cis Non-Proline: as low as possible. 1/815 1/313

Cis Prolines: as low as possible. 2/27 1/21

Twisted Non-Prolines: zero. 1/815 1/313

Twisted Prolines: zero. 2/27

Figure 4.1: Chicken TLR4 and Salmonella FimH structures evaluation.



CHAPTER 4. RESULTS & DISCUSSION 23

contains only 10 amino acids, as detailed in Table3.1. The smaller conformational size of the ligands allows rapid
and efficient scanning in contrast to the use of the entire ligand structure and allows the binding sites on the receptor

to be determined clearly and specifically 3.

4.2 Molecular docking results

Molecular docking was executed using Autodock Vina from the Command Prompt window, where the grid box
played a key role. This was specified so that the entire surface of the receptor was scanned. The configuration
of this grid was defined in the configuration file according to the section that was desired to be evaluated. As a
result, the program generated a table with the 10 best models per simulation, which resulted in a total of 66 tables,

corresponding to the number of ligand segments for the 6 grids mentioned above.

In this part, the analysis focused on affinity energies and RMSD values detailed in the tables, crucial parameters
when evaluating receptor-ligand complexes. Affinity energy, as provided by the FDA, is vital for assessing the strength
and specificity of binding. While a more negative affinity energy suggests a stronger interaction, it is crucial to avoid
excessively negative values, which may indicate non-specific binding and the formation of biologically irrelevant
complexes3*. Compliance with recommended energy ranges (-5.63 to -6.8 Kcal/mol) is essential, ensuring both
stability and immunogenicity without deactivating the binding site*°, conversely, RMSD values serve to compare
structural conformations between predicted and reference structures. A low RMSD value indicates close structural
similarity, facilitating structural superposition®'.This comparison aids in assessing the accuracy and reliability of
the predicted complex structures.

The tables show the models in descending sequence, the model with the most favorable (negative energy) affinity
energy is at the top, in this sense the first model is better than the second model, the second model is better than the
third, and so on. To determine in which part of the structures the interaction occurs, we begin by comparing the
best models of each simulation, in this case, we select the first model of each table, the one with the highest affinity
energy and an RMSD with a value equal to zero. First, the performance of each of the ligand segments in all the grid
boxes was compared and the best of these was selected and graphed. This selection was made with the 66 ligand

segments.

Figure 4.2 shows the affinity energy of the best models (receptor-ligand complex), one per ligand, where the
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Figure 4.2: Visualization of the best receptor-ligand models based on the binding energy resulted of the molecular

docking simulation. Where on the x axis it can be found the number of ligand and on the y axis the binding energy.
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binding energy varies between -5.5 to -7.4 kcal/mol, but only 54 of the 66 models have an affinity energy inside the
range established as feasible. Thus, models involving ligands 4, 6, 8, 13, 15, 22, 24, 37, 53, 60 and 63 were excluded

as possible candidates for vaccine development.

Parallel to the affinity energy selection, a visual analysis of the same models was performed in PyMol, mainly to
determine if the interactions were visually reasonable, focusing on the conformation and orientation of the structures,
verifying if the model is biophysically plausible, as well as looking for steric hindrances between the structures.
Identify possible crashes between structures, the presence of these steric hindrances could interfere with the stability
of the model, which is why it is important to identify the existence of these and if it is possible to minimize them,
change the orientation of ligand3>3®. As a result of this analysis, only 24 of the 66 models were considered to be
visually reasonable and had affinity energies within the FDA range. Table 4.1 details the ligands and the Grid Box
to which the model belongs, as well as their affinity energy. In this, it can be seen that the ligand segments of the
24 favorable models are consecutive or close to each other, which would tell us about the spatial proximity between
them, which could favor the interaction of the ligand with the receptor protein3’.The total binding affinity to the
receptor could be favored since the interactions can be cumulative and occur synergistically, enhancing the stability
of the interaction or in turn favoring the signaling cascade. In turn, by increasing the interaction of the ligands
with the receptor, possible interactions with other organisms can be blocked, which allows greater selectivity and

efficiency when developing a drug383°.
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Table 4.1: Shows information on the 24 models considered viable. Im-

portant information is also detailed here, such as the ligands involved

in the simulation, the affinity energy, the amino acid residues, the body

of the grid where the model simulation was carried out, as well as the

favorable and not favorable interactions of the model.

Ligand

Binding
affinity
(kcal/mol)

TLR 4 amino acid residues

Grid center

Number

Unfa-

Number of
favorable of
interactions | vorable

interactions

11(a)

-6.3

A:LYS59:NZ -
A:LYS59:NZ - B:GLU291:0,
A:PRO50:CD - B:ASN206:0Dl,
B:ARG261 - A:LYS59.

B:GLU291:0E2,

4 36

14(b)

-6.1

A:VAL65:N -
A:VAL65:N - B:TYR449:0H,
A:THR68:N - B:THR398:0,
A:THR68:0G1 -
B:THR398:0Gl1, A:VALTS:N -
B:LEU454:0,B:THR424:0G1 -
A:ASN66:0D1,
- A:GLY72:0, B:LEU458:N
- A:THR74:0, A:CYS69:SG -
B:PHE404, A:ALA67 - B:PRO402,
A:CYS69 - B:CYS400, A:CYS69 -
B:PRO402, A:PRO70 - B:PRO402,

B:LEU423:0,

B:LEU430:N

A:VAL7S5 - B:LEU458, B:PHE427 -
A:ALATI.

16 308

16(c)

-6.4

A:TYR77:0OH - B:LEU271:0

1 36

Continued on the next page
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Table 4.1 — Continued from previous page

Ligand | Binding TLR 4 amino acid residues Grid Box

affinity
(kcal/mol)

Number of
favorable

interactions

Number
of Unfa-
vorable

interactions

17(d) -6.4 B:ASNS500:N - A:TYRS82:0, | 5
B:ARG505:NH1 -
A:SER90:0,B:ASP521:0D2 -
A:TYRS82, A:VALS83:0 - B:PHES52S,
A:VAL83 - B:LEU517, A:VALRS3 -
B:VAL520, A:LEU86 - B:LEUS5IO,
A:LEU86 - B:LEUS534, A:PRO87 -
B:LEU510,A:PRO87 - B:LEUS531,

B:ALAS527 - A:VALSS

11

307

18(e) -6.3 B:SER334:CB - A:LEUS86:0, | 4
A:LEU86:CD1 - B:PHE308, A:PRO8&7
-B:MET332, A:VALS8 - B:MET332,
B:VAL330 - A:LEUS6, B:PHE333 -

A:PRO87,B:PHE357 - A:LEUS6.

147

19(f) -6.1 B:LYS170 - A:LEU100 2

21(g) -5.8 B:LEU153:N - A:SER109:0, | 4
B:THR155:0G1 - A:GLY106:0,
B:SER180:N - A:ALA107:0,
A:LEU104 - B:LEU153, A:LEU105 -
B:LEU129, A:LEU105 - B:LEU153,
A:LEU10S - B:LEU156, A:ALA107 -
B:LEU156, A:MET108 - B:LEU181,
A:ILE110 - B:ILE150, B:PRO149 -

A:ILE110, B:HIS127 - A:LEU104.

12

247

Continued on the next page
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Table 4.1 — Continued from previous page
Ligand | Binding TLR 4 amino acid residues Grid Box Number of | Number
affinity favorable of Unfa-
(kcal/mol) interactions | vorable
interactions
23(h) -6.4 A:ILE110:N - B:GLU301:0E2, | 4 8 103
B:ASN302:ND2 - A:TYRI19:0,
A:SER113:0G - B:HIS248,
B:GLU301:C,0;ASN302:N
- A:PHEI11S, A:VAL114 -
B:LEU244,A:ALA115 - B:ALA275,
B:PHE276 - A:VALI114, B:PHE276 -
A:ALAT115.
26(i) -6.4 B:ILE125:N - A:ASP99:0D2, | 1 11 149
A:THR130:0G1 - B:ASP130:0,
B:GLN135:C - A:THR110:0Gl1,
A:SER131:CB - B:ASP130:0D1,
A:THR130:0G1 - B:TYR131,
B:METI127:CE - A:HIS127,
A:THR130:CG2 - B:TYRI131,

B:GLY128:0 - A:TYR106, B:VAL129
- A:.LEU108, A:VAL103 - B:LEU126,
A:ALA124 - B:ILE125.

Continued on the next page
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Table 4.1 — Continued from previous page
Ligand | Binding TLR 4 amino acid residues Grid Box Number of | Number
affinity favorable of Unfa-
(kcal/mol) interactions | vorable
interactions
27G) -6.2 A:ASP130:N - B:SER628:0G, | 6 8 108
A:GLN135:NE2 -
B:LEUS558:0,B:HIS614:N -
A:ASN132:0, B:SER630:N -
A:ASP130:0D2, B:ASP559:CA -
A:GLN135:0El, B:HIS614:CE1
- ATYRI131:0, B:LYS613:0 -
A:TYRI131, A:TYRI131 - B:LEU610.
28(k) -5.9 A:LYS145:NZ - B:ASP147:0D2, | 1 12 145
B:LYS173:NZ - A:ASP143:0D2,
B:SER146:0G - A:ASP143:0,
A:PRO138:CD -  A:GLN136:0,
B:LYS173:CE - A:ASP143:0D2,
A:PRO138 - B:LEU123, A:VAL141 -
B:PRO172, A:LYS145 - B:PRO172,
B:ALA124 - A:PRO138, A:PHE139 -
B:LEUI121, A:PHE139 - B:LEU123,
A:PHE139 - B:ALA125.
28.1(1) | -5.9 A:LYS145:NZ - B:GLUS533:0E2, | 6 3 72

A:LYS145 - B:ILES09, B:ARGS505 -
A:LYS137

Continued on the next page
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Table 4.1 — Continued from previous page

Ligand

Binding
affinity
(kcal/mol)

TLR 4 amino acid residues

Grid Box

Number of
favorable

interactions

Number
of Unfa-
vorable

interactions

32(m)

-5.9

A:ARG164:NE -  B:ARG207:0,
A:ARG164:NH2 - B:GLN258:0,
A:GLN165:NE2 - B:ASN209:0D1,
A:PRO163:CD - B:THR179:0,
A:PHE156 - B:TYRI174, A:PRO155
- B:LEU171, A:PRO155 - B:ILE230,
B:LYS173 - A:ILE157, B:ALA176 -
A:ILE157, B:ALA176 - A:METI59,
B:ARG207 - A:ILE162, A:PHE156 -
B:PRO172, A:PHEI156 - B:LYS173,
A:PHEL156 - B:ALA176.

14

215

40(n)

B:ASN269:ND2 -  A:PRO196:0,
B:SER188:CB - A:VAL201:0,
A:PRO196 - B:ILE270, B:ARG238 -
A:VAL195, B:HIS163 - A:CYS199,
B:PHE267 - A:PRO196.

68

Continued on the next page
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Table 4.1 — Continued from previous page

A:ASP213:0 - B:HIS231, A:ILE214
- B:ILE230, A:ALA216 - B:LYS229,
B:ALA228 - A:ILE214, B:LYS229 -
A:ILE214, A:PHE211 - B:ARG207.

Ligand | Binding TLR 4 amino acid residues Grid Box Number of | Number
affinity favorable of Unfa-
(kcal/mol) interactions | vorable

interactions

41(0) -6.3 B: LYS7I:NZ - A:ASP210:0D2, | 2 16 303

B:HIS95:N - A:PHE209:0,
B:THR96:N - A:PHE209:0,
B:THR96:0G1 - A:GLU208:0E2,
A:GLU208:CA - B:GLU98:0OE],
B:HIS95:CD2 - A:ASP210:0,
B:HIS127:CE1 - A:GLU200:0El,
B:PRO149:CD - A:GLN205:0El,
B:HIS152:CD2 -
A:ASN202:0D1, B:HIS152:CE1
- A:ALA203:0, B:LEU73:CD2 -
A:PHE209,A:ALA203 - B:ALA125,
B:ALA125 - A:VAL206, A:PHE209
- B:LEU70, A:PHE209 - B:LEU72,
B:PHE126 - A:ALA203.

43(p) -6.7 A:ASP210:N - B:ASN206:0D1, | 4 11 184
A:PHE211:N - B:ASN206:0D1,
A:ASP213:N - B:LYS229:0,
B:ARG207:NE - A:PHE211,
A:ASP213:0D2 - B:HIS231,

Continued on the next page
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Table 4.1 — Continued from previous page

Ligand | Binding TLR 4 amino acid residues Grid Box Number of | Number
affinity favorable of Unfa-
(kcal/mol) interactions | vorable

interactions

44(q) -6.4 A:GLY225:N - B:GLU329:0E2, | 2 2 20

B:SER328:CB - A:GLY225:0.
46(r) -6 A:ARG227:CD - B:SER282:0. 4 1 28
48(s) -6 A:THR235:0G1 - B:SER636:0, | 6 8 9
B:SER571:N - A:ASN244:0,
B:SER571:0G -  A:ASN244:0,
B:SER569:CB - A:THR243:0Gl,
B:THR595:CA -  A:ALA239:0,
B:CYS637:CA -  A:THR235:0,
B:CYS637:CA - A:THR235:0Gl,
A:CYS242:SG - B:PHES67.
51(t) -6.1 A:ALA257:N - B:ASN190:0, | 1 12 163
B:SER195:0G -  A:TYR250:0,
A:ALA257:CA -  B:ASNI165:0,
B:SER144:CA -  A:GLU258:0,
A:MET253:SD - B:THR192:0,
A:MET253:SD - B:TYR221,

A:ARG254 - B:LYS220, A:ALA257 -
B:ILE166, A:ALA257 - B:ALAI167,
A:ALA257 - B:ILE191, B:LYS220 -
A:MET253, B:TYR193 - A:LEU255.

Continued on the next page
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Table 4.1 — Continued from previous page

Ligand | Binding TLR 4 amino acid residues Grid Box Number of | Number
affinity favorable of Unfa-
(kcal/mol) interactions | vorable

interactions

57(u) -6.1 A:ASN280:N - B:GLU375:0E2, | 3 5 213

A:THR285:0G1 - B:GLU426:0,
B:SER401:CB - A:THR285:0Gl,
A:LEU289 - B:LEU423, A:LEU289 -
B:ILE444.
64(v) -6.6 B:ASN243:N -  A:GLU321:0E2, | 2 4 140
B:ASN243:ND2 - A:ALA320:0,
A:ALA320 - B:LYS220, B:ALA167 -
A:ILE317
65(w) -6.6 B:SER188:0G -  A:ARG327:0, | 2 7 133
B:ARG238:NH2 - A:THR325:0Gl,
A:THR325:CA - B:ASN269:0D1,
:SER187:0G - A:PHE324, A:ALA320
- B:LEU271, A:ARG327 -
B:LEU216,B:PHE267 - A:ALA326.
65.1(x) | -6.6 A:ALA320:N - B:ASP147:0D2, | 3 9 339
A:ALA320:N -  B:SER143:0G,
A:GLY328:N - B:LEU161:0,
A:ARG327:CD -  B:VAL213:0,
B:ASN217:0D1 - A:PHE324,

A:PRO323 - B:ILE166, A:PHE324
- B:ILE166, B:HIS163 - A:LEU330,
B:PHE186 - A:ARG327.
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4.3 2D Model Generation

4.3.1 Models selection

Having determined the favorable models in the previous section, the next step was to generate a 2D plot of each
model. 2D graphics are useful in the analysis of the results since they provide a flat representation of the structures
allowing a better view of the structures and the interactions that occur between them, facilitating the identification
of the type of interactions and amino acid residues involved3”.

The Figures 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 49,4.10, 4.11, 4.12, 4.13 and 4.14,show the 24 selected models and
the given interactions between TLR4 and the ligand segments, detailed in Table 4.1. To determine which models
are most viable, it is necessary to take into consideration the favorable and unfavorable interactions present in the
models.

In the 2D model representation, the interactions between the structures are depicted in various colors, indicating
both favorable and unfavorable contacts. Notably, the Unfavorable Bump interactions suggest a steric clash between
the atoms of the structures, likely due to misaligned ligand groups or their improper positioning within the receptor’s
active site. This misalignment diminishes the likelihood of stable and efficient binding for model*’. Additionally,
the Unfavorable Donor-Donor interaction denotes a detrimental overlap between hydrogen bond donors, hindering
the establishment of hydrogen bonds. The presence of these unfavorable interactions could detrimentally impact
the model’s accuracy, complicate the identification of interactions, and potentially result in inaccuracies in the
assessment of binding energy*! 342,

Additionally, the study highlights favorable interactions, such as the Attractive Charge interaction, which involves
a beneficial electrostatic interaction between oppositely charged entities*°, suggesting a region where these charges
are drawn together, thereby enhancing the stability of the interaction. The Conventional Hydrogen Bond type is also
observed, signifying a hydrogen bond where a hydrogen atom engages with another hydrogen donor atom*3. This
interaction is crucial for the specificity and strength of the bond within the system. The images further reveal Carbon
Hydrogen Bond interactions, where a hydrogen atom connected to a carbon atom interacts with another atom in the
receptor molecule, contributing to the model’s stability, akin to the Conventional Hydrogen Bond. Moreover, the
Alkyl interaction type, associated with hydrophobic interactions between the ligand’s alkyl groups and the receptor,
provides an attractive force in the hydrophobic regions, thus offering hydrophobic stability to the model*°. The model
also exhibits Pi-Sulfur, Pi-Alkyl, Pi-Anion, and Pi-Lone Pair interactions. These involve the specific engagement

of the ligand’s aromatic ring with a sulfur atom, an alkyl group, a negative ion, and a lone pair of electrons on the
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Interactions
I unfavorable Bump [] carbon Hydrogen Bond
- Attractive Charge D Alkyl

[ conventional Hydrogen Bond

Interactions

I unfavorable Bump [ Alkyl
[ conventional Hydrogen Bond [ PirAlkyl
[ pi-sulfur

Figure 4.3: Schematic representation of the interaction model between the receptor and the ligands 11(a) and 14(b).

The receptor is depicted in green and is referred to as the ‘A’ chain, while the ligand is identified as the ‘B’ chain.
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Interactions

I unfavorable Bump B unfavorable Donor-Donor
[ conventional Hydrogen Bond

Interactions

I unfavorable Bump [ Pi-Anion
[ conventional Hydrogen Bond [T] Pi-Lone Pair
B unfavorable Donor-Donor [ Alkyl

Figure 4.4: Schematic representation of the interaction model between the receptor and the ligands 16(c) and 17(d).

The receptor is depicted in green and is referred to as the ‘A’ chain, while the ligand is identified as the ‘B’ chain.
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receptor, respectively. Such interactions underscore the molecular complementarity and the precise recognition of

the binding site by the orientation of the molecules*’.

4.3.2 Models description

Upon identifying the types of interactions depicted in the 2D images, the subsequent phase involves selecting the
most appropriate model for developing a vaccine against Salmonella enterica subs. enterica serovar Typhimurium
in chickens. Although the numerical data may show a predominance of unfavorable over favorable interactions,
suggesting potential non-viability, it is imperative to consider that a model’s feasibility also relies on the quality of
other interactions between the structures. These play a pivotal role in precisely predicting the model’s behavior and
ensuring its stability 3.

Figure 4.3 and 4.4 shows a predominance of unfavourable interactions in the four models; at the same time, it
can be seen that in the 2D image (b), (c) and (d) of Figure 4.3 and 4.4 there are favorable interactions of the hydrogen
bond type and in two of these (b) and (d) models a hydrophobic type, the occurrence of these interactions could
certainly represent a positive appearance in the model. Therefore, despite the fact that the unfavorable interactions
are greater in number, this does not mean that there is no part of the molecules in which an interaction occurs, which
is the case in models (b), and (d) in Figure 4.3 and 4.4. Since model (a) only shows unfavorable interactions, it is

discarded as a possible candidate for the indicated purposes.

Figures 4.5 and 4.6show the 2D structures of the models involving the ligands 18(e), 19(f), 21(g) and 23(h).
Here, the number of unfavorable interactions is smaller than those of the models in Figure 4.3 and 4.4. One of the
most remarkable models is model (f) Figure 4.5. This model, contrary to the other 23 models, is the only one that has
no unfavorable interactions and, in addition to this, presents a hydrophobic interaction. On the contrary, models (e),
(g), and (h) present favorable and unfavorable interactions; the presence of favorable interactions of the hydrophobic
type and one of the hydrogen bond types in model (g), points to the possibility that there is affinity in some part of

the structures so that all the models present in this figure will be considered as viable.

Following the analysis of the previous figures, it can be seen that of the models in Figures 4.7, 4.8, 4.9, 4.10,
4.11, 4.12, 4.13 and 4.14, only models (p) and (s) are considered unfavorable, given that all the interactions present
in them are of the unfavorable type, meaning that they do not provide stability to the model. Regarding the remaining

models, these ones have at least one type of interaction, either hydrophobic or hydrogen bonding type, which does
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Interactions
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Figure 4.5: Schematic representation of the interaction model between the receptor and the ligands 18(e) and

19(f).The receptor is depicted in green and is referred to as the ‘A’ chain, while the ligand is identified as the ‘B’

chain.
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Interactions

I unfavorable Bump

[ conventional Hydrogen Bond
- Unfavorable Acceptor-Acceptor

[ Alkyl
[ PirAlkyl

Interactions

I unfavorable Bump

[ Attractive Charge

I conventional Hydrogen Bond
- Unfavorable Negative-Negative
- Unfavorable Donor-Donor

- Unfavorable Acceptor-Acceptor
[] pi-Donor Hydrogen Bond
[ Amide-Pi Stacked

[ Alkyl

[ pi-alkyl

Figure 4.6: Schematic representation of the interaction model between the receptor and ligands 21(g) and 23(h). The

receptor is depicted in green and is referred to as the ‘A’ chain, while the ligand is identified as the ‘B’ chain.
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Interactions
- Unfavorable Bump

[ Attractive Charge

- Conventional Hydrogen Bond
[] carbon Hydrogen Bond

- Unfavorable Acceptor-Acceptor

D Pi-Donor Hydrogen Bond
B Fi-sigma

|:| Pi-Lone Pair

[ Akyl

Interactions

I unfavorable Bump

I conventional Hydrogen Bond
[] carbon Hydrogen Bond

[ Pi-Lone Pair
[ pi-alkyl

Figure 4.7: Schematic representation of the interaction model between the receptor and the ligands 26(i) and 27(j).

The receptor is depicted in green and is referred to as the ‘A’ chain, while the ligand is identified as the ‘B’ chain.
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Interactions

B unfavorable Bump

[ Attractive Charge

- Conventional Hydrogen Bond
["] carbon Hydrogen Bond

- Unfavorable Donor-Donor
- Unfavorable Acceptor-Acceptor
[ Alkyl

[ Pi-Alkyl

Interactions

Bl unfavorable Bump

[ Attractive Charge

B unfavorable Positive-Positive

B unfavorable Donor-Donor

[ Alkyl

Figure 4.8: Schematic representation of the interaction model between the receptor and the ligands 28(k) and 28.1(1).

The receptor is depicted in green and is referred to as the ‘A’ chain, while the ligand is identified as the ‘B’ chain.
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Interactions

B unfavorable Bump [ Pi-pi T-shaped
[ conventional Hydrogen Bond [ Alkyl

[T carbon Hydrogen Bond [ Pi-Alkyl

Interactions

I unfavorable Bump B unfavorable Positive-Positive
[ conventional Hydrogen Bond [ Alkyl

|:| Carbon Hydrogen Bond D Pi-Alkyl

Figure 4.9: Schematic representation of the interaction model between the receptor and the ligands 32(m) and 40(n).

The receptor is depicted in green and is referred to as the ‘A’ chain, while the ligand is identified as the ‘B’ chain.
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Interactions

B unfavorable Bump B Fi-sigma
- Attractive Charge |:| Alkyl
[ conventional Hydrogen Bond [] pi-alkyl

[ carbon Hydrogen Bond

Interactions

B unfavorable Bump [ Pi-Lone Pair
[ conventional Hydrogen Bond [ Alkyl

[ Pi-cation [ Pi-Alkyl
[ Fi-Anion

Figure 4.10: Schematic representation of the interaction model between the receptor and the ligands 41(o) and 43(p).

The receptor is depicted in green and is referred to as the ‘A’ chain, while the ligand is identified as the ‘B’ chain.
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not allow them to be discarded completely.

As mentioned above, the presence of hydrogen bonds and hydrophobic interactions will be a determining factor
in the selection of models for the study. The greater the presence of hydrogen bonds with the amino acid residues,
the stronger the bond. Based on the 2D structures of the models, the hydrogen bond type interactions were presented
in the models (b), (¢), (d), (g), (), (j), (m), (n), (0), (q), (s), (1), (u), (W) and (x). On the other hand, the presence
of hydrophobic interactions is important since these are non-polar amino acid residues that, in an attempt to avoid
contact with water, tend to form groups within the structures. These interactions generally include alkyl, Pi-sulfur,
Pi-alkyl, and Pi-anion. Based on the 2D structures of the models, these types of interactions were found in models
(b), (d), (e), (), (g), (h), (j,) (m), (n), (t), and (v). Furthermore, the presence of unfavorable bump or donor-donor
type interactions can reduce the stability of the other types of bonds, thus affecting the models that will be used as
candidates for the development of the vaccine, as mentioned previously. The presence of these interactions does
not rule out the model directly, but it is important to find a balance between favorable and unfavorable interactions.
The analysis of the simulation results revealed that the models where the amino acid residues of the receptor and
the ligand interact mainly through hydrogen bonds are hydrophobic and that in addition, the number of unfavorable
interactions is not very large, models (c), (f), (j), (n), (q), (s) and (t). The (c) model presents a single hydrogen bond
between A: TYR77:0H - B: LEU271:0 and four unfavorable interactions of the bump and donor-donor type, these
interactions are far from the favorable interaction so they would not be directly interfering with the stability of this
link, which allows the model to retain stability and be considered a possible vaccine candidate.

The model (f) could be considered the most reliable candidate since it does not present unfavorable interactions
and also presents a hydrophobic type bond between B: LYS170 - A: LEU100. Model (j) presents three hydrogen bonds
between A: GLN135:NE2 - B: LEU558:0, B: ASP559:CA - A: GLN135:0Ely A: ASP130:N - B: SER628:0G,
the presence of two consecutive hydrogen bonds could speak of a strong and stable interaction, and a hydrophobic
interaction A: TYR131 - B: LEU610, seven unfavorable interactions were also observed. In the model (n), two
favorable interactions were produced, one of the hydrogen bond type between B: ASN269:ND2 - A: PRO196:0 and
the other hydrophobic between A: PRO196 - B: ILE270, the presence of these two types of interaction provides
stability and reliability of the models. In this model, only six non-favorable interactions were presented. In the (q)
model, only three interactions are presented, two of the non-favorable type and one of the favorable type where a
hydrogen bond is formed between B: SER328:CB - A: GLY225:0.

In model (s), there are four favorable and two unfavorable interactions. These favorable interactions are

three hydrogen bonds between A:THR235:0G1 - B:SER636:0, B:SER571:0G - A:ASN244:0, B:SER569:CB
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Interactions

- Unfavorable Bump
I conventional Hydrogen Bond

|:| Carbon Hydrogen Bond

Interactions
B unfavorable Bump

[T] carbon Hydrogen Bond

Figure 4.11: Schematic representation of the interaction model between the receptor and the ligands 44(q) and 46(r).

The receptor is depicted in green and is referred to as the ‘A’ chain, while the ligand is identified as the ‘B’ chain.
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Interactions
B unfavorable Bump [T] carbon Hydrogen Bond
B conventional Hydrogen Bond [ pi-sulfur

Interactions

I unfavorable Bump B Uunfavorable Positive-Positive
- Conventional Hydrogen Bond |:| Pi-Sulfur

[] carbon Hydrogen Bond [ Alkyl

I:] Sulfur-X |:] Pi-Alkyl

Figure 4.12: Schematic representation of the interaction model between the receptor and the ligands 48(s) and 51(t).

The receptor is depicted in green and is referred to as the ‘A’ chain, while the ligand is identified as the ‘B’ chain.
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Interactions
I unfavorable Bump [T"] carbon Hydrogen Bond
[ Attractive Charge [ Alkyl

I conventional Hydrogen Bond

®

Interactions

- Unfavorable Bump :] Alkyl

- Conventional Hydrogen Bond

Figure 4.13: Schematic representation of the interaction model between the receptor and the ligands 57(u) and 64(v).

The receptor is depicted in green and is referred to as the ‘A’ chain, while the ligand is identified as the ‘B’ chain.
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I unfavorable Bump

I conventional Hydrogen Bond
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[ Alkyl
[ pi-Alkyl
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[ Attractive Charge
- Conventional Hydrogen Bond

[] carbon Hydrogen Bond

|:| Pi-Lone Pair
[ Alkyl
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Figure 4.14: Schematic representation of the interaction model between the receptor and the ligands 65(w) and

65.1(x). The receptor is depicted in green and is referred to as the ‘A’ chain, while the ligand is identified as the ‘B’

chain.
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- A:THR243:0G1 and a Pi bond -sulfur between A:CYS242:SG - B:PHE567.

The (t) model has a total of four favorable interactions, two interactions of the hydrogen bond type, one of the
hydrophobic type, and one of the Pi-sulfur type, these interactions occur between B: SER195:0G - A: TYR250:0,
A: ALA257:CA - B: ASN165:0, A: ALA257 - B: ILE191 and A: MET253:SD - B: TYR221, respectively, and ten

unfavorable interactions.

Figure 4.15: Favorable ligand segments: Ligands are differentiated by different colors. For example, ligand 16 is

blue, 19 is magenta, 27 is red, 40 is salmon, 44 is orange, 48 is marine, and L54 is white.

To gain a better understanding of the favorable models, the figure 4.15 can display the ligand segments utilized in
these models. Within this figure, it becomes evident that certain segments are spatially proximate and consecutive to
one another. This is observed in the case of ligands 40 and 48 (see 4.15, image b), as well as 16 and 19 (see see 4.15,
image a). he proximity between these ligands may facilitate the determination of the most favorable ligand segment
and binding site. Upon examination of the details provided in Table 4.1 , it is apparent that the favorable binding
site for 16 and 19 resides within grid box 2. These models exemplify the commutative nature of interactions. In
contrast, the ligand segments 40 and 48 exhibit favorable binding sites located in distinct grid boxes. Consequently,
it is advisable to prioritize the examination of models (c) and (f) in subsequent studies. Given their binding energy,

the interactions depicted, the spatial proximity of the ligand segments, and the grid box within which these models
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were simulated, they emerge as strong candidates for the development of a Salmonella vaccine for chickens.



Chapter 5

Conclusions

To conclude, the present study explored the interactions between TLR4 and Salmonella FimH. To do this, we first
determined that the ligand and receptor structures were reliable and stable. Once the structures were obtained, the
molecular docking of 66 ligands was run in 6 different grid boxes, resulting in a total of 396 result tables, each of
which included the ten best models from each simulation, yielding 3960 models as molecular docking results, of
which only 24 were viable in the first run. These models were analyzed with the help of Discovery Studio Visualizer,
which was used to generate a 2D image of the interactions in each model. What was sought in the models was that
they were stable and that the interactions present in them were strong. In this sense, it was found that 17 of these
models had no interactions relevant to the model and, in addition, the unfavorable interactions greatly outnumbered
the favorable ones. It was the evaluation of interactions that finally determined which models could be considered
viable for vaccine development, and these were models (c), (f), (j), (n), (q), (s), and (t).Given the spatial proximity
of the ligand segments used and that the grid box where the interaction occurred was the same, it is important to pay
greater attention to models (c) and (f).

On the other hand, given the number of unfavorable interactions present in almost all the models, it is essential
to verify whether the initial structures of the ligand and the receptor are adequate. Given the complexity of the
interactions and the conditions under which the study has been carried out, it is important that the results obtained
are subjected to other types of analysis, such as molecular dynamics, the calculation of surface areas of interaction,
as well as the validation of these results experimentally, such as in vitro tests or more detailed structural studies.

Given the significant impact of Salmonella infections on both public health and the economy, it is imperative to

underscore the necessity of developing new vaccines. While existing vaccines are available, they often fall short in
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effectively combating all strains of Salmonella, especially those that have developed resistance to antibiotics.
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