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Abstract

Tuberculosis (TB), caused by Mycobacterium tuberculosis, is a global health threat, with drug-resistant
strains complicating treatment efforts. Recent studies have highlighted the potential of PE/PPE family
proteins, such as PPE18 and PPE25, as novel drug targets due to their roles in virulence and immune
modulation. These PPE proteins have been reported to contribute to M.th pathogenicity by modulating he
host immune responses and facilitating persistence in the host. This study aims to identify natural ligands
derived from marine organisms and plants sources as potential inhibitors of PPE18 and PPE25 using

bioinformatics-based molecular docking.

In this study, 3D structures of PPE18 and PPE25 were obtained from the Protein Data Bank (PDB) and
prepared for molecular docking using AutoDock 4.2. A comprehensive library of natural compounds was
created, through extensive review of literature, containing marine and plant-derived bioactive compounds
known for their antimicrobial properties. The top-ranked ligands were selected based on binding energy
scores and then key interactions were assessed, including hydrogen bonding and hydrophaobic interactions

with critical residues of receptor proteins.

The docking results revealed a few promising ligands with strong binding affinities for PPE18 and PPE25.
Some of the ligands showed stable interactions within the critical sites/pockets of the receptor proteins,
suggesting potential inhibitory effects on PPE protein function. This study demonstrates the potential of
some of the natural compounds as novel inhibitors targeting PPE18 and PPE25, providing a new strategy
for combating drug-resistant TB. Future experimental validation is required to confirm these findings and

elucidate the mechanisms of action.

Keywords: Mycobacterium tuberculosis, PPE18, PPE25, natural ligands, molecular docking, drug

resistance.



1. Introduction/Background

In 1882, Robert Koch discovered Mycobacterium tuberculosis (M. th), as the causative agent of tuberculosis
(TB). It is one of the world’s leading causes of infectious disease-related death despite 90 years of
vaccination and 60 years of chemotherapy (1). According to the 2022 World Health Organisation (WHO)
report, around one quarter of the world’s population (2 billion) are latently infected with M. tb. In the
individuals carrying latent TB infections (LTBI), the estimated lifetime risk for TB reactivation is 5-10%.
as shown in the figure below, in 2022, eight countries accounted for more than two thirds of global TB
cases: India (27%), Indonesia (10%), China (7.1%), the Philippines (7.0%), Pakistan (5.7%), Nigeria
(4.5%), Bangladesh (3.6%) and the Democratic Republic of the Congo (3.0%). Unfortunately, no effective
vaccine is currently available to prevent TB disease in adults, either before or after exposure to M. tb.
Nonetheless, the only licenced TB vaccine, Bacille Calmette-Guérin (BCG) can confer moderate protection

in infants and children (2).

Also, the people suffering from HIV have an 18 times higher risk of developing TB than unaffected person.
In the context of the coronavirus disease 2019 (COVID-19) pandemic, the impact of TB on global health
has become even more severe. Individuals who have recovered from COVID-19 have been found to have
a higher risk of developing TB, likely due to the negative impact of COVID-19 on the immune system.
Therefore, new TB treatment drugs remain an urgent research priority while the ability of Mtb to survive
in the microenvironment of the human host remains as one of the greatest challenges (3).

Y

Figure-1: The prevalence of tuberculosis worldwide: Source: WHO report 2023



1.1 Life Cycle and Pathogenesis

The pathogenesis of tuberculosis is connected to the development and progress of the causative bacteria -
Mycobacterium tuberculosis. The bacterium initiates its life cycle upon engagement with the respiratory

tract and lungs, specifically interacting with alveolar macrophages.

Active tuberculosis patients transmit the infection via coughing/sneezing, leading to release of M.tb
containing aerosol droplets, which travel through the trachea to bronchi, bronchioles and ultimately alveoli
present in the lungs. Occurrence of the bacterium in the alveoli alerts the alveolar macrophages, which
recognize it as a foreign particle and initiate phagocytosis by engulfing. Pathogen associated molecular
patterns (PAMPS) on TB release Danger associated molecular patterns (DAMPS) that are recognized by
Toll Like Receptors (TLRs) on alveolar macrophages and phagocytosis occurs. At this point, intracellular
lysosomal enzymes are released in the vesicle containing bacteria, which may digest and destroy the bacilli,

leading to the eradication of the disease (4).
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Figure-2: Schematic representation of life cycle of Mycobacterium in the host cell

However, in most cases the bacteria are able to evade this fate by action of complex mechanisms. Prolonged
interaction with MTB causes release of inflammatory cytokines that activate and recruit neutrophils, T
lymphocytes and monocytes to the site of infection. If the infected macrophages travel to the thoracic lymph

nodes, they can cause adverse effects on the immune system and initiate macrophage cell death, which



would finally lead to the advancement of the bacilli through the lymphatic and circulatory system. This
would result in the disease spreading to different regions of the body, and is labelled extra pulmonary

tuberculosis.

The second fate of mycobacterium tuberculosis infected macrophages is the development of a structure
called granuloma (an important feature of TB) (5). Macrophages, along with addition of T cells and B cells
form a clustered covering in the vicinity of the bacilli, with the intent of containing the bacteria within itself,
prohibiting its spread. Unfortunately, this also ensures a refuge for bacterial populations. As a result, the
immune system doesn’t recognize this danger and brings about the latent state of TB infection, which aids

the survival of granulomas and patients are thus asymptomatic (6).

As the granuloma matures, macrophages differentiate into foamy cells. The center of granuloma may
undergo necrosis of the host immune cells forming caseum (caseous granuloma) known as Ghon focus.
Ghon focus with Hilar Lymph node forms Ghon Complex. This Ghon complex undergoes fibrosis and
calcification to form Ranke complex and in some cases the Mycobacterium tuberculosis is killed but in

many immunocompromised individual reactivation of TB takes place (7).

The immunocompromised individual is often seen suffering from HIV which gives rise to the granuloma
cavitation and resulting in the conversion to active form of the disease. A delayed response by T cells
triggers necrosis in the center of the granuloma, allowing it to become caseous in nature. This is
characterized by the conversion of macrophages into foam cells, leading to their accumulation, along with
the presence of necrotic host immune cells. Latent state TB involves the maturation of this state, inducing
cavitation, and thereby permitting the release of mycobacterium tuberculosis back into the lung airways.
This marks the transition from latent to active tuberculosis, that is symptomatic and infectious.

1.2 Signs and Symptoms

Mycobacterium tuberculosis (MTB) is a rod shaped bacterium, measuring approximately 3-4 micrometers
in length and 0.3-0.6 micrometers in width. MTB is a slow growing bacterium, often taking several weeks

for a single colony to grow on a culture plate.



Latent MTB infection remains asymptomatic, though it may produce positive results in diagnostic tests.
Signs and symptoms of active MTB infection vary depending on the severity of the disease. Common
symptoms include a persistent cough lasting for weeks, coughing up blood or phlegm (mucus), chest pain,
fatigue, weight loss, fever, night sweats, swellings that persist for weeks, chills, loss of appetite, and

shortness of breath.

Depending on where MTB is growing in the body, other symptoms may include swollen, firm, red, or
purple lymph nodes under the skin (Lymph nodes), blood in the urine (Kidneys), headache or confusion
(Brain), back pain (Spine), and hoarseness (Larynx) (8).

1.3 Current Treatment Regimen

This section reviews various currently essential drugs prescribed to the Drug Sensitive tuberculosis (DS-
TB) patients classified according to the basis of their mode of action and their abilities to eradicate specific
stages of Mycobacterium tuberculosis (Mtb) (7).

1.3.1 Cell Wall assembly in Mycobacterium

Mtb possesses an atypical cell wall structure composed majorly of simple lipids and carbohydrates. This
envelope includes Peptidoglycan (PG), Arabinogalactan (AG), Lipoarabinomannan (LAM) and, Mycolic
acid (MA) which forms a mycolyl-arabinogalactan peptidoglycan complex (mAGP) with some units of
phosphatidyl myo-inositol based lipoglycans. Mycolic acid is one of the most indispensable parts of the
cell wall as it envelopes the entirety of the cell and provides the bacterium permeability and ability to anchor
it to a foreign object. Although hampering any component of the cell wall of the bacterium renders it

vulnerable, interfering with MA and AG synthesis effectively makes it dysfunctional for pathogenesis.

1.3.2 First Line Drugs for Tuberculosis treatment

The first line drugs include those antibiotic drugs which are specifically designed to affect Mth and its
pathogenesis. The drugs include Isoniazid (INH), Rifampicin (RIF), Pyrazinamide (PZA) and Ethambutol

(EMB) whose combination is given for the initial DS-TB patients.



e INH exerts an inhibitory effect on an enzyme InhA which is involved in the biosynthesis of MA.
InhA is an enoyl acyl carrier protein (ACP) reductase which reduces long chain 2-enoyl acyl by
forming covalent adducts with NAD cofactors and enoyl-CoA substrates. INH forms an adduct with
NAD cofactors which indirectly inhibits InhA activity ultimately hampering MA biosynthesis. It is

most effective against actively growing Mtb.

e RIF is a potent inhibitor of bacterial DNA-dependent RNA polymerase. RIF binds to the § subunit
of the RNA pol Il preventing the initiation factor (c) from binding thereby arresting the process of
transcription but RIF does not arrest DNA replication. RIF has a rapid bactericidal effect on the

bacterial cells making it essential for TB treatment regimen for DS-TB patients.

e PZA is aprodrug which gets activated in the presence of an enzyme pyrazinamidase. This enzyme
is found in the latent granuloma formed by Mtb infection and converts PZA into pyrazinoic acid
which in turn interferes with fatty acid biosynthesis thereby affecting Mtb cell wall. PZA has a

bactericidal effect against both actively growing as well as dormant Mtb cells.

e EMB inhibits the synthesis of arabinogalactan (AG) by targeting the arabinosyl transferases such
as EmbA, EmbB and EmbC. EMB inhibits the growth of the actively proliferating Mtb cells but

does not directly kill them, rendering a bacteriostatic effect (5, 9).

1.3.3 Current DS-TB Treatment and its consequences

For DS-TB (Drug Sensitive tuberculosis) patients, initially, the treatment lasts for 6 months with use of the
first-line drugs (INH, RIF, PZA and EMB) only. All the first-line drugs for the initial two months and then
continuation of INH and RIF for the next four months are prescribed for complete eradication of the
dormant TB.

The treatment for DS-TB (as well as other forms of TB discussed later) has severe side effects associated
with it which includes liver dysfunction, peripheral neuropathy, erythromelalgia, ocular toxicity, central

nervous system (CNS) toxicity, gastrointestinal (Gl) intolerance and skin rash.

1.4 Challenges faced against TB and the need for a novel approach



Poor patient compliance owing to the above mentioned unwanted side-effects, high pill count and
protracted duration of therapy in addition to the overuse/misuse of antibiotics contributed to the emergence
of drug resistant (DR) M.tb strains.

1.4.1 MDR-TB and emergence of second-line drugs in TB treatment

Multi Drug Resistant tuberculosis (MDR-TB) is referred to the drug resistant M.tb infection which is
immune to the effect of either INH or RIF or both. MDR-TB cure rates are significantly lower as compared
to DS-TB as it is resistant to two of the most powerful TB frontline drugs.

MDR-TB requires another auxiliary series of drugs that are referred to as second-line drug targets for its
treatment. Second-line drugs are not specific for TB treatment but are antibiotics which support the first-
line drugs in their treatment. Second-line drugs are classified into three groups namely GroupA (Linezolid,
Bedaquiline, Moxifloxacin and Levofloxacin) GroupB (Clofazimine, Terizidone and Cycloserine) and
Group C (Delamanid, Streptomycin, Amikacin, Imipenem, Meropenem, ANSA, Ethionamide and

Prothionamide) drugs.

Two of the important second-line drugs include Bedaquiline (BDQ) and Fluoroquinolones (Moxifloxacin
and Levofloxacin). BDQ is one of the drugs which functions on a novel mechanism discovered in the last
half a century (other being Delamanid (DLM)). BDQ is a bactericidal antibiotic which inhibits the activity
of ATP synthase thereby arresting the energy production from metabolism.

Fluoroquinolones is a class of antibiotics which contain a bicyclic structure. These inhibit DNA Gyrase, an
enzyme responsible for separating DNA strands during replication (comparable to DNA topoisomerases in

eukaryotes) arresting DNA replication in any prokaryotic cell (bacterial cell).

1.4.2 MDR-TB Treatment

The treatment for MDR-TB (after the initial period of six months for DS-TB) lasts for nearly 12 months.
In general, the treatment starts with an initial phase of four-six months of administering INH (high doses),
ETH/PTH, BDQ, one fluoroquinolone and clofazimine keeping in mind BDQ must be continued for six
months regardless of the duration for other drugs. It is then continued with administering one
fluoroquinolone, clofazimine, PZA and EMB for 5 months.



The treatment however, is not so simple as it is dependent on various factors such as (1) fluoroquinolone
susceptibility (2) no previous history of second-line drug being administered for one month before (3) no

other antibiotic resistance other than INH or RIF (4) no pregnancy (5) age 6 or above.

1.4.3 Co-Infection with other diseases and XDR

TB, in particular, is a disease known to remain in the pulmonary alveoli as a latent granuloma even after
the treatment and the Mtb cells always try to find a way to become active whenever the immune response
of the person is diverted or in a dysfunctional state. Hence, a co-infection with another severe disease is a
perfect opportunity for Mtb cells to become active and perform its pathogenic processes which has become

a highly potent challenge.

TB and HIV co-infection is near to impossible to treat as both the pathogens completely disarm the immune
response. There is no proper treatment plan that can be devised for both the pathogens increasing the pill

burden, overlapping side effects and drug-drug interactions.

The pandemic of the COVID-19 in 2020 also caused an increase in the number of deaths due to TB as their
co-infection had catastrophic effects on any infected person. Since both the pathogens targeted the
respiratory tract there was an increase in deaths from TB with 1.5 million in 2020 to 1.6 million in 2021.
The pandemic affected the progress in controlling TB disease as all the efforts for the provision of

preventive therapy and DR-TB treatment significantly declined.

Extensive Drug-Resistant Tuberculosis (XDR-TB) is a subset of MDR-TB where the Mtb infection has
drug resistance towards at least one of the fluoroquinolone or any injected second line drug in addition to
INH or RIF drug resistance. This has been a very severe challenge as the pill burden increases for a very
limited option of drugs which may also cause resistance to these antibiotics too. There is neither a general
treatment nor a plan to tackle XDR-TB. The only procedure that can be done is reducing or delaying the
effects of the infection because such an infection cannot be eradicated (10, 11).



1.4.4 Need for a Novel Approach in drug discovery

The above mentioned challenges including MDR-TB, XDR-TB, various co-infections, etc has lead the
research towards some novel findings in the Mycobacterium tuberculosis pathogenesis which includes
binding to the alveolar sacs, evasion of immune system and other modes of absorption of nutrients and
metal ions. Our research thus came across a family of proteins known as PE/PPE proteins which are

potentially responsible for such effects and are present in different strains of Mycobacterium.

1.5. Introduction to PE/PPE family of proteins in Mycobacterium

Analysis of the M. tuberculosis H37Rv genome sequence revealed the presence of two novel gene families
that comprise almost 10% of the coding capacity of the genome [12]. These were designated the PE and
PPE genes, after highly conserved Proline-Glutamate and Proline-Proline-Glutamate residues near the start
of their encoded proteins. The proteins can be categorized into subgroups, encompassing members with

highly variable length and sequence features (Figure 2) [12].

PE family PPE family
~110 aa ~180 aa GXXSVPXXW
PE PPE  —
“PE-only” PPE-SVP
~110aa (up to ~470 aa)
LN LA
Unique C-terminal region Unique C-terminal region
(up to ~600 aa) (up to ~560 aa)
PE GG A — ey IRXGXGNRGa
PE-PGRS PPE-MPTR
(up to ~1500 aa) (up to ~3720 aa)

Figure-3: Schematic representation of PE and PPE family Sub-groups.

The relatively conserved N-terminal is approximately 110 amino acids (aa) and 180 aa in the PE and PPE
families, respectively. Recent studies have indicated that the ESX system contributes to PE/PPE protein

export, and, likewise, ESX system protein secretion is related to that of PE/PPE proteins.



1.5.1 Evolution of PE/PPE proteins

Obligate symbiotic bacteria and obligate intracellular pathogens, such as Mycobacterium, often undergo
reductive evolution, eliminating genes that are non-essential for survival while duplicating those critical for
persistence, especially within a host. However, the PE/PPE gene families within Mycobacterium have
exhibited constructive evolution, expanding significantly in number. This gene expansion is particularly
notable in Mycobacterium tuberculosis, which possesses the highest number of PE/PPE proteins, along
with species such as M. marinum, M. leprae, and M. avium. These PE/PPE genes comprise around 7-10%
of the total coding capacity in these species, indicating their importance in pathogenicity, immune evasion,
and survival within host cells (13,14, 15).

The PE-PPE gene families are intricately associated with the ESAT-6 (ESX) gene clusters, which encode
the type VII secretion system (T7SS) in Mycobacterium species (16). These ESX regions are believed to
have originated from an ancestral plasmid found in fast-growing Mycobacteria, carrying virulence factors
that facilitated interactions with host macrophages. This co-evolutionary relationship between PE-PPE
genes and the ESX system suggests that both evolved in concert to enhance Mycobacterium's ability to
survive within host cells, contributing to its pathogenicity. The ESX secretion system comprises five
distinct ESX clusters: ESX-1, ESX-2, ESX-3, ESX-4, and ESX-5. Among these, ESX-1, ESX-3, and
especially ESX-5 are critically involved in the secretion of PE/PPE proteins. ESX-5 is particularly notable
as it is primarily responsible for exporting PE/PPE proteins into the host environment. This secretion
process plays a vital role in immune modulation and the pathogen's ability to evade the host's immune
system, thereby promoting survival within the host. ESX-1, while essential for virulence, and ESX-3,
involved in iron acquisition, are less directly associated with PE/PPE secretion compared to ESX-5, which

is uniquely linked to the expansion and functional diversification of the PE/PPE gene families.

The evolutionary expansion of PE/PPE genes is reflected in five distinct sublineages: PE_PGRS, PPE-
PPW, PPE-SVP, and PPE-MPTR. Among these, the PE_PGRS and PPE-MPTR subfamilies are believed
to have evolved from ESX-5, indicating a specialized evolutionary path tied to the secretion functions of
this system. The ancestral ESX cluster, ESX-4, does not contain any PE/PPE genes, suggesting that these
genes were integrated later, likely into ESX-1, and subsequently expanded via gene duplication.

The PE-PPE genes associated with ESX-1, specifically PE35 (Rv3872) and PPE68 (Rv3873), are

considered the ancestral members of the PE-PPE family. These genes are thought to be the progenitors

10



from which the entire PE/PPE family evolved through multiple rounds of duplication and diversification.
This expansion, driven by the selective pressures of host interaction and survival, highlights the complex
co-evolution of the PE/PPE genes and the ESX secretion system, with ESX-5 being a major driver of the

PE/PPE gene family's evolution and functional diversification within pathogenic Mycobacteria (15).
1.5.3 Significance of PE/PPE proteins family

The PE (proline-glutamate) and PPE (proline-proline-glutamate) protein family represents a cluster of
proteins present in the cell wall of Mycobacteria, including human pathogen Mycobacterium tuberculosis.
The genes for PE and PPE proteins, which accounts for about 10% of the coding sequence, are closely
related to bacterial virulence [17]. The N-terminal sequence of this family is relatively conserved and C-
terminal sequence is highly polymorphic and the variation in the C-terminal sequence might be the
molecular basis of mutations of PE/PPE proteins. Most of the PE/PPE family proteins are localized in the

cell wall and can inhibit macrophage apoptosis [18].
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Figure-4: Schematic representation of some immunomodulatory roles played by PE/PPE proteins

PE/PPE family proteins regulate the immune function of host cells. Secretion of PE/PPE proteins dependent

on the early secreted antigenic target 6 kDa (ESAT-6) secretion system (ESX). Mutations in PPE38 can
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block the secretion of two major substrates of ESX-5, thereby increasing the virulence [19]. During the Mtb
infection PE/PPE proteins can regulate various cell death pathways, such as apoptosis and pyroptosis.
PE/PPE family proteins, integral to the pathogenicity of Mth, present novel therapeutics against Mtb [20].
These proteins due to their significant representation in the Mtb genome and multiple roles in pathogenesis,
particularly in mechanisms of immune invasion, offer a unique target for drug development. The
conceptualization of small molecule inhibitors targeting distinct PPE/PE proteins holds significant promise

in disrupting pathophysiological processes of Tuberculosis.

1.6 Selection of Ligands from natural sources: marine organisms and plant derived secondary

metabolites

The significance of natural products in antibacterial drug treatment has been indisputable. Historically,
natural products have been important in therapy against TB. Natural compounds form the basis for many
commonly used medications. Bioactive molecules derived from widespread naturally occurring plant
substances, including alkaloids, organosulfur compounds, phenolic acids, flavonoids, carotenoids,
coumarins, terpenes, tannins, and some primary metabolites (amino acids, peptides, organic acids) have
been reported to exhibit antimicrobial properties (21, 22). Flavonoids are secondary polyphenolic
metabolites occurring commonly in many plants and fungi. Their effectiveness to treat tuberculosis was
documented six decades back with the intravenous use of rutin to relieve pulmonary tuberculosis.
According to the reported data, flavonoids and other phenolic compounds can disrupt specific
mycobacterial mechanisms that are essential for the pathogen’s survival (23). For instance, some of them
impede mycolic acid synthesis, which aids in the formation of a highly impenetrable bacterial cell wall,
limiting antibiotic effectiveness. Moreover, other flavonoids are reported to inhibit nucleic acid synthesis,
energy metabolism, and reverse antibiotic resistance, which can improve the efficacy of currently available
drugs (24).

Traditionally terrestrial microorganisms were explored as a source of biologically active natural products,
however, natural products sourced from the marine environment are becoming increasingly important as a
source of structurally novel and biologically active compounds. The oceans, with their unique aquatic
environment and rich biodiversity, have proven to be a plentiful source of diverse natural products with
significant antimicrobial, antiviral, antimalarial, antitumor, anti-inflammatory, and anti-oxidant activities
[25, 26].
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2. Objectives

2.1 Identification and characterization of PE/PPE proteins as potential drug targets in Mycobacterium
tuberculosis.

2.2 Characterization of novel ligands derived from natural sources, plant based and marine organisms
derived to be used as potential drug molecules.

2.3 Docking study of the target proteins with the selected ligands to identify potential drug molecules.

3. Materials/Methods

3.1. Selection of PE/PPE Proteins:

Through extensive literature search, selection of PPE proteins that play a vital role in virulence in
Mycobacterium tuberculosis H37RV was done. It was found that PPE18, PPE25, PE-PGRS47 and PE35-
PPE68 complex proteins are highly responsible for the virulence in the host organism. These proteins play
crucial roles in the pathogenicity, immune evasion, and antigenic variation in bacteria (27, 28, 29).

3.2. Sequence of selected proteins:

To obtain the sequences of selected proteins i.e, PPE18, PPE25, PE-PGRS47 and PE35-PPEG68, we used
the NCBI (National Center for Biotechnology Information) database and derived the FASTA sequence of

each protein.

3.3. Prediction of Protein Structure:

To obtain the structure of each selected protein, Protein Data Bank (PDB) database was used but respective
X-ray crystallography structures were not available on PDB. So to predict the 3D structure we proceeded
with online structure prediction tools such as Swiss-Modeller. Swiss-Modeller uses the principle of
homology modeling where the query sequence is matched with a template sequence already present in the
database and a model is built around that. We gave the FASTA format sequence of our PE and PPE proteins
and a 3D structure was built by the software whose validation was done by studying the Ramachandran
Plot of the given protein. A Ramachandran plot is a two-dimensional graphical representation that

displays the allowed and disallowed regions of dihedral angles (¢ and y) in a polypeptide backbone. It is a
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valuable tool in structural biology for understanding protein folding, secondary structure, and overall

conformation.

3.4. Comparison of virulent and non-virulent strains

We selected ten virulent and ten non-virulent Mycobacterium strains as shown in Table 2, to study and
compare how the sequences of specific proteins (PPE18, PPE25, PE-PGRS47 and PE35-PPE68) are
distributed across different strains. To analyze the sequence of these proteins in different virulent and non-
virulent strains, we used Uniprot and Clustal Omega for sequence comparison and alignment. Through
comparison and alignment analysis, it was found out that PPE18 and PPE25 were showing greater degree
of similarity with each of the virulent strains while their sequences were absent in non- virulent strains
leading to the conclusion that these were the major proteins responsible for virulence in Mycobacterium.
Other PE-PGRS47 and PE35-PPEG68 proteins were excluded from the study as they were showing lesser

degree of similarity in virulent and non-virulent strains of Mycobacterium.

Table 1: List of Virulent and Non-Virulent Species for analysis

Virulent Species Non-Virulent Species
M.tuberculosis M.smegmatis

M. africanum M.indicus pranii
M. canettii M. parafortuitum
M. microti M.sphagni
M.marinum M.elephantis
M.leprae M.flavescens
M.ulcereans M.gilvum
M.bovis M.vanbaalenii
M.orygis M.pulveris
M.haemophilum M.phlei

M.avium M.chobuense
M.paratuberculosis M.obuense
M.abscessus M.riyadhense

3.5. Active Site Prediction
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For screening of the selected proteins with several drug molecules, information about the active sites is an
important parameter. The active sites of the models can be predicted by software like COACH and
PROSITE. COACH generates complementary ligand binding site predictions using two comparative
methods, TM-SITE and S-SITE, which recognize ligand-binding templates from the BioLiP protein
function database by binding-specific substructure and sequence profile comparisons. Though we used
blind docking for screening drug molecules, we still used COACH for active site prediction of our target
proteins. We provided the FASTA sequence of the target protein and obtained the results from COACH in
24-48 hrs.

3.6. Selection of ligands

In order to select a competent ligand different secondary metabolites like flavonoids, alkaloids, plant
derived molecules and marine compounds were studied. Through an extensive literature research a
compounds library was created of the compounds which showed antagonistic effects on various strains of
Mycobacterium. The structure of these compounds was found on Pubchem. For a ligand to be a suitable
drug Lipinski’s rule of 5 is the criteria which indicates 5 properties to be in a molecule to be a drug. For a
compound to be a drug, it should have some basic properties. It should not have more than 5 H bond donors,
it should not have more than 10 H bond acceptors, its molecular mass should be less than 500 Dalton,
partition coefficient should not be greater than 5. This is called the Lipinski Rule of 5. This set of rules was
studied using a software called Swiss ADME which is a free software and uses the SMILES formula to
study a compound. Ligands not following Lipinski's rule were removed from the list. The structures of
selected ligands were downloaded from PubChem and saved in .sdf format (Spatial Data File format). For
drugs to work on Autodock .pdb format is required. The .sdf format was converted to .pdb format using

software Open Babel. It is desirable to download the 3D conformers of the ligands from PubChem.

3.7. Screening of Ligand Molecules

For screening of ligand molecules Autodock4.2 was used as the docking tool. The receptor molecules
(selected proteins) were read by autodock and were converted to .pdbqt file format by first removing water
molecules. As our models were created by software so there was no water of crystallization but we did it
as an exercise, then by adding polar hydrogens, then adding Kohlman Charges and finally assigning

molecules AD-4 type. Same steps were taken to save ligands in .pdbqgt format. While selecting the ligand,
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the detect root function was done and then it was again saved in .pdbqt file format. The autogrid function
was first run where the grid box was made around the whole protein for blind docking or a grid box was
created around the specific amino acids in the active site making sure that it was at the center of the grid
box. The grid box was first saved as a text file and then saved as .gpf file and then the autogrid.exe was run
which generated the .glg file. After successful completion of the autogrid function then the autodock
function was executed. The macromolecule and the ligand were selected for the autodock. The Genetic
Algorithm was selected for performing the autodock which uses the Darwinian method of natural selection
and a total of ten runs were performed. The file was saved as a .dpf file and the autodock command was
executed and the .dlg file was generated. This .dlg file was analyzed and the binding energies were

calculated to find the best ligand for a receptor.

4. Results

4.1 Sequence of proteins (in FASTA Format)

4.1.1 PPE18 ( Mycobacterium tuberculosis H37Rv)

>CCP43952.1 PPE family protein PPE18 [Mycobacterium tuberculosis H37Rv]
MVDFGALPPEINSARMYAGPGSASLVAAAQMWDSVASDLFSAASAFQSVVWGLTVGSWIGSSAGLMVA
AASPYVAWMSVTAGQAELTAAQVRVAAAAYETAYGLTVPPPVIAENRAELMILIATNLLGQNTPAIAVNE
AEYGEMWAQDAAAMGYAAATATATATLLPFEEAPEMTSAGGLLEQAAAVEEASDTAAANQLMNNVPQ
ALQQLAQPTQGTTPSSKLGGLWKTVSPHRSPISNMVSMANNHMSMTNSGVSMTNTLSSMLKGFAPAAAA
QAVQTAAQNGVRAMSSLGSSLGSSGLGGGVAANLGRAASVGSLSVPQAWAAANQAVTPAARALPLTSL
TSAAERGPGOQMLGGLPVGQMGARAGGGLSGVLRVPPRPYVMPHSPAAG

4.1.2 PPE25 (Mycobacterium tuberculosis H37Rv)

>CCP44553.1 PPE family protein PPE25 [Mycobacterium tuberculosis H37Rv]
MDFGALPPEINSGRMYCGPGSGPMLAAAAAWDGVAVELGLAATGYASVIAELTGAPWVGAASLSMVAA
ATPYVAWLSQAAARAEQAGMQAAAAAAAYEAAFVMTVPPPVITANRVLVMTLIATNFFGQNSAAIAVA
EAQYAEMWAQDAVAMYGYAAASASASRLIPFAAPPKTTNSAGVVAQVAAVAAMPGLLQRLSSAASVS
WSNPNDWWLVRLLGSITPTERTTIVRLLGQSYFATGMAQFFASIAQQLTFGPGGTTAGSGGAWYPTPQFA
GLGASRAVSASLARANKIGALSVPPSWVKTTALTESPVAHAVSANPTVGSSHGPHGLLRGLPLGSRITRRS
GAFAHRYGFRHSVVARPPSAG
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4.1.3 PPE68 (Mycobacterium tuberculosis H37Rv)

>YP_178022.1 PPE family protein PPE68 [Mycobacterium tuberculosis H37RV]
MLWHAMPPELNTARLMAGAGPAPMLAAAAGWQTLSAALDAQAVELTARLNSLGEAWTGGGSDKALA
AATPMVVWLQTASTQAKTRAMQATAQAAAYTQAMATTPSLPEIAANHITQAVLTATNFFGINTIPIALTE
MDYFIRMWNQAALAMEVYQAETAVNTLFEKLEPMASILDPGASQSTTNPIFGMPSPGSSTPVGQLPPAAT
QTLGQLGEMSGPMQQLTQPLQQVTSLFSQVGGTGGGNPADEEAAQMGLLGTSPLSNHPLAGGSGPSAGA
GLLRAESLPGAGGSLTRTPLMSQLIEKPVAPSVMPAAAAGSSATGGAAPVGAGAMGQGAQSGGSTRPGL
VAPAPLAQEREEDDEDDWDEEDDW

4.1.4 PE-PGRS47 (Mycobacterium tuberculosis H37Rv)

>CCP45540.1 PE-PGRS family protein PE_PGRS47 [Mycobacterium tuberculosis H37Rv]
MSFVIAAPEFLTAAAMDLASIGSTVSAASAAASAPTVAILAAGADEVSIAVAALFGMHGQAYQALSVQAS
AFHQQFVQALTAGAYSYASAEAAAVTPLQQLVDVINAPFRSALGRPLIGNGANGKPGTGQDGGAGGLLY
GSGGNGGSGLAGSGQKGGNGGAAGLFGNGGAGGAGASNQAGNGGAGGNGGAGGLIWGTAGTGGNGG
FTTFLDAAGGAGGAGGAGGLFGAGGAGGVGGAALGGGAQAAGGNGGAGGVGGLFGAGGAGGAGGFS
DTGGTGGAGGAGGLFGPGGGSGGVGGFGDTGGTGGDGGSGGLFGVGGAGGHGGFGSAAGGDGGAGGA
GGTVFGSGGAGGAGGVATVAGHGGHGGNAGLLYGTGGAGGAGGFGGFGGDGGDGGIGGLVGSGGAG
GSGGTGTLSGGRGGAGGNAGTFYGSGGAGGAGGESDNGDGGNGGVGGKAGLVGEGGNGGDGGATIAG
KGGSGGNGGNAWLTGQGGNGGNAAFGKAGTGSVGVGGAGGLLEGQNGENGLLPS

4.2 Protein Model
4.2.1 Building the Model

The models for the proteins were built by using Swiss-Model as shown in the figure 5.

A) PPE18 B) PPEG8
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C) PPE25 D) PE-PGRS47
Figure-5: Proteins models obtained from Swiss-Modeller

4.2.2 VValidation of models

The validation of PPE18, PPE25, PE-PGRS47 and PPEGS8 protein model described above was done using
Ramachandran plot with the allowed and not allowed amino acids to have been plotted.
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A) PPE18 B) PPE68
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C) PPE25

D) PE-PGRS47

Figure-6: Ramachandran Plots for the modeled protein structures. The Ramachandran plot is the 2d plot of the ¢-y

torsion angles of the protein backbone. It provides a simple view of the conformation of a protein. The ¢-y angles cluster

into distinct regions in the Ramachandran plot where each region corresponds to a particular secondary structure.

The Ramachandran plot of PPE18 protein showed that almost 90% of the amino acid residues are situated

in the favored areas and in PPE25 protein almost 85% amino acid residues are present in the allowed

regions. In PPE68 many amino acids were falling in the not allowed region and in PE-PGRS47 which is a

complex protein containing two different chains was difficult to dock. After the protein modeling and

studying the Ramachandran plot two proteins PPE18 and PPE25 were selected for further docking studies.

So, the docking exercise was done on two selected protein models with a list of ligands shown in section

44.
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4.2.3 CLUSTAL OMEGA analysis of PPE proteins in virulent and non-virulent proteins

4.2.3.1 PPE 18

M. simulans MPDPRWTGPPEVVAAIFEAG-SPASVIANNVVWVTETANKEL -SAGLSALNTLATAAQWQ 58
M. ii MAGEWGADPPEVNSAGFWFGPGASTFVAAAENLVSVAAGLIANLGG-QEAINAALAMSWP 59
M. branderi --MDFAALPPEINSARMYAGPGPGSLIAAAQAWETLGAELEAAANGYRAAVTGLVSGAWL 58
M. hotniense --MDFAALPPEINSARMYAGPGPGSLIAAAQAWETLGAELEAAANGYRAAVTGLVSGAWL 58
M. shimoidei  ----- MMFPPEINSGLIYTGPGSSSLLTAATAWSSLAAELSTAAAGYQSVITNLTTGPWY 55

M.paraintracell -MLDFGALPPEINSTRMYAGPGSAPMVAAAAAWDVLANGLETASRGYSAVIAQLEGESWT 59
M.intracell -MLDFGALPPEINSTRMYAGPGSAPMVAAAAAWDVLANGLETASRGYSAVIAQLEGESWT 59
M. avium - -MDFGALPPEVNSGRMYGGAGSGPLLAAAAAWDAL GAEL YSFAAAYTSTIAGLTVGSWL 58

Mi ATCC13950 --MDFGALPPEVNSGRMYVGAGSGPLLAAAAAWDALGAELYSYAAAYSSTIAGMTVGSWL 58
M. marinum --MDFGSLPPEINSAKMYAGAGSGSILVAAEAWDSVAVDLYSAASSCQSVIWGLAFGQWY 58
M. hoyis. -MVDFGALPPEINSARMYAGPGSASLVAAAQMWDSVASDLFSAASAFQSYVWGLTVGSWI 59
M. canetti -MVDFGALPPEINSARMYTGPGSASLVAAAQMWDSVASDLFSAASAFQSYVIWGLTVGSWI 59
Mt UT205 -MVDFGALPPEINSARMYAGPGSASLVAAAQMWDSVASDLFSAASAFQSVVWGLTVGSWI 59
Mt H37RvSiena  -MVDFGALPPEINSARMYAGPGSASLVAAAQMWDSVASDLFSAASAFQSVVWGLTVGSWI 59
Mt H37Rv -MVDFGALPPEINSARMYAGPGSASLVAAAQMWDSVASDLFSAASAFQSVVWGLTVGSWI 59
Mt TB_RSA184 -MVDFGALPPEINSARMYAGPGSASLVAAAQMWDSVASDLFSAASAFQSVVWGLTVGSWI 59
Mt OFXR 18 -MVDFGALPPEINSARMYAGPGSASLVAAAQMWDSVASDLFSAASAFQSVVWGLTVGSWI 59
M. persicum. --MDFGALPPEVNSAKMYTGPGSGSILAAAEVWDGVAVDLYNAASSFQSVIWGLLVGQWQ 58
M. ipnoceps. --MDFGALPPEINSARMYTGPGSGSLLAAAQVWDGVAIDLYNAASAVQSVIWGLLVGPWR 58
M. atfenuatum  --MDFGALPPEINSVRMYSGPGSGSILAAAQVWDAVAVDLHGAASAVQSYVIWGLLVGPWR 58
M. simulans. GYGAVASTVAATGLNVGLQTLVGWTAAKL ------- NITQAAVEAFTIARSAVIPSVVSV 111
M. kansasii DPTGELAVL------- AKVPLLLWQAAAAGQIEAQAAVIHQVALAFESLKAATPTPGEIG 112
M. branderi. GPSSOQDMAA------- AVQPYTAWMEATAQQTROIGAQALAAVEAYEAAFAATVPPPVIA 111
M. botniense GPSSQDMAA------- AVQPYTAWMEATAQQTROIGAQALAAVEAYEAAFAATVPPPVIA 111
M. shinoidei GPSSAAMAA------- SAAPFVAWINATAAQAEQAAAQAAAGAAAFEAARAASVPPPVIA 108
M.paraintracell GSAAAAMAT------- AAAPYVAWLAAAGAQAEQAASQARAAAAAYEAAFGATVPPALYT 112
M.intracell GSAAAAMAT ------- AAAPYVAWLAAAGAQAEQAASQARAAAAAYEAAFGATVPPALVT 112
M. avium GPAATSMSA------- AAAPFTAWATTTAGRAEQVATQARLAAAAYETAFAATVPPPVIA 111
Mi ATCC13950 GPAAASMSA------- AAARYVAWATATAAQAEQVATQARLAAAAYETAFAATVPPPVIA 111
M. marinum GASASLMGA------- AAAPYVAWLGATATRAELAANQARGAAVAYESAFAATVPPALTL 111
M. hovis. GSSAGLMVA------- AASPYVAWMSVTAGQAELTAAQVRVAAAAYETAYGLTVPPPVIA 112
M. ganetii GSSAGLMVA------- AASPYVAWMSVTAGQAELTAAQVRVAAAAYETAHGLTVPPPVIA 112
Mt UT205 GSSAGLMVA------- AASPYVAWMSVTAGQAELTAAQVRVAAAAYETAYGLTVPPPVIA 112
Mt H37RvSiena  GSSAGLMVA------- AASPYVAWMSVTAGQAELTAAQVRVAAAAYETAYGLTVPPPVIA 112
Mt H37Rv GSSAGLMVA------- AASPYVAWMSVTAGQAELTAAQVRVAAAAYETAYGLTVPPPVIA 112
Mt TB_RSA184 GSSAGLMVA------- AASPYVAWMSVTAGQAELTAAQVRVAAAAYETAYGLTVPPPVIA 112
Mt OFXR 18 GSSAGLMVA------- AASPYVAWMSVTAGQAELTAAQVRVAAAAYETAYGLTVPPPVIA 112
M. persicum GOSATLMAA------- AASPYVAWIGSTAAQAELTANQARAAAAAYETAFAMTVPPPVIT 111
M. innocens GSSAGLMAA------- AASPYVTWLGITAAQAELTADQVRTAATAYEAAFATTVPPAVIA 111
M. atfenuatum  GSSAALMAA------- AAAPYVTWLGATAAQAELTADQARVSATAYESAFAMMVPPAVIA 111
M. simulans. TNRVETQVLNDTNIFGYNTPATAEREGEYYGEHWPHNSSVGWTYSGALSALTAAL ---AT 168
M. kansasii ENQVEHGTLQAHNFLGMLTPAIMANRAN-YGRMWVTSASNKYEYAAASMP-MOALPPLPP 170
M. branderi. ENRAQLAALVATNLLGONTPAIMATEAQ-YAEMWAQDAAAMVQYQATSSAATSAITPFTP 170
M. botniense ENRAQLAALVATNLLGQNTPAIMATEAQ-YAEMWAQDAAAMVQYQATSSAATSAITPFTP 170
M. imoidel ANRALLAALVATNILGQNTPATIAATEAQ-YMEMWAQDGAAMDTYAVASQQATSALPQHTP 167

=

shimeided
.paraintracell ANRTLLAQLVASNLLGQNTAMIGATEGA-YEQMWAQDAAAMYGYAASSSG-ATTLTQFHE 170
M.intracell ANRTLLAQLVASNLLGONTAMIGATEGA-YEQMWAQDAAAMYGYAASSSG-ATTLTQFHE 170

M. avium ANRSLLMTLIATNILGQNTAATAAAEAE-YAEMWAQDAAAMYAYAAASAA-AAELTPFTE 169
Mi ATCC13950 ANRSLLMTLIATNILGONTAATAAAEAE-YAEMWAQDAVAMYAYAASSAA-ATRLTPFTE 169
M. mazipum ENRLQLVTLIATNIFGONTPAIATTEAE-YGEMWNAQDAAAMYGYAGSAAMLAETLTPFEE 170
M. bovis ENRAELMILIATNLLGONTPAIAVNEAE-YGEMWNAQDAAAMFGYAAATATATATLLPFEE 171
M. ganetii ENRTELMILIATNLLGONTPAIAVNEAE-YGEMWAODAAAMFGYAAATATATATLLPFEE 171
Mt UT205 ENRAELMILIATNLLGONTPAIAVNEAE-YGEMWAQDAAAMFGYAAATATATATLLPFEE 171
Mt H37RvSiena  ENRAELMILIATNLLGONTPAIAVNEAE-YGEMWAQDAAAMFGYAAATATATATLLPFEE171
Mt H37Rv ENRAELMILIATNLLGONTPAIAVNEAE-YGEMWAODAAAMFGYAAATATATATLLPFEE 171
Mt TB_RSA184 ENRAELMILTATNLLGONTPATAVNEAE-YGEMWNAQDAAAMFGYAAATATATATLLPFEE 171
Mt OFXR 18 ENRAELMILIATNLLGONTPAIAVNEAE-YGEMWNAQDAAAMFGYAAATATATATLLPFEE 171

M. persicum ENRIQLMTLIATNLFGQNTPATAVTEAE-YGEMWAQDAAAMYGYASSAAVAAETLTPFEE 170

M. innocens. ENRIRLLTLIATNLFGQNTPATAVTEAE-YGEMWAQDAAAMYGYAGSAAVAAETLTPFDE 170

M. attenuatum  ENRMRLLMLIATNLFGQNTPAIAVTEAE-YGEMWAQDAGAMYGYASAAAVAAETLTPFDE 170
% k kIik Kk ok Lok Lk L * c
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PPPTAPMGASPAAPAAAAETVAQAAAQ------- TGMNNAVQASSQVAQTAGQTTSAPA- 220
PPPATASGGATPSMPAPQERSADLLSGGGEQAMSAFMGPLGO----VS------------ 214
APQTANPAAPAIQAAAQPATTNGGVG-------- SITSQ--------------------- 201
APQTANPAAPAIQAAAQPATTNGGVG-------- SITSQ--------------------- 201
APEVANGS- -PAQAVANAQSLASNATT------- NATNMAPQALAAAPLDAAEGT--P-- 214

PPRTTNADGQPGQAAAVAQATNGSAASQSHAALSRTMSTVPOKLONLSETPPSGGTSTG- 229
PPRTTNADGQPGQAAAVAQATNGSAASQSHAALSRTMSTVPQKLQNLSETPPSGGTSTG- 229
PPRTTESSAAARQSAAVAQSAASDLP----AQLSTLIDVTPTMLOGLATTPSAAAATPAA 225
PPRTTDSSAVARQSAATAQSAASDIP----SELSALINVTPTMLQGLAATPSAAAATPAA 225
APEVANAGGLVNQTAAVGQAIDSAAA----G---QLMSNVPQALQQLAAPAPQGA--STA 221
APEMTSAGGLLEQAAAVEEASDTAAA- - - -N---QLMNNVPQALQQLAQPTQGTT--PS- 221
APEMTSAGGLLEQAAAVEEATDTAAA----N---QLMNNVPQALQQLAQPTQGTT--PS- 221
APEMTSAGGLLEQAAAVEEASDTAAA- - - -N---QLMNNVPQALQQLAQPTQGTT--PS- 221
APEMTSAGGLLEQAAAVEEASDTAAA----N---QLMNNYPQALQQLAQPTQGTT--PS- 221
APEMTSAGGLLEQAAAVEEASDTAAA- - - -N---QLMNNVPQALQQLAQPTQGTT--PS- 221
APEMTSAGGLLEQAAAVEEASDTAAA----N---QLMNNYPQALQQLAQPTQGTT--PS- 221
APEMTSAGGLLEQAAAVEEASDTAAA- - - -N---QLMNNVPQALQQLAQPTQGTT--PS- 221
APEITDAGGLVEQAAAVEEATDTAAA----N---ELMSNVPQALQQLAEPTQSAS--PL- 220
APEITNVGGLVQQAAAVEEATDTAAA----N---QLISAVPQALQQLAEPTQSTT--PF- 220
APEITNAGGLVQQAAAVGEATDTAAT----N---QLMSTVPQALQQLAEPTQGSA--PF- 220

-~ -~EATGQLSSL-----=-=-=====---~ MQOPMQMMSSATEPL KQLAQMPMQAMQGFSS 266
-~ - ~SMAGQLGQGGPF - -~ = == === === === ===~ SSLAQLPQQGMQPLMSLFQ 245
----- 1DG- - -TLNPNGVPTLGLDSSTLLGQYLEQSVSGG-YPIN-TAQLFGNF-TAYTA 250
----- IDG- - -TLNPNGVPTLGLDSSTLLGQYLEQSVSGG-YPIN-TAQLFGNF-TAYTA 250

TWVDAVMGTLGLNDASDVANL - -~ - - TSLANLGAVPARFALYPMSMLMQL - - - - - ARMGQ 264
SALDAVDD - - ~~FN= === == ===~ oo oo TL----------- TAPVN 246
SALDAVDD - - ~~FN= === == ===~ oo oo TL----------- TAPVN 246
STTEATYPITAALRPF-------------~- FA--AVTGAYSPTGATTLPGGWWLLSLQA 268
STTEATYPITAALRPF--------------- FA--AVTGAYSPIGATTVPGGWWLLSLQA 268
TAPKSLLQSV----=============~=- -~~~ TSSFSLSNLSTIVGMENTH-LSMAN 255
SKLGGLWK - - ===~ == === ===~~~ TVSPHLSPTSNMVSMANNH-VSMTN 253
SKLGGLWK- - === ===~ === ===~~~ oo TVSPHLSPTSNMVSMANNH-MSMTN 253
SKLGGLWK- - === ===~ === ===~~~ oo TVSPHRSPTSNMVSMANNH-MSMTN 253
SKLGGLWK- - === ===~ === ===~~~ oo TVSPHRSPTSNMVSMANNH-MSMTN 253
SKLGGLWK- - === ===~ === ===~~~ oo TVSPHRSPTSNMVSMANNH-MSMTN 253
SKLGGLWK- - === ===~ === ===~~~ oo TVSPHRSPTSNMVSMANNH-MSMTN 253
SKLGGLWK- - === ===~ === ===~~~ oo TVSPHRSPTSNMVSMANNH-MSMTN 253
AKVGELWK - - === ===~ === === == oo oo TVSPHLSPTSNITSMVNNH-VSMTN 252
TAAVELWK- - === ===~~~ === == oo ATSPHLSPTSNTVSMLNNH-VSMLN 252
AKLGELWK - - === === === === === oo oo AVSPHLSPTSNMVSTLNNH-VSMLN 252
TDPR-------=------ 391
GGGGAVFRPWEGGGDRTT 400
AGG===---=======-- 369
AGG-=------=-====--- 369
AGG--------=------ 399
AGG--------===---- 394
AGG-=-------=------ 394
------------------ 24
—————————————————— 214
AAG-=------=====--- 393
AAG-=-------mmm - 390
AAG-=------=====--- 391
AAG-=--- === - 391
AAG-=------=-====--- 391
AAG-=------=-=====-- 391
------------------ 363
AAG-=------=-=====-- 391
AAG===-=-=======-- 398
AAG-=------=-=====-- 391
AAG---- === 391
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4.2.2 PE-PGRS47

1.Mycobacterium Tuberculosis variant Africanum: KBF91755.1
2.Mycobacterium Canetti : CCC45099.1

3.Mycobacterium Tuberculosis H37Rv : AOE37152.1
4.Mycobacterium Tuberculosis variant Microti : AMC60453.1

5. Mycobacterium tuberculosis variant Bovis : QCU70083.1

KBF91755.
CCC45899.
AQE37152.

AMC60453.
QCU70083.

KBF91755.
CCC450899.
AQE37152.
AMC60453.
QCu70083.

KBF91755.
CCCA5099.
AQOE37152.
AMC60453.
QCu70083.

KBF91755.
CCCA5099.
AQE37152.
AMC60453.
QCU70083.
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--------------- MDLASIGSTVSAASAAASAPTVAILAAGADEVSIAVAALFGMYGQ
MSFVIAAPEFLTAAAMDLASIGSTVSAASAAASAPTVAILAAGADEVSIAVAALFGLHGQ
MSFVIAAPEFLTAAAMDLASIGSTYSAASAAASAPTVAILAAGADEVSIAVAALFGMHGQ

--------------- MDLASIGSTVSAASAAASAPTVAILAAGADEVSIAVAALFGMHGQ
--------------- MDLASIGSTVSAASAAASAPTVAILAAGADEVSIAVAALFGMHGQ

FohkkhkkkRkkhhkkkkkkkkkkkkkhkkkkkhddhkkkkkrkl Thk

AYQALSVQASAFHQOFVQALTAGAYSYASAEAAAVTPLQQLVDVINAPFRSALGRPLIGN
AYQALSVQASAFHQOFVQALTAGAYSYASAEAAAVTPLQQLVDVINAPFRSALGRPLIGN
AYQALSVQASAFHQOFVQALTAGAYSYASAEAAAVTPLQQLVDVINAPFRSALGRPLIGN
AYQALSVQASAFHQOFVQALTAGAYSYASAEAAAVTPLQQLVDVINAPFRSALGRPLIGN
AYQALSVQASAFHQOFVQALTAGAYSYASAEAAAVTPLQQLVDVINAPFRSALGRPLIGN
khkRERERERRRRRRRRERRRRRAARRAkRRRRRbkhddhrhrdhikhbhhidrhhrdhhkirhhhirirrk

GANGKPGTGODGGAGGLLYGSGGNGGSGLAGSGOKGGNGGAAGLFGNGGAGGAGASNQAG
GANGKPGTGODGGAGGLLYGSGGNGGSGLAGSGOKGGNGGAAGLFGNGGAGGAGASNQAG
GANGKPGTGODGGAGGLLYGSGGNGGSGLAGSGOKGGNGGAAGLFGNGGAGGAGASNQAG
GANGKPGTGODGGAGGLLYGSGGNGDQGWPAPARRAVTEELPDCLATAGPAVPARPTKPA
GANGKPGTGODGGAGGLLYGSGGNGGSGLAGSGOKGGNGGAAGLFGNGGAGGAGASNQAG
FhkRkkkhkhkkkkkkkkkkkkkkR kL1l . . :

NGG - AGGNGGAGGLIWGTAGTGGNGGFTTFLDAAGGAGGAGGAGGLFGAGGAGGYGGAAL
NGG-AGGNGGAGGLIWGTAGTGGNGGFTTFLDAAGGAGGAGGAGGLFGAGGAGGYGGAAL
NGG - AGGNGGAGGLIWGTAGTGGNGGFTTFLDAAGGAGGAGGAGGLFGAGGAGGYGGAAL
TAAPAETAAPYG-- === -- - e e e oo oo
NGG - AGGNGGAGGLIWGTAGTGGNGGFTTFLDAAGGAGGAGGAGGLFGAGGAGGYGGAAL

45
60
60

45
45

105
120
120
1605
105

165
180
180
165
165

224
239
239
177
224
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KBF91755.
CCC45099.
AOE3T7152.
AMCEHB0453.
QCUT7BBE3.

KBF91755.
CCC45099.
AODE3T152.
AMCER453.
QCU7BBE3.

KBF21755.
CCC45099.
AOE3T152.
AMCEO453.
QCU7BEE3.

KBF91755.
CCC45099.
AOE3T7152.
AMCER453.

QCU7BBE3.

KBF?1755.
CCCA5099.
AOE3T7152.
AMCEO453.
QCU7BEE3.

e PR R PR G S R e

G

GGGAQAAGGNGGAGGYGGLFGAGGAGGAGGFGDTGGTGGAGGAGGLFGPGGGSGEVGGFG
GGGAQAAGGNGGAGGYGGLFGAGGAGGAGGFGDTGGTGGAGGAGGLFGPGGGSGEVGGEFG
GGGAQAAGGNGGAGGYGGLFGAGGAGGAGGFGDTGGTGGAGGAGGLFGPGGGSGEVGGEFG

DTGGTGGDGGSGGLFGYGGAGGHGGFGSAAGGDGGAGGAGGTYFGSGGAGGAGGVATVAG
DTGGTGGDGGSGGLFGYGGAGGHGGFGSAAGGDGGAGGAGGTYFGSGGAGGAGGVATVAG
DTGGTGGDGESGGLFGYGGAGGHGGFGSAAGGDGLEAGGAGGTVFGSGGAGGAGGVATVAG

DTGGTGGDGGESGGLFGVEGAGGHGGFGSAAGGDGGAGGAGGTVFGSGEAGGAGGYATVAG

HGGHGGNAGLLYGTGGAGGAGGFGGFGGDGGEDGEIGELVESGGAGGSGGETGTLSGGRGGA
HGGHGGNAGLLYGTGGAGGAGGFGGFGGDGGDGEIGGMYGSGGAGGSGETGTQSGGRGGA
HGGHGGNAGLLYGTGGAGGAGGFGGFGGDGGDGEIGGLYGSGGAGGSGGTGTLSGGRGGA

GGNAGTFYGSGGAGGAGGESDNGDGGNGGYGGKAGLVGEGGNGGDGGAT IAGKGGSGGNG
GGNAGTFYGSGGAGGAGGESDNGDGGNGGYGGKAGLVGEGGNGGDGGAT IAGKGGSGGNG
GGNAGTFYGSGGAGGAGGESDNGDGGNGGYGGKAGLVGEGGNGGDGGAT IAGKGGSGGNG

GNAWLTGQGGNGGNAAFGKAGTGSVGVGGAGGLLEGQNGENGLLPS 510
GNAWLTGQGGNGGNAAFGKAGTGSVGVGGAGGLLEGQNGENGLLPS 525
GNAWLTGQGGNGGNAAFGKAGTGSVGVGGAGGLLEGQNGENGLLPS 525
---------------------------------------------- 177
GNAWLTGQGGNGGNAAFGKAGTGSVGVGGAGGLLEGQNGENGLLPS 424

284
299
299
177
256

344
359
359
177
3l6

404
419
419
177
355

464
479
479
177
a7a

23



4.2.3 PPE25

CLUSTAL O{1.2.4)

multiple sequence alignment

SHOTTSII MWD T SPAVDAGEGYWSWYPVLLSDFGS LSPEINSGRIYAGPGESGPY LAAAGALDALATELGA 58
ANIUM - MAALAALDEVAAELGT 16
MARTMLM - MFDFGALPPEINSGRMY TGPGSGPMMAAASALIDALAAELSS 41
LAaCUS - MDFGALPPEVNSGRMYSGPGMGPMLAAAAALDGLAAELGS 48
CAMETTII - MDFGALPPEINSGRMYSGPGSGPMLAAAAALDGWVANELGL a8
BOWIS - MDFGALPPEINSGRMYCGPGSGPMLAAAAALDGWANVELGL 48
BOWIS BCG - MDFGALPPEINSGRMYOGPGSGPMLAAAAALDGWVANELGL a8
PASTEUR
TUBERCULOSIS - MDFGALPPEINSGRMYCGPGSGPMLAAAAALDGWANVELGL 48
H37RW
TUBERCULOSIS - MDFGALPPEINSGRMYOGPGSGPMLAAAAALDGWVANELGL a8
CC1551
KANSASTT - MDFGALPPEINSGRMYAGPGSGESMMAAAAALDDLAAELAS a8
SHIMNIUKUENSE MPQ-AGS - LTRSRSAEEGRWVLDFGALPPEVMNSGRMY SGPGSGPMLAAAAAWDOLAAE LAL 58
sEEE kEER Lk kR
SHOTTSII TACGYSOVITQLTSLPESGPAASAAMLTAVTPYWSHLT TMAT RAEQT AMOQARAALAAYEAS 128
ANTUM AASGYHSVIAELTSGPWVGPASLSMVSAT TPYWVGHWLSAVAAOAEET ASQGRAANMAAFEAN 76
MARTIMLUM AASOYSSVIAELTSSPHLGPASRSMMSAVAPYVTHLSAALAAOTETAASDARAALAAYETA 181
LACUS AASEYASVISELSSSPHLGPASMAMNVASATPYFTHWLDSAAE LAEQAGMODARAANMAAYEAS 186
CAMNETTII AATOYASVIAELTOESPENVGAASLSMVAAAT PYWVARLSQALARAEQAGMOAAAALAAYEAS 18a
BOWIS AATEYASVIAELTEGAPWGAASL SMVAAAT PYWARWL SOAAARAEQAGMODALAANNAYEAS 186
BOWIS BCG AATOYASVIAELTGAPENGAASLSMVAAAT PYWVARLSQALARAEQAGMOAAAALAAYEAS 18a
PASTEUR
TUBERCULOSIS AATEYASVIAELTEGAPWGAASL SMVAAAT PYWARWL SOAAARAEQAGMODALAANNAYEAS 186
H37RW
TUBERCULOSIS AATEYASVIAELTEGAPWGAASL SMVAAAT PYWARWL SOAAARAEQAGMODALAANNAYEAS 186
CC1551
KANSASTTI AASOYESVIAELTOSPHMGPASLSMVAAARPY ILAWLSGASALAEQAGMO)GRAALAAYETA 18a
SHIMNIUKUENSE AASAYESVIAELTSSWWWGPTAMSMVASATREY TAWLRTAATRAEQAGVDARALAASAAYETA 118
sE ok kd ek L R T wx k= . sE . k| mEkkEE.E LK
SHOTTSII FAMTWPPPALAVNRVYRLLGLIATNFFGOMNT PSIAAT EAEYAEFHAQDATAMYCYASTSTS 152
AN TUM FAMTWPPPWVIAANRYLLATLWVATMNFFGQNT PATAAT EAQYMEMAAQDAAANY GY ALASOT 136G
MARTIMLIM FVMTWPPPWVIAANRYLLMT LWVATNFFGQNT PATAAT EAYMEMAAQDAAAMY SYAGSSAL 161
Lacus FAMTWPPPVIAANPYLLMTLIATNFFGONT PATAAT EACNY SAEMAQDALAANMYGY AGASAT 166
CANETTII FWMTWPPPWVITANRY LVMT LIATNFFGOMNSAATAVAEAY AEMAHAQDAVAMYGY ALASAS 164
BOWIS FYWMTWPPPWITANRY LVMT LIATNF FGONSAATAVAEAY AEMAWAQDANVAMY GY ALASAS 168
BOWIS BCG FVMTWPPPWVITANRY LVMT LIATMF FGQMNSAATAVAEAY AEMWAQDANVAMY GY ALASAS 168
PASTEUR
TUBERCULOSTIS FWMTWPPPWVITANRY LVMT LIATNFFGOMNSAATAVAEAY AEMAHAQDAVAMYGY ALASAS 164
H37RW
TUBERCULOSIS FVMTWPPPWVITANRY LVMT LIATMF FGQMNSAATAVAEAY AEMWAQDANVAMY GY ALASAS 168
CDC1551
KANSASTI FVMTWPPPAIAANRLLLMTLIATNFFGQNT PATAAT EAHY AEMIAQDAAANMYGY AGASAT 168
SHINIJUKUEMSE FAMTWPPPWIAAMNRWLLOTLCATHNFFGONT AL T ALAAEADY AEMKNAQDATAMYGY AGSSAG A7E
-’F_-’F*****_*: _11:: 2 = $*******: :1:1:_:**_* H:-’r‘-’ﬂfﬁ** = o e 1:*_:*
SHOTTSII FLALPAFPGPPRTTDPAGLAGDALAATSOTAASATSSESA TQALTON 225
ANTUM ASTLSPFAAPPNT TAPEGESDOQAAANAQAAAEPAGNSAQT AAQASSOLATSOAVT TGSOA 19&
MARTMLIM ATELPRFAPPPDTTSVHMALAGEQSWVWAQAAATPAGDSAQTITATIPQLLSSAGYPGLOOL 221
LACUS ASELTPFTEPAQATDATGLAAQA,AANSKAAATPEAASAQTWVALLAAPELTIGSAWVPGL LOO 228
CANETTII ASRLIPFAAPPET THNSAGN WA ALN AAMPGLLOR 195
BOWIS ASRLIPFAAPPKT THSAGW WA ALN ALAMPGLLOR 195
BOWIS BCG ASRLIPFAAPPET THNSAGWW SO ALN AAMPGLLOR 195
PASTEUR
TUBERCULOSIS ASRLIPFAAPP KT TS AW WA AN ASAMPGLLOR 195
H37RW
TUBERCULOSTIS ASRLIPFAAPPKT THSAGW WA ALN ALAMPGLLOR 195
CDC1551
EANSASTI ASELTPFADPGT TTDRPAGLAAQSAMANAKAAATPAGT SAPALSSADPGLVS TAAWP L LOOD 228
SHINJUKUEMSE AADLTPFPEPAQT SNPAGVAAQAATVAKAAAT ANGTSAPTWSSMDAELFATALNVPOQLLRH 238
Ed Ed = . - = = .
SHOTTSII -555-———————— LAAAGHWL PILSTAEWMT LVMTIGLA 254
ANTUM VAQA--STTTASQPGPFTWL - -TSALOMLOQSGLPTPTHMWLGLNPSFY TWMLEQMTGLA 252
MARTIMLIM SLSSWSSMSPSAASSPTYHWQITIQOTOWVOMNFLTYGLPTPDMMNY AG LY PGMYMAL - -ROT LM 272
Lacus LSTA----ASAAMLDLMMSQIAQLLG - —————— TITPAM - — —RTSLY--RTHMGLS 259



SHOTTSII
ANVIUM
MARTHNUM
LACUS
CAMETTII
BOVIS

BOVIS BCG
PASTEUR
TUBERCULOSIS
H3 7RV
TUBERCULOSIS
1551
EANSASTT
SHINJUKUENSE

SHOTTSII

MARTIMUM
LACUS
CANETTII
BOVIS

BOVIS BCG
PASTEUR
TUBERCULOSIS
H37RW
TUBERCULOSIS
CDC1551
FANSASTII
SHINIUKUENSE

SHOTTSII
AVWTIUM
MARTMUM
LACUS
CAMETTII
BOVIS

BOVIS BOG
PASTEUR
TUBERCULOSIS
H37RW
TUBERCULOSIS
CDC1551
KANSASTT
SHIMIUKUENSE

SHOTTSIT
AVTIUM
MARIMUM

PILSTAEWNTLVNTWGLA
VAQA- -STTTASQPGPFTHL - - TSALONLOQSGLPTRTHMWLGLNPSFY TWMLEQNTGLA
SLSSVSSMSPSAASSPTVIHQITIOQTOVONFLTYGLPTPDNNY AGLYPGMYMNAL - -ROTLOA

L5TA----ASAAMLDLMMSQTAQLLG------- TITPAM-— e —RTSLVY--RTMGLS
LSSA----ASVSHPNPHNDHWLVRLLG- ------ SITPTE ———— - —RTTIWV--RLLGES
LSSA----ASVSHSNPHNDHWLVRLLG- - ----- SITPTE ———— - —RTTIV--RLLGOS
LSSA----ASVSHSNPHNDHWLVRLLG- - ----- SITPTE ———— - —RTTIV--RLLGOS
LS54 - - - - ASVSHSNPHMDLLLVRLLG- - - ---- SITPTE—--——-- —RTTIV--RLLGODS
L5SA- - - -ASVSHWSNPHMNDHWLVRLLG- - ----- SITPTE ———— - —RTTIV--RLLGOQS
L5TS----TLAGSLMNPMDLLIVQTLG------- SINSAQ—-——- —RWSWV- -RTLGLS
L5TS- - - -ALSAWPHNPNDEWIVOLLG------- SLTPAN — o RTTIV--RFLGLS
YFGAGIFQLGTLFAQOL LPDAAAAPSAASAST AVALD - - - LAAP— VAATPVERAWFA
YFOWGEIGNSGEWS IA.E!EJ LTFGQPGGT TAGAGGALNYPTP _E FAALGADT —————— - HIWHPMASFL
YEAVGIPQFFASIGRQOLTFGPGGT TAGSGGAY PTPOQFAGLGLGGG-————m- - GPASAS LS
YFATGMAQFFASTAQOQLTFGPGETTAGSGGANYPTPOFAGLGAS ~———m - - REVSASLS
YFATGMAQFFASTAQOQLTFGPGETTAGSGGANYPTPOFAGLGAS ~———m - - REVSASLS
YFATGMAQFFASTAQQLTFGPGGT TAGSGGAWY PTPOQFAGLGAS ———— - - RAVSASLA
YFATGMAQFFASTAQQLTFGPGGT TAGSGGAWY PTPOFAGLGAS ———— - - RAVSASLA
YFEATGMAQFFASTAQOLTFGPGGT TAGSGOALY PTPQFAGLGAS —— o — - REVSVS LY
YEFAMGIPQFIASIGROLTFGSG-TTAGSGEAMYATPOFAGLGTOAG —————- RALALSASLL
YFEMGIAQFFASTIGOQLTRFGPGGT TAGSGEAWYPTPOFVGLGLGLG ———m—- GEKMSASLA
wEOE, DoEEE L o1l - = . F
RADTIGPMSVPPSWT TAAPAPTAGGAVISGIDWAS - ———— GRPOAPNALLPHLERDMNS - - -
GAGRVEALSVPOOWATLTSAVSPAVSEEGSAVOAN - - - -AG - - -GAPG- - -VWVRPTGCOCAA
SESKVGEELSVPASHWGTAPGSVEQASTELVSTMFTTSPGEANPANGLNAAL RGFPVGSRGA
SAVENVGPLSVPPTHWIATETALEQRVARLVGANY AL ———— — A0S PHAANGY LMGLPMRGAGR
RANKIGALSVPPSWVETTALTESPVAHAVSANPTY ——————- G5SYEPHGLLRGLPLGSRIT
RAMKIGALSVPPSWVETTALTE -PRAHAVSAMNPTY ————- G55HGPHGLLRGLPLGSRIT
RAMKIGALSVPPSWVETTALTE -PRAHAVSAMNPTY ————- G55HGPHGLLRGLPLGSRIT
RANKIGALSVPPSINVKTTALTESPYAHAVSANPTY —————- GS5SHGPHGLLRGLPLGSRIT
RANKIGALSVPPSWVETTALTESPVAHAVSANPTY ——————- G5SHGPHGLLRGLPLGSRIT
SANKIGALSVPPTHINVGSSAEVERAAAGLVSADVET —————- MSEEVOGELLRGIPLGSGAS
SANTIGRLSVPPSWATSPYALAEHATPAWVGADWYT ——————- TGPSE@AAGL LRGMPLGSGLG

H . Ed = EE #* . . . .
RATTFARRRYGIRLTVMLRPPEAG--------- 352
Cm - RLG-RWAGAARPRAMSTHNTAFATAS 387
QRTGMLGVRYGFRYPVLTRPPSAG--------- 418

254
252
279
259
234
234
234

234

234

259
277

313
332

358
3682

389
341
348
348

341

341

368
387



4.3 Ligand Library

The table 2 below shows the ligands that were selected through literature review. These ligands are obtained
from natural sources primarily derived from marine organisms and plant sources. Natural products play a
pivotal role in contemporary drug development, particularly as antibacterial. Plant derived alkaloids and
flavonoids have emerged as crucial sources of novel pharmacologically active compounds, directly or
indirectly contributing to the development of numerous drugs. Similarly, the marine compounds, obtained
from the marine environment that has vast species diversity, exhibit structural diversity at the level of
secondary metabolites. It has been reported that marine natural products demonstrate a higher incidence of
significant bioactivity and structural novelty when compared to their terrestrial counterparts. This emphasis
on marine organisms as a source of novel compounds underscores the potential for discovering unique and

biologically active molecules in the quest for new therapeutic agents.

Table 2 List of ligands with molecular weight, structure and adherence to Lipinski rule

S.No. Name of the ligand Molecular weight Lipinski Rule
(9/mol)
1 Echinulin 461.6 HBD= 3
N HBA= 2
v T LogP=4.6

Y
/L\v.«m,q E/\ .

0

27N

2 Dehydroechinulin 459.6 HBA=2
L HBD= 3
A LogP=4.61
J
X
3 Cristatumin A 3394 HBA=3
HBD= 4
LogP=2.16

26



N -‘*’\.7 ‘
T\

Variecolorin H 353.4 HBA=3
- . HBD= 3
‘:7,)»4. . LogP=2.86

F N
N
Gliotoxin 326.39 HBA= 4
H HBD= 2
- 9 LogP=1.92
"
g
%A
12,13-dihydroxyfumitremorgin C 411.45 HBA=5
HBD=3
°j)Q LogP=2.61
O\
568.7 HBA= 8
HBD=1
LogP=3.33
Lyngbyoic acid 212.33 HBA=2
HBD=1

27



/
/
e

LogP=2.75

10 Dodecanoic acid 200.32 HBA= 2
HBD= 1
LogP= 2.7

11 Malyngolide 270.41 HBA=3
HBD=1
LogP=3.59

12 Methyl ester of dodecanoic acid 214.34 HBA=2
HBD=0
LogP=3.48

-~ D-r\/\/\/\/\/

13 Butyric acid 88.11 HBA=2
HBD=1
LogP=1.1

28



14

Geodisterol-3-O-sulfite

506.69

HBA=6
HBD=3
LogP=3.11

15

Pyranonigrin A

223.18

HBA=5
HBD=3
LogP=1.07

16

Tardioxopiperazine A

393.5

HBA=2
HBD=3
LogP=3.25

17

Neoechinulin A

323.4

HBA= 2
HBD= 3
LogP= 2.57

18

391.5

HBA=2
HBD=3
LogP= 3.66

29



19 Crambescidin 800 801.2 HBA=9
HBD=4
LogP=7.62
4
"o Ao
; T."N I-DWVV“VAN\ENNH—
20 Xinghaiamine A 724.99 HBA=1
) HBD=0
'g 5 LogP=4.93
K "o
21 Ageloxime B 438.6 HBA=3
W HBD= 2
)ﬁ/j/ LogP=0.8
22 Brevianamide F 422.63 HBA=2
HBD=1
LogP=0.69
N
| TQ
o]
23 N-(2-hydroxyphenyl)-2-phenazinamine 283.33 HBA=2
HBD= 2
LogP=1.77

30



24

Axinellamine A and B

287.32

HBA=3
HBD= 2
LogP=2.64

25

Fucoidan

Sl e

256.27

HBA=7
HBD= 2
LogP=1.02

26

404.54

HBA=2
HBD=1
LogP=1.02

27

gramicidin S

404.54

HBA=2
HBD=1
LogP=1.02

28

598.8

HBA=8
HBD= 4
LogP=5.51

31



29

Manzamine A

548.8

HBA= 4
HBD= 2
LogP=4.62

30

Lyngbic acid

256.38

HBA=3
HBD=1
LogP=3.44

31

251.23

HBA=5
HBD= 3
LogP= 1.54

32

425.5

HBA=4
HBD=5
LogP=2.92




33 (2)-5-(4-hydroxybenzylidene)imidazolidine-2,4- 204.18 HBA= 3
dione HBD= 3
o[ LogP=0.97
A=
34 Peniciadametizine A 506.6 HBA=7
HBD=1
iy LogP=3.44
35 Peniciadametizine B 494.5 HBA=9
HBD= 4
oy . o H LogP=2.18
Y| 7
36 Zamamidine D 713.01 HBA=5
HBD=5
LogP=4.98

33



37 Agelasine B 422.6 HBA=2
1 HBD=1
I LogP= 0.83
38 Agelasine J 458.1 HBA=2
HBD= 1
LogP=-2.26
39 Quercetin 302.1 HBA=7
HBD=5
I LogP= 1.63
BE S
40 Kaempferol 286.24 HBA=6
HBD=4
& &l LogP= 1.7
41 Luteolin 286.24 HBA=6
HBD=4
I LogP=1.86
BE S

34



42 Epigallocatechin Gallate (EGCG) 458.37 HBA=11
HBD=8
LogP=1.53
o 1 g
)
i3
43 Naringenin 272.25 HBA=5
HBD=3
] LogP=1.75
1] %)
44 Apigenin 270.24 HBA=5
HBD=3
i LogP=1.89
BE S
45 Hesperidin 610.6 HBA= 15
HBD=8
LogP=0.89
46 Genistein 270.24 HBA=5
HBD=3
LogP=1.91
47 Rutin 610.52 HBA=16
HBD= 10
LogP=0.46
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48 Baicalein 270.24 HBA=5
HBD= 3
LogP=2.43

4.4 Docking Results

In this study, blind docking of several ligands was carried out and after successful docking. We obtained
10 best docked conformations in each docking and then two best conformers based on the minimum binding
energy were selected for analysis of the kind of interactions shown between the residues of receptor protein
and ligands (Table 3). The results showed significant binding of ligands with target proteins. These
interactions were visualized using protein ligand interaction profiler. Protein ligand interactions in general
is stabilized by different types of weak interactions but usually we consider hydrogen interactions as the
most important interaction. After obtaining results from profiler, it was found that the ligands showed
energetically favorable hydrogen and hydrophobic interactions with the amino acid residues present within
the protein and not on the surface (Table 4). The best conformers were analyzed using Discovery Studio

Visualizer.

Table 3 showing the two best conformers in each docking with the binding energy

S.No. Receptor Ligand Run Number Binding Energy
(Kcal/mol)
1 PPE 25 Echinulin 9 -5.52
7 -5.47
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2 PPE25 Dehydroechinulin 2 -5.45
10 -5.34

3 PPE25 Cristatumin A 5 -5.71
3 -5.58

4 PPE 25 Variecolorin H 3 -8.50
5 -8.43

5 PPE18 Atropine 9 -5.61
5 -4.92

6 PPE18 Aurachin 9 -3.52
2 -3.04

7 PPE25 Epigallocatechin 2 -8.21
Gallate 3 -6.86

8 PPE18 Palmatine 10 -1.22
9 -7.20

9 PPE18 Sanguinarine 1 -7.03
2 -7.03

10 PPE25 Agelasine J 3 -5.70
8 -5.56

11 PPE25 Ageloxime B 4 -6.37
10 -5.91

12 PPE25 Apegenin 8 -5.82
7 -5.66

13 PPE25 Artemisinin 7 -5.40
10 -5.40

14 PPE25 Aurachin 1 -8.16
7 -5.83

15 PPE25 Bengamide 1 0.72
3 1.01

16 PPE25 Brevianamide F 10 -6.31
9 -6.31

17 PPE25 Butyric acid 8 -3.56
5 -3.46

18 PPE25 Curcumin 3 -7.31
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6 -7.09
19 PPE25 Fucoidan 5 -8.41
9 -7.85
20 PPE25 Gliotoxin 5 -2.71
1 -2.64
21 PPE25 Harmine 6 -3.74
5 -3.73
22 PPE25 Helvolic acid 4 -5.84
9 -4.77
23 PPE25 Lyngbioic acid 5 -5.05
7 -4.83
24 PPE25 Manzamine 5 -5.05
1 -5.05
25 PPE25 Naringenin 6 -5.36
3 -5.14
26 PPE25 N-(2- 1 -7.32
hydroxyphenyl)-2- 5 -7.31

phenazamine
27 PPE25 Peniciadametizine 4 -5.11
A 8 -5.06
28 PPE25 Rutin 4 -7.59
1 -7.51
29 PPE18 Baicalin 3 -6.24
6 -6.23
30 PPE18 Benzamide F 3 -5.76
6 -5.46
31 PPE18 Butyric acid 2 -2.91
4 -2.76
32 PPE18 Cristatumin A 7 -4.66
5 -4.30
33 PPE18 Echinulin 1 -3.58
7 -3.35
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34 PPE18 Fumetri 5 -4.03
1 -3.81

35 PPE18 Gliotoxin 1 -5.07
8 -4.58

36 PPE18 Helvolic acid 7 -4.08
8 -3.59

37 PPE18 Kaempferol 5 -4.95
1 -4.83

38 PPE18 Luteolin 5 -2.73
6 -2.57

39 PPE18 Lutin 7 -6.53
5 -5.63

40 PPE18 Lyngbioic acid 6 -2.97
7 -2.52

41 PPE18 Malyngolide 6 -2.61
9 -2.39

42 PPE18 N-(2- 8 -6.13
hydroxyphenyl)-2- 4 -6.10

phenazamine

43 PPE18 Pyranonigrin 1 -4.04
8 -3.41

44 PPE18 Quercetin 1 -4.19
7 -4.18

45 PPE25 Quercetin 2 -7.23
3 -7.03

46 PPE18 Quinine 9 -9.62
8 -8.51

47 PPE18 Rubruzamine 2 -4.96
7 -4.57

48 PPE18 Varieclorin H 9 -5.30
10 -5.02
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Table 4 shows the interacting residues of different ligands with the receptor proteins PPE18and PPE25

S.no.

Name of ligand

Interacting
Amino acid of
protein

Hydrogen bond
forming
residues

Hydrophobic
interaction
showing residues

Agalasine J

PRO19
SER21
PRO23
TRP31
TYR97
PHE101
ILE110
SER162
AGR224

Ageloxime B

PRO19
SER21
PRO23
MET?24
TYR97
PHE101
PRO106
PRO107
ILE116
ARG224

Artimisinin

MET15
GLY18
PRO19
TYR97
PHE101
PRO106
PRO107

Apegenin

GLY18
PRO19
SER21
PRO23
MET?24
TYR97
PHE101
PRO107

Aurachin

MET15
CYS17
GLY18

GLU174
THR176
ARG235
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PRO19
TYR97
PHE101
PRO107

ILE110
ARG224

TRP228

Gliotoxin

GLU142
GLN146
ASP147
VAL149
ALA150
GLY153
TYR154
LEU193
LEU216

Epigallocatechin Gallate

GLY18
TYR97
PHE101
PRO107
PRO108

ILE110
THR111
ARG214
ARG224

MET15
MET?24
SER21

THR111
ARG224
ILE110
PRO106
PHE101
CYS17
ARG14
TYR16
GLY18
GLY20
ALA9%4

Butyric acid

HI1S328

LEU331
ARG332
PRO335

Hesperidin

ALA42
TYR45
SER64
ALAGS8
TYR72
TRP75
ALA168
ALA169
ALA288
ASN289

Rutin

ARG14
CYS17
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PRO19
GLY20
SER21
TYR97
ALA100
PHE101
PRO106
PRO107
ILE110
TYR154
ALA155

10

Curcumin

PRO19
GLY20
SER21
PRO23
ALA27
TRP31
ALA90
ALA93
TYR97
PHE101
SER162
ARG224
THR225
ILE227
VAL228

11

Echinulin

PRO19

SER21
TYR97
PHE101
PRO106
PRO107
THR111
ARG114
ARG224

12

Dihydroechinulin

PRO19
SER21
TYR97
PHE101
PRO106
PRO107
ILE110
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13

Naringenin

PRO19

SER21

PRO23

MET?24
TYR97

PHE101
PRO107
ILE110

14

Brevianamide F

MET15
CYS17
PRO19
GLY20
SER21
PRO23
TYP97
PHE101
PRO107

15

Cristatumin A

MET15
CYS17
PRO19
SER21
PHE101
PRO107
ILE110

16

Fucoidan

TYR45
ALAG8
TYR72

TRP75
ALA168
ALA169
PRO170
ASN289

19

Harmine

PRO19
SER21
MET?24
ALA27
TRP31
ALA90
ALA93
TYR97
SER162

20

Helvoic acid

MET15
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GLY18
PRO19
SER21
PRO23
TYR97
PRO107
ARG224

21

Lyngbioic acid

ARG14
GLY18
PRO19
GLY20
SER21
TYR97
PHE101
PRO107

22

Manzamine

CYS17

PRO19

SER21

PRO23

PYR97

PHE101
PRO107

23

Nhydroxyphenylphenazinamine

MET15
CYS17
GLY18
PRO19
SER21
PRO23
MET?24
TYR97
PHE101
PRO107

24

Quercetin

VAL48
LEU52
ARG287
ILE291
ALA293
TYR351
GLY352
ARG354
HIS355

25

Variecolorin H

ILE110

GLY18

ILE10
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PRO107 PRO107
MET15 MET15
ARG14 ARG14
CYS17 CYS17
GLY18 SER21
SER21
PRO19
PRO23
TYR97
PHE101
ALA100
PRO106
ALA155
26 Epigallocatechin Gallate THR111 MET15 ALA9%4
ILE110 MET?24 GLY20
ARG224 SER21 ARG14
PRO106 CYS17
PRO107 GLY18
PRO19 PHE101
PHE101 TYR16
GLY18 PRO106
MET15 ILE110
CYS17 ARG224
ARG14 THR111
TYR16
PRO23
TYR97
SER21
ALA9%4
TYR97
PRO23
26 Atropine PRO173 THR176 PRO173
GLU174 TRP228 GLU170
GLU170 SER232 GLU174
THR176 PRO173 SER177
SER177 ARG235 LEU181
LEU181 MET175
MET175 ALA178
TRP228 VAL231
ALA178 ARG235
VAL231
SER232
ARG 235
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27

Aurachin

GLU174
THR 176
TRP 228
PRO173
ALA178
ARG235

ARG235
GLU174
THR176
TRP228

ALA178
PRO173

28

N-(2- Hydroxyphenyl)-2-
Phenazamine

MET144
ALA112
PRO108
PRO109
GLU113
ALA116
GLU183
GLU143
GLY180
GLN147
THR176
LEU104
SER177
GLY103
GLY179

GLU183
PRO109
SER177

GLU113
GLU143
GLU180
ALA116
GLN147
GLY179
THR176
LEU104
GLY103

29

Palmatine

MET152
MET16
TYR155
ARG15
GLY5
ALA18
GLY19
GLY21
TYR102
GLU99
ALA101
TYRO98

ARG15
TYRO98
GLU99

GLY5
GLY19
GLY21

ALA101
ALA18

30

Sanguinarine

ALA101
TYRO98
MET16

TYR155
ASN12

MET152
ARG15

PHE4
LEU7
ALAG6

TYRO98

ASN12
PHE4
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GLY5

31

Variecolorin H

PRO220
LEU224
PHE169
SER221
LEU167
GLU170
LEU166
THR165

ILE110
PRO107
MET15
ARG14
CYS17

SER21

32

Quinine

ILE111
PRO109
PRO108
GLY179
GLN147
GLY180
ALA112
GLY103
SER177
LEU104
THR176
GLU183
GLU143
MET144
ALA146
LEU182

PRO108
THR176

GLY103
GLY179
GLY180
GLN147
MET144
LEU104
LEU182
ALA146
GLU143
GLU183
SER177

28

Quercetin

ALA178
SER177
THR176
GLU174
PHE169
ARG92
GLU170

29

Kaempferol

PHE169
PRO173
GLU174
THR176
LEU166
LEU167
ALA178
GLU170

30

Luteolin

TRP228
GLU170
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PHE169
GLU174
PRO173
ALA96
ARG92

31

Baicalein

LEUY
ASN12
MET16

MET152

ALAG6
ALA18
TYRO98

TYR102
TYR155
GLY19
ARG15

ILE11

GLY5

PHE4

ASN12

TYR102
GLY5
GLY19
ALAG
ALA18
PRO20
TYR155
PHE4
MET152
ILE11
LEU7

32

Butyric acid

PRO233
SER236
ARG235
TRP228
SER232

33

Helvolic acid

ARG235
ALA178
SER177
THR176
PRO173
PHE169
ARG92
GLU170
TRP228

34

Gliotoxin

GLU99
GLY21
GLY19
PRO20
LEU25
TYR98
ALA18
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TYR102
SER22

35 Echinulin GLN147
GLU143
GLY179
GLU183
SER177
ARG113
PRO173
THR100
GLY103
ARG115

36 Cristumin GLN276
ALA275
ALA334
GLN329
ALA330
ALA272
PHE269
ALA273

5. Discussion

PPE18 and PPE25 are proteins from the PPE (Proline-Proline-Glutamate) family in Mycobacterium
tuberculosis H37Rv, which are considered important due to their roles in host-pathogen interactions,
immune modulation, and potential involvement in bacterial virulence. Their unique properties make them
intriguing candidates for drug targeting. Both PPE18 and PPE25 have been identified as virulence factors.
They can modulate host immune responses, potentially helping the pathogen persist within the host. PPE18
has been linked to inhibiting host immune mechanisms, making it a key player in immune evasion. PPE18
and PPE25 are both surface-exposed proteins and are secreted, making them accessible targets for drug
molecules. Targeting such proteins could weaken the pathogen’s ability to persist and evade the immune
response. Interestingly, it was observed that the expression patterns and functional roles of PPE 18 and PPE
25 showed variation between virulent and non-virulent strains of Mycobacterium species. In pathogenic
strains of Mycobacterium tuberculosis such as H37Rv, the expression levels of PPE18 and PPE25 have
been reported to be higher compared to non-virulent or attenuated strains like H37Ra. On comparing the
gene sequence of these two proteins from different virulent and non-virulent strains it was observed that

there are variations in the sequence of both these proteins. These variations include mutations, deletions, or
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duplications in the PPE gene loci, which can alter their expression and function. This observation has a
functional implication and explains the role of PPE18 and PPE25 in modulating host immune responses,
which is critical for virulence. In virulent strains, they contribute to immune evasion by interacting with
host immune receptors, inhibiting antigen presentation, or altering cytokine responses. But in non-virulent
strains these proteins are either absent completely or are attenuated leading to reduced capacity of these
strains to inhibit host immune responses and exhibit less effective intracellular survival in host cells. Due
to their differential expression in virulent versus non-virulent strains, PPE18 and PPE25 can also serve as
potential biomarkers for distinguishing pathogenic Mycobacterium strains. This study highlights the
therapeutic potential of natural compounds, especially those derived from marine sources, as novel
inhibitors of PE/PPE family proteins in M.th. By targeting PPE18 and PPE25, these natural ligands may
disrupt M.tb's immune evasion mechanisms and reduce its pathogenicity. However, to confirm these
findings and determine the mechanisms by which these compounds exert their inhibitory effects need to be

validated experimentally through in vitro and in vivo studies.
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