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3.1. Abstract

VL is caused by Leishmania donovani, and purine and pyrimidine pathways are essential for
L. donovani. To eliminate the pathogens, multi-target approach is a noteworthy
investigation. This study is conducted to target the essential enzymes of Leishmania
donovani and inhibit them by using multi-target approach. A systematic analytical method
was followed in which, first collection of reported inhibitors of two essential enzymes
(adenine phosphoribosyl-transferase (APRT) and dihydroorotate dehydrogenase (DHODH))
was done. Later, the compounds using Lipinski and Veber’s rule, ADMET and PASS
analysis were screened. Additionally, molecular docking was done between screened ligands
and proteins. The potential of quality complexes was analysed using molecular dynamics
simulation and MMPBSA analysis. Initially, 6220 unique molecules from the PubChem
database were collected and then Lipinski and Veber’s rule were used for screening. 203
compounds passed the ADMET test which later went for PASS analysis to check
antileishmanial property. Molecular docking between APRT and DHODH with 15 filtered
ligands were done. Among these, 4 molecules were found to be plant-based and derived
compounds. Lig 2 [Kuraridine] and Lig_3 [2-(3,4-dihydroxyphenyl)-7-hydroxy-4-oxo-4H-
chromen-5-ylisobutyrate] provided good docking score with both proteins which helped in
their selection. MD simulation was applied to determine the dynamic behaviour and binding
patterns of complexes. Both MD simulation and MMPBSA analysis showed Lig 3 as
promising antileishmanial inhibitor against both targets. Thus, selected plant derivative
compound obtained from multi-target approach may provide better therapeutics to combat

VL.

In this chapter, the ligands were referred to as Lig_ 2 [Kuraridine] and Lig 3 [2-(3,4-
dihydroxyphenyl)-7-hydroxy-4-oxo-4H-chromen-5-ylisobutyrate].

3.2. Introduction

Leishmaniasis is caused by an obligate intracellular parasitic protozoan. It is a vector-borne
zoonotic disease which affects many individuals around the globe. Four types of
leishmaniasis affect the human system and they are cutaneous leishmaniasis (CL),

mucocutaneous leishmaniasis (ML), VL and post-kala-azar dermal leishmaniasis (PKDL)
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[1]. VL or kala-azar is predominantly caused by Leishmania donovani which affects the
human. Some African countries like Ethiopia, Uganda, Kenya and Asian countries like
Nepal, Bangladesh and India are affected by VL which accounts for 18% of total reported
cases [2]. Some of the Indian states which are affected by VL are Bihar, Jharkhand, West
Bengal, Madhya Pradesh and Uttar Pradesh with Bihar being the most severely affected state
[3]. Leishmaniasis is a widespread disease and WHO in 2020 reported that it has impacted

more than 98 countries. Among these countries, 79 of them reported cases of VL [4].

The life cycle of Leishmania donovani has two structural variations which changes along
their developmental process. They are amastigote and promastigote [5]. Sand fly carries the
promastigote form which later migrates from biting site and stays on macrophages of human.
Later it transforms into amastigote form and increases their number by dividing asexually.
In this process, mononuclear phagocyte system is infected as they invade the system. VL
affects the visceral organs such as the liver and spleen in the humans. Severe effect on these

organs may even lead to death [6,7].

Although there are approved medications for the treatment of VL, these medications have
negative effects and the condition has led to the emergence of drug resistance. The drugs
which are in use are pentavalent antimonials AmpB, miltefosine and paromomycin. Because
of all these drawbacks, new antileishmanial drugs are necessary with better efficacy and
lesser side effects [8]. Coming up with new drugs with validation in the market requires a
huge amount of time along with money. Drug discovery technique was used as an arsenal in
many pathogens such as Plasmodium falciparum, Mycobacterium tuberculosis,
Pseudomonas aeruginosa, etc [9-11]. Therefore, a new approach with smart strategies for

finding out novel leads against anti-leishmania is necessary [12].

In this context, various fields of computational biology have emerged to find the lead
molecules against a disease and some of these are bioinformatics, computational biophysics,
systems biology, cheminformatics, etc [13,14]. Moreover, numerous computational methods
and tools are being used to analyse the disease in a detailed way for a better outcome [15-
16]. For making the work evident, selection of drug target proteins present in essential
pathways are important. Additionally, proper screening of ligands is very crucial to find a

potential inhibitor.

L. donovani have essential pathways which are necessary for its survival on infected

mammalian host [15]. Purine and pyrimidine pathways are among them. It was reported that
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de novo purine synthesis is absent in protozoan parasites and it scavenges purines from the
host organisms [17]. This pathogen uses the host to salvage the purine for its requirement as
it lacks the purine synthesis mechanism [18-19]. L. donovani survival depends on purines
which they obtain from the host [20]. In L. donovani, scavenging of purine from the host
was facilitated by the enzyme adenine phosphoribosyl transferase (APRT). The infective
amastigote form of L. donovani, have APRT enzymes which plays a critical character in the
purine salvage [21]. The function of purine salvage enzyme APRT is to convert adenine
along with a-D-5-phosphoribosyl-1-pyrophosphate (PRPP) to form adenosine-5-
monophosphate (AMP) and inorganic phosphate (PPi) as products [22]. In L. tarentolae,
inhibitory activity on APRT enzyme by A/meidea rubra extract was shown [23]. The
following reaction uses APRT to produce AMP as a byproduct.

APRT
Adenine + PRPP ——— » AMP + PPi

In order to complete their life cycle, trypanosomatid parasites need mammalian hosts, and
hence they are dependent on them. The de novo pyrimidine pathway in L. donovani
generates pyrimidine, which is necessary for cell development and metabolism [24]. In de
novo pyrimidine pathway, dihydro-orotate dehydrogenase (DHODH) is one of the essential
enzymes of L. donovani [25]. DHODH function is to catalyze and convert stereoselective
oxidation of (S)-dihydroorotate to orotate [25]. It was reported that in different
microorganisms DHODH enzyme is present. On the basis of organisms, DHODH have two
classes i.e., 1 and 2. Further class 1 subdivided into classes 1A and 1B. L. donovani,
trypanosomatids are class 1A DHODH proteins located in cytosol having homodimeric
structure whereas class 2 DHODH present in humans are monomeric and present in the inner
mitochondrial membrane [26]. It was observed that different trypanosomatids class 1A
DHODH proteins have conserved active sites and also have similar mechanism [27]. In class
1A and class 2 DHODHSs, orotate bind to DHODH with similar residues. Rapid reaction
analysis between both DHODH classes showed a separate orotate dissociation mechanism
from the complex. However, in class 1A DHODHs, the rate limiting process was obtained
by the release of orotate although in case of class 2 DHODHs, the release of orotate is slow
and not capable for performing the function of catalysis [28]. In Trypanosoma cruzi,
DHODH gene knockout was done in an experiment which showed cell non-viability [29]
and in another experiment in 7. brucei, knockdown of DHODH inhibited parasite growth
[30]. The subsequent reaction generates orotate as a byproduct from DHODH.
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(S)-dihydroorotate _DHODH | Orotate

In context of work, an approach with multiple targets is reviewed notable for pathogen
inhibition. It is a way of drug discovery where a single drug candidate is used against
multiple targets parallelly to inhibit multiple functions [31]. This method has shown better
results in treating diseases and has been proven to show more inhibitory effect [32].
Interaction of compounds basically takes place in binding pockets of protein which affect
the protein function. This helps to support that multi-target drugs show more efficacy,
efficiency and safety [33]. It is useful as it helps the drug to act on more than one target
parallelly [34]. Multi-target approach was freshly introduced in VL on two essential drug
targets, APRT of purine pathway and DHODH of pyrimidine pathways of L. donovani. The
centralizing methodologies used in the study are described in a schematic form. In the
present study, first the two essential target proteins are selected from literature search [35]
then dataset of derivative ligands of established inhibitors was prepared against the selected
proteins which later went through screening process by applying different parameters. After
that, screened molecules were docked with proteins and at the end molecular dynamics
simulation were performed between selected protein-ligands complexes which helped to

find promising candidates for inhibition of VL.
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Figure 3.1: Schematic diagram to show the multi-target approach on two enzymes of

Leishmania donovani

3.3. Methodology

3.3.1. Protein and ligand structure retrieval

Three-dimensional protein structures of L. donovani available on RCSB PDB [36] were

selected based on different features. There are four structures of APRT having different
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resolutions among them 1.50A resolution crystal structure (PDB ID: 1QB7) of an adenine
phosphoribosyl-transferase was selected. Its sequence length is 236 amino acids (aa) and the
molecular weight is 26.09 kDa. Dihydroorotate dehydrogenase (DHODH) has homodimer
structure (PDB ID: 3C61) with a resolution 1.80 A was selected for this work. The sequence
length of DHODH is 314 amino acid and the molecular weight is 34.08 kDa. The compounds
which were derivatives of reported inhibitor of our target proteins were obtained from
PubChem database [37] in structure-data file(sdf) format which was later changed to protein
data bank(pdb) format by Open Babel software. Figure 3.1 shows the schematic diagram to

show the multi-target approach of Leishmania donovani targets.

Figure 3.2: 3D structure of Leishmania donovani (a) APRT and (b) DHODH protein
3.3.2. Screening of ligands

In selection of the molecules, first screening was applied by checking the drug likeness
property. For checking the drug-likeness property of ligand, Lipinski’s rule of five [38] and

Veber’s rule [39], was followed in which different parameters are present.

ADMET (Absorption, Distribution, Metabolism, Excretion and Toxicity) screening was
done to predict the action of the ligands inside the human body. The ADMET profiles of the
screened compounds were predicted through the admetSAR server [40]. The admetSAR
server provides information on 44 parameters related to ADMET. For our work, we have
selected 10 important parameters to screen the data set of compounds [41,42]. The
parameters are Ames test, blood-brain barrier (BBB), Human ether-a-go-go inhibition,

Caco-2 permeability, human intestinal absorption, Carcinogenicity, MATE!1 inhibitor, P-
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glycoprotein substrate and inhibitor and Thyroid receptor binding (TRB). Ligands which did

not passed these parameters were removed from the dataset.

PASS analysis was used to predict the biological activity of the screened compounds. With
the help of structure-activity relationships, biological activity estimation was done which
are put up in PASS database and activity is predicted in the form of probabilities. PASS
online server was used to obtain the predicted Pa value of molecules having antileishmanial

activity and screened according to it [43].
3.3.3. Molecular docking studies

Molecular docking is used to form a protein-ligand complex and it helps in the screening of
ligands by in silico approach. By recognizing the active sites of protein, screened ligands
can be docked at the binding site [44]. The molecular docking was carried out by two
software i.e. AutoDock 4.2 [45], AutoDock Vina 1.2.0 [46] and one webserver i.e. CB-Dock
[48] for all the ligands and for reported inhibitors of APRT and DHODH proteins. With the
help of AutoDock Vina 1.1.2, both the protein and ligands were first energy minimized and
then preparation was done [46]. Firstly, water molecules are removed from proteins and then
polar hydrogens and Kollman charges were added whereas in ligand, Gasteiger charges and
non-polar hydrogens were included. During the process of docking, default parameters are
used. A grid size of 63 x 65 x 53 A for APRT protein and 57 x 51x 51 A for DHODH with
fixed grid spacing of 0.375 A was used. At the end of the docking, 10 confirmations of the
protein-ligand complex were generated. Moreover, to check the validation of the docking
protocol, docking poses were superimposed over the co-crystal structures of both proteins

which provided that the poses were almost similar in their orientation.
3.3.4. Molecular Dynamic Simulation

In the MD simulation process, the dynamic behavior of biological macromolecules and
ligands are being understood in a time dependent manner. MD simulation of all atom was
performed using a software name GROMACS (GROningen MAchine for Chemical
Simulations) which is used to simulate proteins and the version used is 2020.4. Simulations
were performed for 20ns for screening of protein-ligand complexes after that 100ns
simulation were performed for top performed complexes [49]. All the simulations were
performed under periodic boundary conditions which were put in every direction. LINCS
algorithm and Simple Point Charge (SPC) water model was used to solvate the structures in

a cubic box having water and the distance of protein and protein-ligand complex from the
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edge is 1.0 nm. GROMOS 54A7 force field was used for doing the simulations. Prior to the
simulation, counter ions were added into the box which neutralized the different systems
having charge in it. APRT system contains around 67,000 atoms whereas about 50,000 atoms
were present in DHODH system. An explanation of the MD process is provided in Chapter
2.

3.3.5. Binding energy calculations

After performing simulations, binding energy calculations are necessary to measure the
contribution of the residues in forming interaction between protein and ligand. This
approach helps to decode the biomolecular interactions and components. MMPBSA
(Molecular Mechanics Poisson—Boltzmann Surface Area) technique was used with the help

of g mmpbsa tool [50]. Further explanation of it is provided on Chapter 2.
3.4. Results

In this study of the multi-target approach, two essential proteins APRT and DHODH of
two pathways were selected from the list of 3D protein structures of L. donovani available
on PDB database which were presented in Table 3.1. As per the schematic flow of the work,
the details of protein structures were retrieved along with those derivatives of the inhibitors
were collected. In the next section, drug-likeness property, ADMET and PASS analysis were
used to screen the compounds. Later on, molecular dynamics simulations of two proteins
and complexes formed of protein and ligand were carried out and finally binding energy

calculations of the complexes were shown to get a detailed view of the work.
3.4.1. Details of APRT and DHODH protein sequences and their mechanics

The sequence length of APRT protein of L. donovani is 236 although for humans is 180.
L. donovani APRT gene is present in chromosome number 26. The sequence identity
between APRT protein of L. donovani and human is 27% whereas similarity is 42.6%. In
mammals, APRT can generate AMP by de novo purine salvage pathway which plays role in
tumor proliferation and embryogenesis [51]. APRT deficiency can cause 2,8-
dihydroxyadenine urinary lithiasis in humans but it's not fatal for them. Based on the low
Km value of adenine in L. donovani to that of adenine in human APRT [52-54], it may be
reviewed as an important target for curing VL. A similar type of target selection of APRT

enzyme on Plasmodium falciparum with respect to Km value was also reported [55].
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DHODH is one of the enzymes of L. donovani under trypanosomatid. DHODH, is
present in de novo pyrimidine pathway [56]. The sequence identity of L. donovani and
human DHODH protein is 23% whereas similarity between both the proteins is 37%. The
sequence length of DHODH protein of L. donovani is 314 and human is 367. DHODH gene

of L. donovani is present in chromosome number 16.

Table 3.1: List of available L. donovani structures on PDB database

- Protein PDB Pathwa Resoluti
No. ID y on (A)
1 N-myristoyltransferase 2WUU  Fatty acid synthetic pathway 1.42

Adenine Phosphoribosyl-
2 S TROSPAOHROSY 1QB7 Purine Pathway 1.50
transferase
3 O-Acetyl serine 3SPX Cysteine-biosynthetic 179
sulthydrylase pathway
4 Dihydroorate 3061 Pyrimidine biosynthetic 1.80
dehydrogenase pathway
5 Adenylosuccinate lyase 4MX2 Purine biosynthesis 1.90
Vitamin B6 sal
6 Pyridoxal Kinase 6K8Z HHAmmi BB SAvVage 1.90
pathway
7 Cyclophilin A 2HAQ Purine salvage pathway 1.97
3 Corpropor.phlnogen III 3EJO Prot(‘)porphyrl‘n—IX 530
oxidase biosynthesis
9 Pteridine reductase 2X0X Folate & pterines metabolic 2.50
pathway
Pyrimidine bi heti
10 UMP synthase 3Qwa  [yrimidine biosynthetic -y
pathway
Gl 6-Phosphat
11 Heose osphate 7ZHU  Pentose phosphate pathway 1.70
Dehydrogenase
1 Quinonoid dihydropteridine 8BSU 1.0
reductase
6-Phosphogl t
13 osprogluconate 8C79  Pentose phosphate pathway 3.10
Dehydrogenase
14 Nucleoside hydrolase 8CTM Purine salvage pathway 1.73
15 Quinone oxidoreductase 8JGE - 2.05
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3.4.2. Analysis of screened ligands

In addition to the screening of 6220 unique compounds by Lipinski’s rule and Veber’s
rule, parameters like absorption, distribution, metabolism, excretion and toxicity of
compounds were checked. The above screening with varied parameters contributes to testing
a few leads via in vitro and in vivo drug development approaches. Compounds with a
predicted value obtained from the admetSAR server showing more bioactivity and non-
toxicity were selected. Consequently, ADMET profiling was done to assess the 5,952
compounds which passed Lipinski’s rule and Veber’s rule and out of it only 203 compounds
passed all the 10 parameters used for filtering. Moreover, we also did the ADMET profiling
of 17 reported inhibitors but only 1 inhibitor passed all the 10 parameters used for screening

were listed in Table 3.2.
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Table 3.2: ADMET screening of inhibitors

ST pubChem Ames | ppp | Caco- | Carcinog | Human either-a- | ;) | MATEL | P-gp P-gp TRD
No CID mutagen ) 2 enicity go-go inhibition ) inhibitior | inhibitor | substrate )
: esis (-) (=) (=) (&) ) () )
1 102171884 - + - - + + - + +
2 72936 - - - - + + - + +
3 5489487 - - + - + + - - - .
4 5281419 - - + - - + - + - -
5 73062 - + + - - + - ; } +
6 621199 - + + - + + - - - T
7 44409502 - + + - + + - - - T
8 5281672 + - - - - + + } _ +
9 66012 + + + - - + - - - -
10 442206 - + - - - + - } } +
11 102004563 - + + - - + - ; ; +
12 | 101412352 - + + - - + - + ; +
13 44139611 - + + - - + - + ; +
14 11428177 - + + - - + - ; ; +
15 49799795 - + + - - + - T } +
16 51347395 - + + - + + - - - +
17 4604 - + - - - + - - - -
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In our investigation, 203 compounds that were passed from ADMET profiling were
predicted using the PASS online server. Out of the screened compounds, antileishmanial
activity was shown by only 15 compounds which have the probability of activity (Pa) value
> 0.5 were presented in Table 3.3. Along with it, PASS analysis for inhibitors were also
shown in Table 3.4. We have also done, PASS analysis of 17 reported inhibitors to parallelly
visualize the probability of activity (Pa) and obtained 7 inhibitors which have a Pa value >

0.5.

Table 3.3: Ligands that passed PASS analysis

SI. No. PubChem CID Pa value Pi value
1 44610153 0.518 0.022
2 101999902 0.520 0.022
3 132555720 0.578 0.006
4 132555721 0.578 0.006
5 5318893 0.582 0.016
6 9954815 0.582 0.016
7 9999951 0.582 0.016
8 44428631 0.582 0.016
9 102340315 0.582 0.016
10 21721909 0.611 0.014
11 161172 0.632 0.012
12 5322064 0.647 0.012
13 14604078 0.706 0.009
14 155807748 0.952 0.002
15 155816530 0.956 0.002
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Table 3.4: PASS analysis for inhibitors

SI. No. Inhibitors PubChem CID Pa value Pi value
1 Myricetin 5281672 0.521 0.022
2 4-nitrophenylisocyanate 66012 0.529 0.008
3 Elephantopin 442206 0.555 0.018
4 Diacetylpiptocarphol 102004563 0.630 0.013
5 Vernolide-D 101412352 0.634 0.012

4-acetoxy-2-geranyl-5-
6 hydroxy-3-n-pintyl phenol 44139611 0.690 0.009
Crotaorixin 11428177 0.775 0.006
Neurolenin-B 49799795 0.812 0.004
9 Sophoraflavanone G 72936 0.231 0.161
10 Mammea BBA 5489487 0.248 0.152
11 Mammea AAA 5281419 0.253 0.139
12 Grandifotane 102171884 0.332 0.081
13 Kaurenoic acid 73062 0.348 0.072
14 Isoskimmianine 621199 0.439 0.035
15 Centratherin 44409502 0.483 0.027
16 DSM265 51347395 NA NA
17 Oxonate 4604 NA NA

3.4.3. Binding affinity prediction of drug molecules

Molecular docking was done to understand how the ligand binds to pocket of the
protein. Its significance is quite essential since it contributes to the knowledge of protein
residues involved in ligand binding. By using it, the orientation of ligands within the protein
are studied. The selected 15 compounds which passed the PASS analysis, were taken for the
docking along with those 7 reported inhibitors. The compounds were then docked with the
help of AutoDock 4.2, AutoDockVina and CB-Dock and the docking score were listed out
in Table 3.5. Site-specific docking was done for both APRT and DHODH as active sites
were known. Active site residues of APRT are Arg4l, Ala43, Arg82, Aspl46, Alal50,
Thr151, Gly152 and Thr154 [17] whereas the active site residues of DHODH are Asn68,
Gly71, Asnl128, Asnl33, Asnl95 and Ser196 [23]. In accordance with Table 3.4, Lig 1,
Lig 2, Lig 3, Lig 4 and Lig 5 displayed significantly better binding affinity among the
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selected 15 compounds docked against APRT and DHODH protein. However, the selected

compounds were phytochemicals and plant-derived compounds. Table 3.6, RMSD value of

APRT and DHODH docking complexes with co-crystal APRT and DHODH structures.

Docking scores of both the proteins with inhibitors are listed in Table 3.7. The interactions

of the complexes were also visualized by using the Discovery studio visualization tool.

Table 3.5: Docking result of APRT and DHODH with top molecules

AutoDock 4.2.6 AutoDock Vina CB-Dock
Ligand Pulé%l;em score (kcal/mol) score (kcal/mol) score (kcal/mol)
No- APRT DHODH APRT DHODH APRT DHODH
Lig 1 5322064 -8.25 -6.93 -8.6 -10.0 -8.6 9.2
Lig 2 44428631 -9.66 -8.24 -7.4 -6.9 -8.4 -8.1
Lig 3 44610153 -8.11 -8.42 -9.0 -10.9 -9.0 94
Lig 4 21721909 -8.62 -8.25 -7.8 -7.9 -7.8 9.1
Lig 5 161172 -7.93 -7.25 -9.5 -9.8 -7.8 -8.6
Lig 6 5318893 -7.96 -7.62 -7.2 -6.5 -7.7 -6.6
Lig 7 9954815 -8.71 -8.58 -7.6 -6.6 -8.2 -6.5
Lig 8 9999951 -8.04 -7.87 -8.3 -6.2 -8.2 -7.9
Lig 9 14604078 -7.69 -8.42 -8.8 -8.8 -7.8 -8.3
Lig 10 101999902 -8.32 -7.82 -8.7 -7.2 -8.7 -7.2
Lig 11 102340315 -7.81 -8.37 -6.5 -5.7 -1.7 -8.9
Lig 12 132555720 -6.53 -4.81 -6.8 -7.1 -7.5 -7.2
Lig 13 132555721  -6.44  -4.74 6.7 6.5 g6 71
Lig 14 155816530 -7.45 -6.95 -8.2 -8.5 -8.7 -9.9
Lig 15 155807748 -9.29 -4.58 -8.4 -8.0 9.1 -10.2
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Table 3.6: RMSD result of APRT and DHODH docking complexes with co-
crystal APRT and DHODH structures

RMSD (A)
Ligand No.
APRT DHODH
Lig 1 0.10 0.09
Lig 2 0.10 0.09
Lig 3 0.10 0.09
Lig 4 0.10 0.09
Lig 5 0.11 0.09
Lig 6 0.10 0.09
Lig 7 0.10 0.09
Lig 8 0.10 0.09
Lig 9 0.10 0.08
Lig 10 0.10 0.09
Lig 11 0.11 0.09
Lig 12 0.10 0.09
Lig 13 0.10 0.08
Lig 14 0.10 0.09
Lig 15 0.11 0.09

Table 3.7: Docking result of APRT and DHODH with inhibitors which cleared
PASS analysis

Inhlib(ftor PubChem CID AutoDock 4.2.6 score (kcal/mol)
APRT DHODH
1 5281672 -7.4 -7.29
2 66012 -5.68 -6.22
3 442206 -7.2 -9.04
4 101412352 -7.27 -7.72
5 44139611 -7.13 -7.15
6 11428177 -8.7 -8.47
7 49799795 -7.24 -8.33
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Figure 3.3: Docked structure of APRT with Lig 1(a), Lig 2(b), Lig 3(c), Lig 4 (d) and

Lig 5 interactions. The interactions present are van der Waals bonds (cyan), H-bonds

(green), m-c bonds (purple), and alkyl bonds (pink).
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Figure 3.4: Docked structure of DHODH with Lig 1(a), Lig_2(b), Lig_3(c), Lig 4 (d) and

Lig 5 interactions. The interactions present are van der Waals bonds (cyan), H-bonds

(green), m-c bonds (purple),

and alkyl bonds (pink).
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3.4.4. MD simulation: trajectory analyses of APRT and DHODH with ligands

MD simulations technique is used to know and understand the behavior of protein
structure and dynamics with and without compound. Different molecular systems used MD
simulation technique in time-dependent phenomena. Molecular systems which use MD
simulations are protein, protein-molecule, protein-protein, and protein-nanoparticle
complexes [14,56]. In the investigation of drug discovery, we executed MD simulations to
interpret the dynamics of APRT and DHODH (as control) and their respective complexes
formed by the compounds. At first, a binding affinity investigation of the best four
compounds and with two proteins was taken into consideration. Accordingly, short
simulations run of 20ns for five systems each protein were done to filter out the time-based
optimized ligands which did not show stability with the proteins during the time frame. With
the help of MD analysis like Root Mean Square Deviation (RMSD), Root Mean Square
Fluctuation (RMSF) and Radius of Gyration (Rg), it was determined that Lig 2 and Lig 3

showed considerable stability in both proteins which are shown Figure 3.5 and 3.6.
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Figure 3.5: Short simulation of 20ns of APRT protein with five ligands and with one
inhibitor, respectively. (a), (b) and (c) represents RMSD, RMSF and Rg plot of APRT

protein.
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Figure 3.6: Short simulation of 20ns of DHODH protein with five ligands and with one
inhibitor, respectively. (a), (b) and (c) represents RMSD, RMSF and Rg plot of DHODH

protein.

In order to gain further insights, MD simulations of 100ns for both the proteins along with
the selected two compounds were performed. Additionally, MD simulations of 100 ns for
APRT (apo) and DHODH (apo) along with one respective reported inhibitor were also done.
To examine the simulations, parameters such as RMSD, Rg, RMSF and H-bond were
analyzed to inspect the dynamics of the system. Furthermore, amino acids taking part in the
interaction were also collected.

The RMSD plot of the APRT in the presence of Lig 2 and Lig 3 stabilizes after 75ns
(Figure 3.7a). However, the complex between APRT and inhibitor showed RMSD

fluctuation on early part of the simulation and converges towards the end of 100ns time, and
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APRT protein (control) showed high fluctuation throughout the simulation time frame. Next,
we have observed from figure 3.5b that DHODH along with Lig 2 and Lig 3 showed
considerable RMSD stability after 50ns simulation period whereas the inhibitor and control
showed throughout fluctuation even in the 4™ quarter of simulation. Negligible change was
observed in RMSDs for both APRT and DHODH with Lig 2 and Lig 3 can be attributed to
the fact that both the ligands were trying to form stable complexes via making strong

interactions with the residues of the protein.
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Figure 3.7: RMSD plot of APRT(a) and DHODH(b) in the presence and absence of

compounds and inhibitor

Another investigation of MD simulation is RMSF which provides information on
residues having average fluctuation all-round the simulation. Figure 3.8, shows the RMSF
plot of both proteins with compounds and inhibitor, and without compounds. Relative
average slight fluctuations were shown in both the protein instances. Nevertheless,
compared to inhibitor, no such notable changes were observed in fluctuation pattern among

the residues present in protein-ligand complexes.
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Figure 3.8: RMSF plot of APRT(a) and DHODH(b) in the presence and absence of

compounds and inhibitors.

To investigate the compactness of the proteins throughout the simulation, the Rg
parameter is used. From Figure 3.9a, we can visualize that APRT with Lig 2 showed
closeness in the range of ~1.82 nm from 80ns till the last of simulation whereas in the case
of APRT with Lig_3 fluctuations converge after ~70ns and ranges in 1.9 nm. This indicates
that the protein in the presence of the ligands is gaining its compactness towards the end of
run. In case of APRT (control) and with the inhibitor, there was a fluctuation in the early part
of simulations for both of them. Rg of the ligands bound APRT complex showed good
compactness in the 4™ quarter of the run. Similarly, in the case of DHODH, when Lig_2 and
Lig_3 bound to DHODH showed similar fluctuations throughout the simulation period with
that of (DHODH control). Rg in the range of 1.875 nm was shown for DHODH (control)
which exhibited compactness whereas DHODH with inhibitor showed slight fluctuations
between 80 to 90 ns of the time period of simulation (figure 3.9b). The data obtained by Rg
analysis shows a similar trend to that of the RMSD investigation. From this, it can be inferred
that bound molecules, Lig 2 and Lig_3 with both proteins did not show significant changes

in the compactness.
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Figure 3.9: Rg plot of APRT(a) and DHODH(b) in the presence and absence of compounds

and inhibitors.

The h-bond plot is another parameter that is used to investigate the MD simulation. It
furnishes information regarding the intermolecular hydrogen bonds taking place between
the protein-ligand complexes. As shown in Figure 3.10a, the binding of APRT to Lig 2
showed a range of 1-4 number of H-bonds all-round the simulation whereas in the APRT-
Lig 3 complex, the number of H-bonds ranged from 2-7. In contrast to the APRT with
ligands, only 0-1 H-bonds were observed with APRT and the inhibitor. Among the three
complexes, the APRT-Lig_3 complex showed a greater number of H-bonds i.e., 3-4 at the
end of the simulation. In case of DHODH, it can be observed that DHODH when bound to
Lig 2 showed 1-4 H-bonds. On the other hand, the DHODH-Lig 3 complex showed a 2-6
number of H-bonds all around the simulation (Figure 3.10b). In comparison, DHODH when
bound to the inhibitor showed H-bonds ranging from 0-3 which decreased from the initial
part of the simulation compared to Lig 2 and Lig 3. From the above observations, it can be
deduced that a high number of H-bonds provide better stability and firmness between protein

and ligand.
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Figure 3.10: H-bond plot of APRT(a) and DHODH(b) in the presence and absence of

compounds and inhibitors.

3.4.5. Non-bonded Contacts Analysis

After performing other simulation examinations, we have attempted to identify different

non-bonded contacts involved in providing stability to APRT and DHODH complexes

throughout the simulation run. Hydrogen bonds, van der Waals and hydrophobic interactions

were found to be prominent contacts taking place between the proteins and the ligands

during the simulation run. Insight into complexes having interactions was obtained by the

Discovery Studio Visualizer. From Figure 3.11.1, it can be observed that Ala43, Lys103,
Glul23, Glul27 and Asp146 undergo H-bonds formation on APRT with Lig 2 and Lig 3 at

different time intervals of the simulation run. In Figure 3.11.2, DHODH with Lig 2, H-
bonds were formed by Gly21, Asn195, Asn196 and Leu221 whereas residues of DHODH,
Lys44, Ser45, Pro73, Ser98 and Asn128 form H-bonds with Lig 3. Along with H-bonds,

van der Waals and hydrophobic interactions comprising of Pi-hydrophobic, Pi-alkyl, and

alkyl present during the simulation contributed to the stabilization of complexes. Table 3.8

reprsents the number of nonbonded interactions having H-bonds, van der Waals and

hydrophobic interactions between both proteins and, their molecules and inhibitors. The

investigation revealed that the presence of an optimum number of non-bonded contacts

helped to obtain stable interactions between the active site residues of proteins with ligands.

— Lig2] |

m,

100
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Table 3.8: Number of non-bonded interactions involved between proteins
(APRT and DHODH) with compounds and inhibitors during the course of

simulation time

No. of non-bonded

interactions

Protein-ligand Time Total no. of
complex (ns) Hydrogen \(;ae: Hydrophobic interactions
-Bond Interactions
Waals
APRT-Lig 2 0 4 8 5 17
50 5 7 8 20
100 4 12 6 22
APRT-Lig 3 0 5 8 3 16
50 6 12 1 19
100 5 7 6 18
APRT-Inb_A 0 0 5 5 10
50 4 3 7 14
100 2 7 5 14
DHODH-Lig 2 0 4 18 6 28
50 5 18 8 30
100 5 17 6 28
DHODH-Lig 3 0 2 14 3 19
50 6 13 5 24
100 7 12 6 25
DHODH-Inb_D 0 3 17 5 25
50 4 18 4 26
100 2 17 3 22
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Figure 3.11.1: 2D visualization of APRT with Lig 2 (a,b) and Lig_3 (c,d) at 0 ns and 100

ns of simulation. The compounds remained bound to APRT throughout the simulation time

with stable interactions. The interactions present are van der Waals bonds (cyan), H-bonds

(green), m-c bonds (purple), and alkyl bonds (pink).

D. Saha, 2025

86



To study multiple proteins of Leishmania donovani and finding out potential compounds for its inhibition Chapter 3
e —

0 ns
CYs VAL
A249 ALA A22
H A20
H
G GLY HIS
AY§7L1 A}é{% 5 5 A2l A:276
ASN
ILE A:68
GLY A194
A251
GLY
A0 o W
®
-EVALA Y
GLY [ A28 3 MET
n222 - GLY \g#-19 & W
6Ly A212 - o pRO
A223 5N 8132
THR »6:19§s IIYS'EI
o7l =
VAL AN
226 e A:133
SER cvs
A:66 A131
(a)
GLY =
A:21 FALAY
LYS LA20/
A:44 Re
r ng &
H A:165 \
7 128
o
H
s 0 e
ASN
A:195
ALA
< CYS
X A (g\ S8 A:131
VAL .GLV MET 2
A:22 P A:70
CYS SER
A:249 A:196
GLY
PRO ASN A:71
A:132 GLY  ASN  A:68
A:220 A:133
SER
A:69

(c)

100 ns

=
cvs SER 2
A:46 A:100
SER ALA
A98  A20 m
A:165
LYs
CYS A:44
A131 o ove
A:70 A:249
ALA
ASNY 3
e % e MY
AT73 i il
})/ﬁzl
o]
LEU /
A:72 o— THR
\ A:273
GLY .
A71  PRO 1
A:132 };
ASN ' \ o
A:133 b TRy
H 2% He-- NGy
LEU (SER)
L a196 GLlY
A:221 Y G aom
GLY A:22 HIS
A:220 A276
ASN
A74
g [ ) PRO
) W A73 GLU
€D A:126
LEU, <8m
\ ?H aa A7z (R08) N
&% - (SER)
LN 'A7100
! B MET
K o P A:99
GLY I
A2 | P
% L (AsN)
an2g
VAL | & -
MET :
A2 A70 = ~ PRO
A:132
s PRO
A185 A:168
o ASN
A:199
PRON 'W:160' SR ASN
A:167 A:196 SER Ai195
A:130
LEU
A129

Figure 3.11.2: 2D visualization of DHODH with Lig 2 (a,b) and Lig 3 (c,d) at 0 ns and

100 ns of simulation. The compounds remained bound to DHODH throughout the

simulation time with stable interactions. The interactions present are van der Waals bonds

(cyan), H-bonds (green), n-c bonds (purple), and alkyl bonds (pink).
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3.4.6. MMPBSA analysis: energetics of APRT and DHODH with compounds

To calibrate the binding free energy of APRT and DHODH with molecules, we have utilized
the MMPBSA method implemented in the g mmpbsa tool. The last 25ns trajectory of the
100ns MD simulation trajectories were used to compute the Gpolar and Guon-polar f both the
protein-ligand and protein-inhibitor complexes.

Energy-based decomposition of protein-ligand complexes has been performed to interpret
the residue contribution towards total binding energy. The average value of binding free
energy throughout the last 25ns is depicted in Table 3.9. It was observed that Lig_3 showed
higher binding energy compared to Lig_2 and inhibitor (isoskimmianine) with APRT. In the
case of DHODH, Lig 2 and inhibitor (Neurolenin-B) showed lesser binding energy than

Lig 3. The contribution of electrostatic energy was higher in Lig 3 with both proteins

among all the observed energies toward the total binding energy.

Table 3.9: Average MMPBSA energy term for the binding of compounds with

APRT and DHODH
Energy (kJ/mol)
Total d Pol
van deer olar
System Binding Electrostatic SASA
Waals solvation
(atb+c+ @ (b) © (d)
a c
d)

-153.28  -189.19 -115.78 175.01 -23.33

APRT-Lig 2
+15.67 +9.09 +21.68 + 18.07 +1.23
-320.6 -91.71 -492.63 282.01 -18.35

APRT-Lig 3
+55.99 +25.96 +68.86 +23.34 +1.11
-110.93  -116.35 -24.55 42.49 -12.52

APRT-Inb_A
+14.69 +10.59 +14.53 + 14.01 +0.95
-177.80  -247.72 -73.81 168.16 -24.44

DHODH-Lig_2
+21.16 +10.84 +15.97 +12.35 +0.73
-231.90 -173.45 -248.01 209.26 + -19.70
DHODH-Lig_3

+19.47 +13.62 +27.84 13.72 +0.87
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DHODH- -137.86  -207.41 -63.33 154.99 -22.11
Inb_D +15.91 +9.29 +10.13 +11.27 +0.90

3.4.7. Per-residue energy contributions to binding

With the help of the MMPBSA approach, per-residue decomposition of binding energy was
used to recognize amino acids contributing to the binding energy. Each residue contribution
provides information to know and understand the screened ligands binding to the proteins.
It further highlights the hotspot residues taking part in it. From Figure 3.12.1 and 3.12.2, it
was clearly visible that the highest contributing residues were between APRT with Lig 3
and DHODH with Lig 3 compared to other complexes. However, in the case of the APRT-
Lig 3 complex, residues Arg40 (-5.45 kcal/mol), Glul17 (-5.38 kcal/mol), Glul19 (-5.92
kcal/mol), Glul22 (-41.34 kcal/mol), Glul26 (-35.49 kcal/mol), Asp145 (-25.06 kcal/mol)
and Vall47 (-8.27 kcal/mol) showed high contribution whereas residues which showed
major contribution to DHODH-Lig 3 were Ser46 (-17.25 kcal/mol), Met71 (-10.00
kcal/mol), Leu73 (-8.60 kcal/mol), Pro74 (-5.69 kcal/mol), Ser99 (-16.19 kcal/mol) and
Lys166 (-12.90 kcal/mol). It was observed that APRT and DHODH residues contributed
significantly to the binding with Lig_ 3 than that of Lig 2 and inhibitors. The contributing
residues were energetically involved in the intermolecular interactions between the

compounds.
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Figure 3.12.1: Graphs showing per residue decomposition of energy of APRT(a,b,c)
with Lig_2, Lig 3 and inhibitor complexes
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3.5. Discussion

L. donovani depends on human for purine and APRT enzyme is used to extract it. In addition,
DHODH is an enzyme which helps in synthesis of pyrimidine that is required for growth
and metabolism of cells for the organism. Our study is one of a distinctive approach where
we targeted multi proteins which are essential for the survival of L. donovani. The main
objective of the research was to visualize the binding interactions of screened
antileishmanial ligands with APRT and DHODH which can inhibit the proteins by making
stable confirmations. To understand the function of proteins of the L. donovani, we tried to
explore the active sites of proteins with the help of computational tools. Before coming to
the computational tools phase, screening of compounds has been performed with the help of
different web servers. The techniques which provided the basis of the research are molecular
docking, MD simulation and MMPBSA examination. Molecular docking provides
information regarding the interaction of the druggable candidates with the proteins within
the active sites by measuring the binding score provided by various software having specific
algorithms. In our study, the active site of both the proteins were known, thus providing the
base for the molecular docking and other analyses. The structural investigation verified that
molecules bind to the appropriate site of the proteins. After analyzing the binding affinity of
all 15 ligands with both proteins by using two different software and a server, 4 ligands were
selected. Lig 1 is obtained from Scutellaria amabilis plant, Lig 2 is a natural compound
found in Sophora flavescens, it is also called as kuraridine. Lig 3 is a derivative compound
of Mammea A/AA, which is a natural product present in Mesua racemose and it was reported
as antiparasitic polyphenolic drug molecule. and at last, Lig_4 is a flavonoid which is known
as Rubraflavone A [57]. Selected compounds binding within the active site and having
interaction with residues showed the potential to change the activity of APRT and DHODH
protein present in the purine and pyrimidine pathway of L. donovani. Ligands with lower
binding affinity in both proteins displayed hydrogen bonding and non-bonded interaction

with the residues.

Docking provides only a snapshot of the protein-ligand complexes and to know whether the
interactions are stable for a longer period, MD simulations were done. Biomolecular
conformational dynamics of the protein-ligand complexes were recognized by MD
simulations computational technique. Data generated from simulations was later used to
examine and study the intermolecular forces due to interactions between protein-ligand

complexes.
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The novelty of our work is the selection of multi-target approach wherein we had
investigated the outcome of predicted antileishmanial molecules on APRT and DHODH
proteins. Furthermore, to affect the function, stability and proper confirmation between
ligand and protein must be obtained. To provide evidence, we compared only protein to
protein-ligand complexes throughout the simulation period. In the initial phase, a filtering
based short simulation has been performed to narrow down the number of ligands. After
performing MD simulations (20ns) of the four compounds and one inhibitor each with the
APRT and DHODH, it was inferred that Lig_2 and Lig_3 showed considerable stability with
both proteins. RMSD and Rg analyses of the complexes provide information regarding
proper binding of molecules to the proteins. In the second phase, validation based on long
MD simulations of 100ns was performed, for the 6 protein-drug complexes to ensure that
filtered small simulation did not provide biased results. It was observed that the apo protein
of APRT showed fluctuations in RMSD and Rg compared to that of complex structures
whereas apo protein of DHODH had minor fluctuations. The number of H-bonds with Lig 3
with APRT and DHODH showed a high number of H-bond till the end of the simulation
compared to the Lig_2 and inhibitor which provide evidence that it provides better stability
with its interaction. From the non-bonded contact investigation among the two proteins with
ligands, it highlights that there are contacts other than H-bonds like van der Waals and
hydrophobic interactions which help the active site residues of protein to bind with the
compounds. Therefore, we infer that Lig_3 preferably keeps inside the binding pocket of the
protein and obtained compactness throughout the simulation. No significant change in the

confirmation was obtained for APRT and DHODH upon binding with molecules.

In addition to the MD simulation-based investigation, MMPBSA analysis has been
performed to provide additional support to earlier observations. The total binding energy of
the compounds with the proteins were obtained with different contributors towards it. It has
been observed that APRT-Lig_3 and DHODH-Lig_3 showed high binding energy compared
to other complexes. The higher contribution of electrostatic energy means that H-bonds are
more in number thus favoring and influencing the binding complexes which correlate with
the result obtained from the H-bond investigation of MD simulations. Due to high number
of H-bonds, the binding energy between the protein-ligand complexes increases thus

providing them a stable configuration.

Interestingly, per residue decomposition free energy analysis provides ligand binding spots

and it revealed that the specific residue contribution values were quite high which ultimately
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provides significant input to the binding energy, especially in the case of APRT-Lig 3 and
DHODH-Lig 3. Furthermore, the high electrostatic energy present in both complexes with
Lig 3 specified that the H-bonds were present till the end of the simulation and thus
performed a notable role. Along with it, van der Waal and hydrophobic interactions also

contributed in making the complex stabilized.

Inclusively, the computational screening of molecules, molecular docking, molecular
dynamic simulations and MMPBSA investigation suggest that Lig 3 can be considered a
lead compound-against APRT and DHODH proteins of L. donovani. Hence, it revealed that
derivative ligands of reported inhibitors can exhibit better efficacy in multi-target approach.
The findings of this multi-target approach study may serve as a reference for the experts in

the field of medicine and other related research.
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