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ABSTRACT

Malaria continues to represent a rnajor tlrreat to world health due to tlle elllerSellce

and sprcad of drug rcsistant strains but science and technology hold the prornise to

unlock the mysteries of diseases and to cure thern. Ligand-based pharmacophore

modeling is carried out on a set ol'4l compounds together with the cotrrpouuds

$ere superimposed and merged into single pharmacophore shorving three comtrotl

features: 5 hydrophobic volume. 2 hydrogen bond acceptor and I h1'drogert bond

donor - ln-silico approaches have been used to deterntine the phalmacophore

triangle. Lead compound as the dihydroorotate dehydrogenase inltibitors u'as

identified by usirtg AutoDock Vina and the binding interactions of the active

confornrations of the ligands and thc target proteirr (PDB lD: 3165) have been

idcntilied by using VMD. Lcad contpound shorvcd strortg ligand-protein intelaction

rrhich includes ll ionic, l3 h1'drogen borrds and 55 hydrophobic interactions. Three

analogues olthe lead compound u'ere made and they were also docked in order to

predict their bioactivity. Quantitative structure-activily relationship rvas established

in order to attain the information useful for the design of nerv compounds acting on

a specific target. IC5s value rvas found to be directly related to critical volume,

molar refractivity, total energy, heat of formatiofl, Ettotto and E1g616. Molecular

dynamic rvas performed where the results shorv that tlre energy rvas minirnizcd and

the rigid protein structure equilibrate and sltou'stable dynamics in lns simulation.

On the basis of above cotnputational studies some nerv cotnpounds rvere identified

and sirnulate tlral act as anti-nralarial agent atld tlerv cotttpoutrds ltave becn

proposed lbr c lin ical lrials.
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1. INTRODUCTION

Disease can be much more devastating than a weapon but the combination of the

brightest minds in science and medicine, coupled with modem technology. holds the potential

to unlock the mysteries of disease and cure them which elsewhere cause havoc to mankind'

Malaria continues to represent a major threat to world heatth. It is a fatal mosquito-bome

infectious disease which is caused by eukaryotic protists of the genus Plasmodium

(Greenwood et a:.,2005).lt occurs in tropical and subtropical regions ofthe world including

much of Sub-saharan Africa, Asia and the America. The findings indicate that there were 515

(range 30G-660) million clinicat episodes of Plasmodium falciparum malaria in 2002 (Snow

er a:.,2005) with 0.7 to 2.7 million deaths (Breman, 2001). These estimates are substantially

higher than those reported by the World Health Organization (WHO) whose latest mala a

report srates that in 2003, 350-500 million people worldu'ide became ill with malaria

(Korenromp et al., 2005).

ofthefourspeciesofpansite(Plasmodium.falciparum.Plasmodiumviyar.

Plasmodium malariae. and Plasmodium ovale) that infect humans. P .falciparum is

responsible for the majority (g5%) of fatalities (Murray and Perkins, 1996) followed by

plasmodium vivax. Plasmodium malarie can lie dormant in the blood for decades and

plasmodium vivax aurd Plasmodium oyale can exist in the liver in a dormant stage called

hypnozoites. for months. These parasites have a complex life cy'cle. involving two different

hosts: humans and female mosquitoes of the genus Anopheles. The parasite Plasmodium

falciparum is transmitted to people tkough the bites of infected mosquitoes. These insects

inject sporozoites, which reproduce in human liver cells. After a few days, the liver cells

release merozoites which invade red btood cells. Before bursting out they multiply and infect

Elr.idrting th" binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
a

srudies.
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more red blood cells, causing fever and damaging vital organs. Infected red blood cells also

release gametocytes, which also infect mosquitoes when they suck human blood. In the

mosquito, the gametocytes multiply and develop into sporozoites, thus parasite's life cycle is

completed (Greenwood et a1.,2008). The entire genome of Pf was published in 2002 (Gardner

et al., 2002). Malaria is classified as a mild or severe form. General symptoms are vomiting,

fever and coughing. Severe malaria often manifests itself differently in adults and children

(Idro et a1.,2005; Schellenberg et al., 1999). In adults, severe malaria often leads to failure of

the kidneys and other organs, while children often show extreme weakness, respiratory

problems, anaemia and/or cerebral malaria. The latter is a condition in which the patient falls

into a coma and is believed to be caused by the sequestration of parasites in the capillaries of

the brain (Taylor et al., 2004).

Chloroquine was the first successful synthetic chemotherapy against malaria which

was synthesised in 1934. Chloroquinine together with quinine have had a long and successful

history in anti-malarial chemotherapy (Slater, 1993). Two other basic quinolines-containing

drugs such as quinine and quinidine are the active ingrediens in extracts from the bark of the

South American cinchona tree, known for hundreds of years to possess anti-malarial

properties. Chloroquine together with amodiaquine, mefloquine, halofantrine and

lumefantrine acts by inhibiting the detoxification of free heme in the parasite (Kumar er a/.,

2007; Egan and Kaschula, 2007).

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
studies. 3
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Figure l.l: P. Jalciparun Malaria Risk Defined by Annual Parasite Incidence (Catloset al.,

2008)
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Figure 1.2: Schematic drawing of life cycle of malaria p,rasites (Fujioka and Aikawa, 2002).
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Drugs that act on specific target enzymes are dapsone (acting on dihydropteroate

synthase), pyrimethamine (acting on dihydrofolate reductase), sulfadoxine (acting on

dihydropteroate synthase), cycloguanil (acting on dihydrofolate reductase) (Rosenthal, 2001)

and atovaquone (acting on the mitochondrial 6c1 complex) ( Biagini et al., 2008).The

currently recommended first-line therapy employ artemisinin or one of its analogues together

with another drug (ACT, artemisinin-based combination therapy) (WHO, 2006).

Artemisinin is a natural product extracted from the flowers and leaves of the

traditional Chinese medicinal plant Artemisia annua (Balinl, 2001/. Recent reports of

Artemisinin resistance in westem Cambodia raise the alarming possibility that this class of

drugs may also fall to resistance (Dondorp et a|.,2009).There are a number ofdrugs approved

for its treatment but drug resistance has compromised most of them, making the discovering

and development ofnew anti-malarial agents one ofthe greatest challenge and essential. Anti-

malarial drugs will be essential tools along the path towards eradication, including the early

control or "attack" phase to drive down transmission and the later stages of maintaining

intemrption of transmission, preventing malaria reintroduction, and eliminating the last

residual foci of infection (Alonso et a/., 201l).

The completion of the Plasmodium falciparum genome and a growing understanding

of parasite biology are fueling the search for novel targets. Despite this, few targets have been

validated chemically in vivo. De novo pyrimidine biosynthesis represents an attractive and

potential target for the identification and development ofnew chemotherapeutic agents against

P. falciparum.

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
studies. 6
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Unlike human cells, which can both synthesise and salvage pyrimidine bases, P.

falciparum relies completely on a de novo biosynthesis pathway, thus lacking any pathway for

the salvage of preformed pyrimidine bases or nucleosides. Dihydroorotate dehydrogenase

(DHODH) is the fourth essential mitochondrial enzyme in the pyrimidine biosynthetic

pathway. In the presence of the co-factors flavin mononucleotide (FMN) and ubiquinone

(CoQ), it catalyses the oxidation of dihydroorotate @HO) to orotate.

The human version of this enzyme (hDHODH) is the target of a number of inhibitors

with proven efficacy in the fieatment of arthritis and leflunomide, a pro-drug that is

metabolised to the active DHODH inhibitor, A'17 -1726, is approved for clinical use

(Herrmann et a1.,2000;Robert et al., 1999; Davis et al., 1996; Grcene et al., 1995). Random

high+hroughput screening of chemical libraries has been used to identifi selective inhibitors

of Escherichia coli (Marcinkevi ciene et al., 2000), Helicobacter pylori (Copeland et al., 2000)

and P. falciparun @aldwin et al., 2005) PfDHODH, respectively. Additionally, Boa et al.,

have recently shown that selective inhibitors of PfDHODH can be developed from existing

inlribitors (Boa et aI.,2005). Activated lymphocyes require de novo pyrimidine biosynthesis

to support their enhanced gowth rate, providing a level ofselective toxicity towards the target

cell population while resting lymphocytes survive on pyrimidine salvage. Other inhibitors of

human DHODH with immunosuppressive activity have also been reported, including

additional analogs of A77 1726 (Kuo et al., 1969), redoxal (Knecht and Loffler, 2000), S-

2678 @eguchi et al., 2008) and the cinchoninic acid derivative brequinar @alt et al., l99B;

Pins et al., 1998; Batt et al., 1995; Peters er al., 1990;' Chen et ol., 1986). Brequinar was

evaluated in clinical trials as possible anticancer agent however it was never approved for

clinical use.

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
studies. 8
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Figure 1.5: X-ray strucfure of PIDHODH. fubbon diagram of an alignment of the structues bound to

N7 1726 (tar\ @ lTVs) and DSMI (purple; pdb 3I6s) (Phillips and Rathod, 2010)

Elucidating the binding and inhibition mechanism of anti-malarial drugs by molecular modeting and simulation
studies. 9
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So PIDHODH enzyme is an attractive target for the development of new therapeutic agents

against malaria.

Clardy solved the X-ray structures of human DHODH bound to A77 1726 and

brequinar providing the first insight into the nature of the inhibitor binding-site in the Class 2

enzymes (Liu et al., 2000). Afterward a number of additional X-ray structures of the human

enzyme bound to various inhibitors have been reported (e.g. (Davies et al., 2009;

Baumgartner e/ al.,2006;Walse et al.,2008)), and the X-ray structure of PIDHODH has been

solved bound to both A77 1726 (Hurt et al., 2006) ard to novel malarial inhibitors from the

triazolopyrimidine series (Deng et a1.,2009). The central structural element of DHODH from

all class types is the core p/c-barrel domain. This domain houses the binding site for the FMN

cofactor, which is bound near strand p13 at the top ofhelix al I (Figure 1.6). Orotate forms a

stacking interaction with FMN on one side, while the oppositeside ofthe orotate binding-site

is formed by pl I and surface loops containing Ser-395 and Thr459. ln addition the class 2

enzymes have a largely hydrophobic N-terminal helical domain (cl and a2) that presumably

sits adjacent to the membrane. The inhibitor binding-site, as illustrated for A77 1726, is

formed between the N-terminal helices and the p/o-barrel domain, making interactions with

helix o3, cl I and strand B5.

Human life is constantly threatened by many diseases but drugs are used in order to

prevent and treat them so ideal drugs are always in great demand. To meet the challenges of

ideal drugs, an eflicient method of drug development is required. The process of drug

development is challenging, expensive, time consuming, and requires consideration of many

aspects. Several multidisciplinary approaches are required for the process of drug

development in order to fulfill these challenges. The first step is to find potential lead

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
studies. to



Chapter I

structures with desired biological activity. Computer-aided drug design (CADD) techniques

can help increase the pool of interesting compounds that can be evaluated. The rapid increase

in computer memory and speed and the decreased cost of personal computers and

workstations have brought important computational resources within the reach of most

researchers. Inexpensive computer graphics programs offer enhanced methods of organizing

and visualizing molecular information. The algorithms underlying molecular modeling have

seen a steady improvement, leading to increasing accuracy in the calculation of molecular

properties. The fundamental hypothesis of most CADD procedurcs is that the key biological

event, at the molecular level, is the recognition and noncovalent binding of small molecules

(ligand) to specific sites on target biological macromolecules (receptors).

A drug target is a biomolecule which is involved in signaling or metabolic pathways

that are explicit to a disease process. As a key example, a drug target would be a biomolecule

(for example epidermal growth factor receptor) that is frequently mutated or otherwise

deregulated in the disease of cancer. Biomolecules play vital roles in disease progression by

communicating through either protein-nucleic acid interactions or protein-protein interactions

resulting in propagation of signaling events and/or alteration of metabolic processes'

Therefore, modulation of biological functions performed by these biomolecules would be

beneficial and could be achieved either (i) by inhibiting the bimolecular interactions by small

molecules (between the biomolecules, relatively less studied) (Fuller el ai., 2009), to stop

cross talks between biomolecules, (ii) by inhibiting their function with small molecules whose

competitive binding affinity would be greater than their natural ligands that bind to the active

sites (within the biomolecules), or (iii) by activating biomolecules (for normal functions) that

are functionally deregulated in some diseases such as cancer. Developing a lead structure and

Elucidating the binding and inhibition mechanism ofanti-malariat drugs by molecular modeling and simulation
studies. I I
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an effective drug is challenging even for known targets. Recently, drug development has

significantly increased due to the availability of 3D X-ray or NMR structures of biomolecules,

docking tools, and the development of computer aided methodologies (Greer et al., 1994;

Muller, 2009; Henry, 2001). Moreover currently, the Protein Data Bank (PDB) has been

developed that holds about 57,558 3D structures. Mainly Computer-Assisted drug designing

incorporate following basic steps for the development of novel drug: Pharmacophore

Identification, Molecular Docking and QSAR studies.

Pharmacophore Modeling is a three-dimensional computational approach which

rationalizes distributions of activities within groups of molecules exhibiting a similar

pharmacological profile and believed to be recognized by the same site of a target protein.

IUPAC working party leaded by Camille G. Wermuth defines pharmacophore to be "an

ensemble of steric and electronic features that is necessary to ensure the optimal

supramolecular interactions with a specific biological target and to trigger (or block) its

biological response (Wermuth et al., 1998). This "structure-based" definition directly relates

pharmacophores to the microscopic phenomenon of molecular recognition of bioactive

compounds (potentia! drugs) by their biological targets and enlightens about the main utility

of pharmacophore modeling in drug design. Pharmacophores were historically established by

Lemont Kier, who first mentions the concept in 1967 (Kier, 1967) and uses the term in a

publication in 1971 (Kier, 1971). The development ofthe concept is often accredited to Paul

Ehrlich but neither the alleged source (Ehrlich, 1909) nor any of his other works mention the

term "pharmacophore" or make use of the concept (Drie, 2007). A pharmacophore was firstly

described as a molecular framework that carries the essential features that are responsible for a

drug's biological activity, with no reference to ary microscopic biological target. Peter Gund

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
studies. 12
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(Gund, 1979) and more effectively Garland Marshall with its Active Analog Approach (AAA)

(Marshall et al., 1979), developed the basis of present computational three-dimensional

"ligand-based" pharmacophore modeling in the late seventies. A computer programs was

developed that facilitated the process of determining putative pharmacophoric pattems in

different congeneric series of a drug. In computer-assisted early drug research, the most

frequent application of pharmacophore models is in multi-step virtual screening or in silico

screening workflows, where they filter down the number of compounds for selection. Several

programs for pharmacophore modeling are widely used mainly because of their availability in

commercial software packages, such as CATALYST (Bamum et al., 1996), PHASE @ixon el

al.,2006), LIGANDSCOUT (Wolber and Langer, 2005) GALAHAD (Richmond et a1.,2006)

GASP (Jones et al., 1995) and the pharmacophore module of MOE. Typical pharmacophore

features are for where a molecule is aromatic, hydrophobic, a hydrogen bond donor, a

hydrogen bond acceptor, a cation, or an anion. In order to identif, novel ligands the features

need to match different chemical groups with similar properties. Ligands receptor interactions

are typically "polar negative, "polar positive"or "hydrophobic". A well-defined

pharmacophore model includes both hydrophobic volumes and hydrogen bond vectors. These

models are used extensively in medicinal chemistry for hit and lead identification and during

the subsequent lead to candidate optimization.

The first algorithm developed to dock small molecules into the binding pocket of a

biological macromolecule, the DOCK algorithm, was published in 1982 by Kuntz et al. In a

review from 2007, thirty scoring functions and more than sixty published docking programs

were listed (Moitessier et al., 2007). However, the most widely and earliest used docking

programs over the past years are probably DOCK (Moustakas et a1.,2006; Ewing and Kuntz,

Elucidating tle binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
studies. 13



1997; Shoichet et al., 1992; Leach and Kuntz, 1992; Meng et al., 1992), AutoDOCK (Huey e,

al., 2007; Morris el al., 1998; Morris er al., 1996 Goodsell and Olson, 1990), GOLD

(Verdonk et al., 2005; Yerdonk et o1.,2003; Jones et al., 1997; Jones et al., 1995) and FlexX

(Rarey et al., 1999; Rarey e/ al., 1999; Rarey er al., 1997; Rarey er al., 1996; Rarey et al.,

1996) and in recent years also e.g. ICM (Totrov and Abagyan, 1997; Abagyan and Totrov,

1994; Abagyan et al., 1994), Glide (Friesner et al.,2006; Friesner et a1.,2004;Halgen et al.,

2004), FRED (McGann et a1.,2003) and Surflex (Jain, 2003). NMR structures are suggested

as the best source for drug discovery and multiple crystal structures with bound ligands can be

used to create a composite binding site, which is more likely to find possible ligands from a

database of drugJike molecules. The challenge of docking a flexible ligand into a rigid target

has been taken up by a number of groups; one particularly good outcome is the FlexX

algorithm (Kramer et al., 1999). Access to activity data for a large library of compounds is

rare outside of industrial institutions, but can provide an outstanding source for improving and

testing docking algorithms, as is the case for Knegtel and Wagener (Knegtel and Wagener,

1999) at Vertex Pharmaceuticals. Using both 'chemical' and energy scoring functions in

DOCK 4.0, and an incremental construction algorithm (dock a rigid fragment from the

ligand, adding the remaining fragments in a stepwise fashion) for ligand flexibility, only a

limited number of ligand conformations were sufficient to rank the actives against the

nonactives. Different protein systems require different scoring functions owing to the

variation in the hydrophobicity of their binding sites. The possibility of multiple binding

modes for a given ligand docked into a particular protein is the focus of the theoretical paper

by Brem and Dill @rem and Dilt, 1999). Substituting a simplified model for a protein-ligand

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
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system, purely two-state model (bound/unbound) is not sufficient for predicting binding

strengths.

All docking programs contain two components, a scoring function, whose global

minimum is intended to coincide with the global free energy minimum of the target-ligand

system, and a search method which is used to sample the search space in which the scoring

function is optimised. This search sPace can be very large, combining all ligand rotations and

positions with all possibte conformations ofthe ligand and probably also the target protein. In

DOCK, the ligand and the protein were initially treated as a rigid body and an incremental

construction algorithm has since been adopted to include ligand flexibility. ln this version, the

ligand is partitioned into rigid fragments placed incrementally in the active site of the target.

The fitness function is the sum of the van der Waals and Coulomb interactions between the

ligand and the target atoms. By using geometrical methods, ligand positions and orientations

are sampled through matching of spheres describing the active site and the ligand. The fitness

function is estimated using a pre-calculated grid covering the active site, to reduce the CPU

time required to dock each ligand. AutoDOCK also treats the target as a rigid body, and uses a

pre-calculated grid to evaluate the fitness function. This function is again force-field based

and also includes intramolecular interactions of the ligand. The ligand conformations,

orientations and positions were sampled by simulated annealing, but now genetic algorithms

are also used. AutoDock Vina is an upgraded version of Auto Dock 4 which is compatible

with the Auto Dock PDBQT file format and offers the following advantages over Auto Dock

4:

grid computation is not necessary which was a complex process elsewhere,

gives higher accuracy of binding mode, and it is considerably faster

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
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. available for each operating system and use iterated local search algorithm (Chang

MW et al.,2010).

Quantitative structure-activity relationships are the most important applications of

chemometrics, giving information useful for the design of new compounds acting on a

specific target. QSAR attempts to find a consistent relationship between biological activity

and molecular properties. In the 1960s, methods to quantitatively approximate the activity of

possibte lead compounds' analogues began to develop. The field of complement inhibitors

benefited from the work of Corwin Hansch (Kutter and Hansch, 1969) who is the founder of

QSAR methods. Hansch established quantitative SARs for several classes of compounds

which display complement-inhibiting activity (Hansch and Yoshimoto, 1974). Softwares such

as COMFA and COMSIA (Klebe G et al., 1998), Chem Draw (Zielesny A et al., 2005),

Hyper Chem (Tsuj i M, 2010) and many more are used for finding molecular descriptom.

Chem draw software package is a chemical structure drawing tool which enables several

features upon the drawing of structure which includes boiling point, melting point, critical

volume, heat of formation, Log P and molar refractivity (NR). Energy minimization of the

compound is done by using Hyper Chem which alters molecular geometry to lower the energy

of the system, and yields a more stable conformation. It generates a log file using

computational chemistry techniques such as semi-empirical formula, molecular mechanics etc

(hypercube et ol., 2oo2l. Thus, QSAR models can be used to predict the activity of new

compounds.

Molecular dynamics simulations are one of the most versatile and widely applied

computational techniques for the study of biological macromolecules (Norberg and Nilsson,

2003; Hansson et al., 2002; Karplus and McCammon, 2002). They are very valuable for

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
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Chapter I

understanding the dynamic behavior of proteins at different timescales, from fast intemal

motions to slow conformational changes or even protein folding processes (Snow et a[.,

2005). [t is also possible to study the effect of explicit solvent molecules on protein structure

and stability to obtain time-averaged properties of the biomolecular system, such as density,

conductivity, and dipolar moment, as well as different thermodynamic parameters, including

interactions energies and entropies. It is useful not only for rationalizing experimentally

measured properties at the molecular level, but it is well known that most structures

determined by X-ray or NMR methods have been refined using MD methods. Therefore, the

interplay between computational and experimental techniques in the area of MD simulations

is longstanding, with the theoretical methods assisting in understanding and analyzing

experimental data. These, in tum, are vital for the validation and improvement of

computational techniques and protocols. Commonly used programs for MD simulations of

biomolecules include Amber CHARMM (Brooks et al., 1983), (Cornell et at., 1996), NAMD

(Nelson et al., 1996) and GROMOS (Gunsteren, 1999)). Molecular dynamics was first

introduced by Alder and Wainwright in the late 1950s (Alder and Wainwright, 1957), this

method is used to study the interaction hard spheres. From these studies, they leam about

behavior of simple liquids. In 1964, Rahman did the first simulations using realistic potential

for liquid argon @ahman, 1964). And in 1974, Ra}man and Stillinger performed the first

molecular dynamics simulations using a realistic system that is simulation of liquid water

(Stillinger and Rahman 1974). The Iirst protein simulations appeared in 1977 with the

simulation of the bovine pancreatic trypsin inhibitor (BPTI). Today molecular dynamics

simulations are well established in the scientific communiry and this technique is applied to

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
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Chapter I

wide range of application including chemical, biophysical, or medicinal problem such as

enzyme catalysis, protein-protein interactions and protein/ligand design.

The static view of the proteinJigand interaction is unrealistic since the proteins

interact with ligands in a solvated environment and positioning of water molecules in

crystallographic structure are limited to X-ray diffraction resolution parameters. One way to

overcome this problem and obtain a more realistic view of protein-ligand interaction comes

from molecular dynamic simulations (Punkvang et a1.,2010). Commonly used programs for

MD simulations of biomolecules include Amber, CHARMM, GROMACS, and NAMD.

Gromacs is an application that was first developed by department of chemistry in Groningen

University. The aim of GROMACS is to provide a versatile and efficient MD program with

source code, especially directed towards the simulation of biological molecules in aqueous

and membrane environments, and able to run on single processors as well as on parallel

computer systems.

The main purposes of the molecular dynamics simulation is:

. Generate trajectory molecules in the limited time period.

. Become the bridge between theory and experiments.

. Allow the chemist to make simulation that can't be done in the laboratory.

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by motecular modeling and simulation
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Materials and Msthods

2. Materials and Methods

In an effort to reduce the cost of developing new medicines and their time to market,

the drug discovery process has now been streamlined by computational tools. Today, virtually

every drug company has adopted computational methodology in most stages of the design

process (Jorgensen, 2004; Barril er al., 2006; Tramontano, 2006). Many computational

methods complement one another and may be combined to rationalize the drug discovery

proc9ss.

2.1 Anti-Malarial Drugs

The data set consisted of anti-malarial agents along with some standard inhibitors are

shown in Table 2.1 . Chemdraw was used to draw the anti-malarial agents for further

application which were then saved in pdb file format.

2.2 Phar macophore Modelin g

The study was carried out using the software Ligand Scout (version 3.02). It is a software tool

that altows to model 3D chemical feature-based pharmacophore models from structual data of

macromolecule/ligand complexes. It integrate a complete definition of 3D chemical features that

describe the interaction of a ligand with the protein (Wolber and tanger, 2005). By using pattem-

matching based alignment algorithm these pharmacophores can be superimposed (Wolber et al.,

2007). Shared features can be intercalated to create "shared-feature pharmacophore" that shares all

common interactions of several binding sites/ligands or extended to create "merged-feature"

pharmacophore. The software has been successfully used in drug designing to prcdict new lead

structures, e.g. for the prediction of biological activity of novel HIV reverse transcriptase inhibiton

(Baneca et al., 2007).

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
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Table 2.1 Anti-malarial agents along with IC50 value.
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Compound Structure IC50

Gnn)

Compound Structure rcs0

Gru)

GULI 0.0r6 GUL22 0.93

+

0.1

GUL2 0.23 GUL23 0.34
+

0.1

GUL3 0.05 GW24 13.2

GUL4 0.047 GUL25 14.2

GUL5 0.042 GW26 0.06
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GUL6 0.34 GW27 0.89

GULT 0.0E3 GUL28 0.97

GULS 0.93 GI-JL29 1.8

GUL9 0.16 GUL3O 3.2

GULIO 0.5 GUL3I 3.7
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GULI I 5.5 GUL32 0.43

{.2

GULI2 0.7 GUL33 3.1

GULI3 0.95 GUL34 1.8

GULI4 0.52 GUL35 1.9

GULI5 >5 GUL36 4.1

GUL16 cd 888 GW37 2.4
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GULIT >200 GUL38 4.1

GULI8 >200 GUL39 2.8

GULI9 >200 Atovaquone 27.4

GUL2O p.771726 4.7

GUL2I

*L..-''l-

,l+J

0.39
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The training set consisted of40 compounds of which 3 were standard compounds. It

was selected to generate the ligand based pharmacophore model. The compounds present in

the set were different groups of Chloroquinine, Quinine, atovaquone, alkoids, sesquiterpenoid,

Quinone, DHOH, Andidermal, chalcone, benzoxaborole, quinoline methanols, brequinar,

amino-Benzoic Acid, polyporic acid, DHOD, A771726, Leflunomide and ureas. Ligand based

pharmacophore model generation was performed using default settings of Ligand Scout 3.02.

The pharmacophore for each gfoup of compounds has been generated and the distances

among the pharmacophoric features of the ligands have been calculated using the software

VMD. It is a molecular graphics program designed for the display and analysis of molecular

assemblies such as proteins and nucleic acids (Humphrey et al., 1996)' The pharmacophore of

the above mentioned groups have been superimposed in order to get the common

pharmacophore of anti-malarial DHODH inhibitors. The distances among the pharmacophoric

features ofthe common and unique pharmacophore were then calculated.

2.3 Molecular Docking

In the perspective of molecular modeling, docking means predicting the bioactive

conformation of a molecule in the binding site of a target (Blaney et a/., 1993). This is

equivalent to finding the global free energy minimum of the system consisting of the target

and the ligand (Verkhivker et a/., 2000; Totrov et al., 1997). Docking is used as important tool

in structure-based drug design. AutoDOCK treats the target as a rigid body, and evaluate the

fitness function by using a pre-calculated grid. This function is force-field based which

includes intramolecular interactions of the Iigand. The ligand conformations, positions and

orientations were initially sampled by simulated annealing, but today genetic algorithms are

also used.

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
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As target protein and ligands is two important constituent in the process of molecular

docking so in order to perform docking studies a suitable target protein for selected anti-

malarial agents was identihed. The target protein plasmodium falciparum Dihydroorate

Dehydrogenase pfDHODH @rotein Data Bank ID: 3165) was chosen for current study' It is

the fourth enzyme in the de not;o pyrimidine biosynthetic pathway of P. falciparum,

dihydroorotate dehydrogenase and consisted of 4l 5 amino acids.

Docking studies on the dataset of4l anti-malarial agents were carried out by using the

latest docking software AutoDock Vina (Trott et al., 2010), which accept the pdb files of

ligand and target. Water molecules were removed from the text file of 3165. The pdb files of

ligand and target were placed in a newly formed folder, in the directory of installed software.

All the missing hydrogens and atoms of protein were checked, repaired and added by using

autodock tools and saved in pdb file format. Autodock perform operation within pregenerated

grid map so the conformational flexibility of the receptor was not considered. The ADT

package was also used to prepare the docking input files of ligands which automatically

compute gasteiger charges, merge non polar hydrogen to carbon atom and define torsions.

The ligand file was saved in .pdbqt file format. For preparing the target file and to be saved as

.pdbqt file, opened the target file from grid which automatically added hydrogen and charges.

Proper area and dimension for docking was provided by setting the properties of grid box.

Grid parameter file for 3165 was prepared by centered the affinity grid on the predefined

active site of protein with dimensions of 20Ax20Ax 20A and grid spacing of 0.375' Log

parameter files was generated by running the command ("\Program Files\The Scripps

Research Institute\Vina\vina.exe" --config conf.txt --log log.txt) on the command prompt. The

docking conformation of ligand was aralyzed and all structures generated were evaluated on

Elucidating the binding and inhibition mechanism of anti-malarial drugs by molecular modeling and simulation
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the basis of the lowest energy. The lowest energy conformation was obtained among all the

observed conformation. The overall procedure was repeated for all the 4l compounds. The log

parameter files for all ligands docked into 3165 were obtained and analyzed.

2.3.1 Ligand Protein Interactions

The ligand protein interactions were predicted using Visual Molecular Dynamics

VMD (Humphrey et al., 1996). The target protein and the active conformation of ligand

obtained from docking were taken as input to the VMD. The interactions were studied

between the ligand and the active site of target by selecting atoms within 5A.

2.3.2 Lead Iden tifi cation

Binding interactions of all docked protein ligand complexes have been observed

thoroughly and the compound showing the best interactions among all has been identified as

lead compound.

2.3.3 Analogue Designing

-l-ihreestructural analogues of the lead compound were made by the introduction or

elimination of various functional goups. Docking studies were applied on the analogue

by the same procedure mentioned above by using AutoDock Vina and the ligand-protein

interactions ofthe analogues have also been obtained by using VMD.

2.4 Quantitative Structure Activity Relationship

The fundamental theory of QSAR modeling is that molecular structure can be

correlated to physical or biological properties thus the requirement is some method to encode

various structural features in a molecule. Molecular descriptors fulfill this requirement as they

are numerical representations ofspecific molecular features. A number ofsteric and electronic

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular
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descriptors can be calculated by using chemDraw and Hlperchem. chemDraw was used to

calculate steric descriptors like Molecular weight, hydrophobicity, molar volume, heat of

formation and molar refractivity. Electronic descriptors like total binding energy, HUMO and

LUMO were calculated by HyperChem.

2.5 Molecular Dynamic Simulation

Molecular dynamics (MD) simulations were performed using the GROMACS 4.5.4

package and the molecular graphics for analysis was produced by GRACE. Tlte plasmodium

falciparum dehydroorotate dehydrogenase bound with triazolopyrimidine-based inhibitor

DSM2 were used for performing MD simulations. Topology file for protein was prepared

with pdb2gmx by using the standard GRoMosg6 43Al force held and the ligand topology

file and force field parameters were generated using the pRoDRG progr.rm. A unit cell was

defined and was filled with water in order to get the solvated system. The system was

neutralized by adding 6 cl counterions by replacing water molecules, respectively. The

energy of this complex was minimized using the steepest descent minimization algorithm.

Then, a 100 ps position restraining dynamics simulation was carried out to restrain the

complex and to relieve close contacts before the actual simulation. Finally, I ns MD

simulations were performed at the NPT canonical ensemble and the periodic boundary

conditions were used in all three dimensions. Berendsen's temperature coupling method and

Parrinello-Rahman's pressure coupling methods were used. water molecules, ions, receptor,

and ligand were coupled separately in a temperature bath at 300 K, with a coupling constant tt

= 0'1 ps. The pressure coupling is on for NPT with a constant pressure of I bar and a coupling

constant p of 2 ps. The particle mesh Ewald (pME) method for long-range electrostatics, a

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
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l4A' cutoff for van der Walls interactions,

Lincs algorithm for covalent

a 9A' cutoff for Coulomb interactions and the

bond constraints were used.
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3. Results and Discussions

3.1 Data Set Formation

Anti-malarial agents were taken into account for computer-Aided drug designing. It

incorporated different classes as the functional groups, making the total of41 compounds in

the data set. These compounds included 2 FDA Approved drugs (A771726, Atovaquone)

which were taken as standard drugs and rest 39 as the potential hits for this study. These

various compounds belong to following classes: ctLloroquine, euinine, Andidermal B,

Sesquiterpenoid, Alkoid, euinone, chalcone, euinoline methanols, Benzoxaborole,

Brequinar, Poll'poric acid, Amino-Benzoic acid, Redoxal, Leflunomide and Ureas (Mclean et

al., 2010; Zhatg et a1., 2011; Boa et al., 2005; patel et al., 200g; Milner et al., 2010; Knecht

and Ioffler., 2000; Kaur et al., 2009; Heikkila et a1.,2006; Kuo er al., 1996).

3.2 Rule of Five

The rule of five (Ro5) deals with orally active compounds and defines four simple

physicochemical parameter ranges (MWt S 500, log p < 5, H-bond donors < 5, H-bond

acceptors < I 0) associated with 90% of orally active drugs that have achieved phase II clinical

status. These physicochemical pamrneters are associated with acceptable aqueous solubility

and intestinal permeability and comprise the first steps in oral bioavailability. The results are

given in Table 3. 1 .
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Table 3.1: Lipinski's rule (Rule ofFive) applied to complete data set

Compound HBA IIBD Molecular Weight
(amu)

Log P

GULI 3 I 278.27 4.56

GUL2 2 2 292.34 3.38

GUL3 I I 269.30 4.EE

GUI,A 4 I 275.31 2.86

GUL5 2 I 298.40 3.9s

GUL6 ,)
I 269.39 3.45

GULT 4 I 301.39 3.86

GUL8 2 I 261.32 4.83

GI.]L9 3 I 369.44 4.03

GULIO 2 2 317.32 3.88

GUL1I 4 I 313.36 1.83

GULI2 3 2 278.27 3.19

GUL13 4 I 206.99 2.69

GUL14 2 I 19t.04 l.ll
GULI5 4 I 221.02 3.06

GI.]LI6 4 I 38E.37 4.88

GULIT 3 2 305.33 4.12

GULIE 2 2 324.98 5.92

GULI9 3 3 376.46 3.92

GUL2O 3 J 376.46 3.92

GUL2I I 2 296.44 2.64

GW22 ) I 261.32 4.83

GUL23 2 I 269.39 3.45

CUL24 3 I 317.34 4.07
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GUL25 J I 301.11 4.22

GUL26 6 I 270.21 2.27

GW27 4 2 292.29 0.34

GUL2E 3 2 324.42 2.37

GW29 8
,)

3 80.33 4.65

GUL3O 2 3 285.39 2.72

GUL3I E 2 324.23 2.89

GIJL3z 5 2 484.51 5

GUL33 4 3 302.33 3.54

GIJL34 5 J 337.33 4.86

GUL35 2 2 393.48 3.07

GUL36 6 2 332.31 t.2l

GIJI37 4 I 426.49 4.E4

GUL38 6 I 410.00 1.64

GUL39 ) 2 23 8.00 2.87

Atovaquone 3 2 343.40 3.68

4771726 6 I 270.21 1.27

The results ofRO5 shows that all the compounds follow the rule so all the potential hits have

druggable properties.

Table 3.2: Detailed Analysis of Rule of Five in percentage form

RULE OFFIVE CONSTRAINT PERCENTAGE

Hydrogen Bond Acceptor 100%

Hydrogen Bond Donor 100%

Molecular Weight l00yo

Log P 100%

Elucidating the binding and inhibition mechanism ofantlmalarial drugs by molecular modeling and simulation
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3.3 Pharmacophore Modeling

The pharmacophore model of anti-malarial agents has not been reported yet therefore

it is an attempt to generate the general pharmacophore model. The pharmacophore generated

by Ligand scout for the training set showed five main features as hydrogen bond acceptors,

hydrogen bond donors, aromatic ring, hydrophobic and positive ionizable. The

pharmacophore generated for the chosen group of compounds showed consistency in the

above features. The features identified in green colors are the HBDs, red colored are HBAs

and the aromatic rings are shown in blue color. The pharmacophores of a]l these compounds

were then coordinated and a unique pharmacophore was identified after a detailed analysis.

similar features were identified after analyzing the pharmacophores of all compounds. The

sirnilar features of all the compounds were then aaalyzed, superimposed and merged into a

single pharmacophore. The pharmacophoric features for each are shown in Table 3.3.

The distance ranges from minimum to maximum and have been measured belween

the IIBA and HBD, HBA and aromatic ring and HBD and aromatic ring as shown in Figure

3.1. The distances between HBA and HBD range from 4.0 to 4.99 (A), between HBD and

Ar/HY range aom 3.70 to 4.75 (A) and between ArlHy to HBA range from 3.70 to 4.6 (A).

The distances were calculated with the help of VMD software.

To generate a pharmacophore model, 17 ligands were superimposed along with a two

standard drug (Terifl.nomide and Atovaquone) and the shared pharmacophore was produced

as shown in Figure 3.2 This shared pharmacophore represent that every candidate compound

must have 5 hydrophobic volumes, 2 hydrogen bond acceptors erBA) and rhydrogen bond

donors (FIBD).
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Table 3.3: Pharmacophore features of each compound.

Compounds Ar HY tIBA I{BD Positive
Ionizable

Chloroquine 2 4 1 2 1

Quinine 2 3 3 2 1

Sesquiterpenoid
1 2 2 I

Andidermal B I 1 6 2 1

Alkoids 2 3 5 3 2
Quinone 2 3 6 3
DHOH ) 4 3 I I
Chalcone 4 3 4 1

Benzoxaborole I 1 4 1 I
Quinoline methanols 2 4 8 2 1

Brequinar 3 6 4 I I
Pollporic acid 2 2 4 2
Amino-Benzoic acid 3 4 2 2 1

Redoxal 4 J 5 2
DHODl 3 3 2 I
Leflunomide 2 3 6 I
Ureas 3 3 2 2
Terifl nnomide( A7 7 t7 26) I 2 6 I
Atvaquone(Malarone) 2 1 3 2
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Table 3.4: 2D Pharmacophore Model of anti-malarial agents.

Compounds HBA-ttBD HBD-C C-IIBA
Chloroquinine 4.26 4.29 4.20
Quinine 4.98 3.90 3.70
Sesquiterpenoidl 4.27 3.93 4.68
Andidermal B 4.81 3.7 3.7
Alkoidsl 4.06 4.10 4.26
Quinonel 4.68 4.64 4.6
DHOH6 4.06 4.18 4.25
Chalcone I 4.09 3.71 4.49
Benzoxaborole3 4.67 4.30 3.64
Quinoline methanols 4.94 4.2 3.57
Brequinar 4.99 3.70 4.13
Polyporic acid 4.70 4.63 4.21
Amino-Benzoic Acid 4.06 4. 18 4.2s
Redoxal 4.10 4.30 4.41
DHOD2 4.06 4.42 4. l8
Leflunomide 4.29 4.04 3.91
Ureas 4.06 4.42 4.18
Terifl unomide(A7 7 I 7 26) 4.89 4.19 3.55
Atovaquone(Malarone) 4.31 3.76 3.74
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Figure 3.1: Pharmacophore Triangle of anti-malarial agents.

Figure 3.2: Merged Pharmacophore ofcompounds generated by LigandScout.
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3.4 Molecular Docking

3.4.1 Docking of data set compounds

The data set compounds were docked into the active site of DHoDH by using

AutoDocK vina. The docked files were visualized in vMD software in order to get the

binding interactions e.g hydrogen bonding, ionic bonding and hydrobhobic interactions. To

predict compound activeness IC50 value and binding interaction was also incorporated. The

active site of 3165 was searched by docking the test set compounds and standard compound

with the protein 3165 and amino acid within 5A was identified. Table 3.1 shows amino acid

within 5A'. The residues found were ALM2S, AL10S1, ALM24, ASN347, ASN342,

ASN347, ASN458, ASN274, ASN279, CYS276, GLY226, GLY5O7, GLY5O6, GLY248,

GLY478, GLY475, GLY226, GLY277, ILE272, ILE263, LYS421, LYS229, LYS459,

LYS473, LEU527, LEU48I, PRO346, PHE227, P17E278, PI{E509 SER3lI, SER477,

SER275, SER5O5, SER529, SER345, SER344, SER529, SER457, TYR528, THR459,

THR249, ILE508, cLN526, HISI85. Amino acids tike ALM25, CyS276, THR459,

LYS429,LYS229,PIfE278, SER477, SER5O5, SER345, TYR528, ASN458 ASN274 WErC

major involved in binding interactions with the ligands.
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Table 3.5: Amino acids Present within the 5 A Vicinity of the Ligand where + and - sigrs
indicate the presence and absence of amino acid.

A.A I 2 3 4 5 6 7 8 9 10 11 12 13 t4 15 16 t7 18
ALA225 + + + + + + + + + + + + + + + + + +
ALA259

AtA224 + + + + + + + + +
ASN347 + + + + + +
ASN342 + + + + + + + + + + + + + +
ASN347 + + + + + + + + +
ASN458 + + + + + + + + + + + + + + + + +
ASN274 + + + + + + + + + + + + + + + + +
ASN279 + +
c\s276 + + + + + + + + + + + + + + + + + +
GLY226 + + + + + + +
GLY5O7 + + + + + + + + + + + + +
GLY5O6 + + + + + + + + + + + + +
GtY248 + +
GLY478 + + + + + + + + + + +
GLY475

GLY226 + + + + + + + + + + + +
GLY277 + + + + + + + + + + + +
lLE272 + + +
tLE263 + +

LYS429 + + + + + + + + + + + + + + + +
LYS229 + + + + + + + + + + + + + + + + + +
LYS459

LYS473

LEU527 + + + + + +
LEU481 + + + + + + + + + + + + + +
PRO346 + + + + + + + + + + + +
PHE227 +

PHE278 + + + + + + + + + + + + + + + + +
PHE509

sER311 + + + + +
sER477 + + + + + + + + + + + + + + + +
sER275 +
sERs0s + + + + + + + + + + + + + + +
sER529 + + + + + + + + +
sER345 + + + + + + + + + + + + + + + +
sER344 + + + + +
sER529 + + + + +
sER457 + + + + + + + + + + + + +
TYR528 + + + + + + + + + + + + + + + + + +
THR459 + + + + + + + + + + + + + + + +
THR249 + + + + + + + + +
tLE508

GLN525 + + + + +
Hrs185 +
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A.A 19 20 2L 22 2t 24 25 26 27 ta 29 30 31 32 33
ALA225 + + + + + + + + + + + + + +
ALA259 +

AtA224 + + + + + + + + + +
ASN347 + + + + + +
ASN342 + + + + + + + + + + + +
ASN347 + + + + + + +
ASN458 + + + + + + + + + + + + + +
45N274 + + + + + + + + + + +
A5N279 + + + + +
c{s275 + + + + + + + + + + + +
GLY226 + + + + + + + + +
GtYs07 + + + + + +
GLY505 + + + + + + + + +
GLY248 + + + +
GLY478 + + + + + + + + + +
GLY475 + +
GLY226 + + + + + + +
GtY277 + + + + + + +
tLE272 + + + + + +
ItE263 + + + +
LYS429 + + + + + + + + + + +
tYs229 + + + + + + + + + + + + + +
LYS459 +
1Y5473 +
LEU527 + + +
LEU481 + + + + + + + + +
PRO346 -; + + + + + + + +
PHE227 + + + +
PHE278 + + + + + + + + + + + + + +
PHE509

sER311 + + +
sER477 + + + + + + + + + + + + +
sER275 + +
5ER505 + + + + + + + + + + + + +
sER529 + + + + + + + +
sER345 + + + + + + + + + + + +
sER344 + + + + +
sER529 + + +
sER457 + + + + + + + + + + + +
TYR528 + + + + + + + + + + + + + +
THR459 + + + + + + + + + + + + +
THR249 + + + + + + + + + +
ItE508

GLN526 + + +
Hr5185

+
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A.A :t4 35 36 37 38 39 @ 4t
AtA225 + + + + + + + +
ALA259

ALA224 + + + + + +
ASN347 + +
ASN342 + + + + + +
45N347 + + + + +
ASN458 + + + + + + +
ASN274 + + + + + + + +
A5N279

+
cYs276 + + + + + + + +
GtY226 + + + + + +
GtYs07 + + + + + +
GLYs06 + + + + + + +
GLY248 + + + +
GLY478 + + + + +
GLY475

GLY226 + + +
GLY277 + + + + +
tLE272 + + + +
ItE263 + +
LYS429 + + + + + + +
LYS229 + + + + + + + +
LYS459

LYS473

LEU527 +
LEU481 + + + + +
PRO346 + + + + + +
PHE227

+
PHE278 + + + + + + + +
PHE509 +
sER311 + + +
sER477 + + + + + + +
sER275 + + +
sER505 + + + + + + +
sER529 + + + + +
sER345 + + + + + + +
sER344 + + + + +
sER529 + +
sER457 + + + + + + +
TYR528 + + + + + + + +
THR459 + + + + + +
THR249 + + + + + + +
tLE508 + + +
GLN526 +
Hts185
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3.4.2 Docking of standard drugs

Standard drugs were selected and docked with DHODH using the same morecular

docking software and parameters. A detailed 3D analysis indicated that these compounds bind

to the same active site. In case of A771726 and atovaquone, it showed three active binding

interactions. ln A77r726,the N of ASN45g at 3. 14 A. and of ASN2 74 at3.6r Ao, in different

conformations form ionic bond with oxygen of the ligand. Two more ionic interactions were

between o of ASN458 at 3.45 A"and of ASN274 at 3.53 with nitrogen. Two hydrogen bonds

were formed with ASN458 at distances of 2.69 and, 2.6r. T"be hydrophobic interactions

includethec'sof ligandwiththecsof TyR52g ati.1l A",at3.g6Ao, at3.94A",at3.7r

A', at 3.86 Ao, and at 3.94 A", of SER477 at 3.69A ' , of pHE27g at 3.70 and 3.73 A " and

last of the THR459 at 3.57 A", at 3.26 A"and at 3.7g Ao . Atovaquone also showed three

binding interaction in which there were 33 hydrobhobic interactions, 4 ionic bonds and 4

hydrogen bonds. The hydrobhobic interactions were with cs of GLy506, sER529, TyR52g,

SER477, THR459, ASN274, CyS276, ALM24, LEU527, pLrE278, and SER505. ren

hydrobhobic interactions of atovaquone were with ryR52g at distances of 3.91 A., 3.gz A",

3.44A",3.46A",3.59A.,3.62A",3.75A",3.765A.,3.971 A"and,3.397A.,eightwith

PLre2TEatdistancesof 3.80 A",3.34A.,3.97 A.,3.g9A.,3.g3A.,3.56A.,3.g4Ao and

3.630 A', three with GLY506 at distances of 3.79 A., 3.70 A. and 3.g4 Ao, three with

T}IR459 at2.73 A",3.02 A'and 3.90 A'and one with sER505 A",LErJs2.t A., cys276 A.,

ASN274 A"and sER529 Ao at distarces of 3.99,3.73,3.57, 3.6g and 3.95 respectively. Ionic

bonding was between o of ligand and ASN342, ASN458, Lys429,ASN274 having distances

2'73 A',3.23 A",2.71 A', and 3.30 respectivery. Two hydrogen bond were with ASN45g at
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distances 2.47 A"and 3.13 A"and one was with ASN342 and Lys429 having distances 3.70

A' and 3.00 Ao respectively.

3.4.3 Lead Compound Identification

Six active compounds were chosen from the data set on the basis of showing strong

binding interaction with the target. Along with their strong binding interaction, IC50 value is

much lower which is a positive sign toward their being activeness. so, GUL32, GuLr2,

GULI3' GUL37, GUL35, GUL36 were showing strong binding interaction. GUL32 had 55

hydrophobic interactions, rl ionic interaction and 13 hydrogen bonding. The compound

GULI2 showed 23 hydrophobic, 8 hydrogen and 5 ionic interactions. There were 9

hydrophobic' 6 ionic and 9 hydrogen bonds in case ofGULl3. 67 hydrophobic, 9 ionic and 7

hydrogen bond interactions were shown by GUL37. GUL35 showed 40 hydrophobic, l0

hydrogen and 3 ionic interactions. 22 hydrophobic, 7 ionic and 9 hydrogen bonds interaction

were shown by GUL36. As IC50 value has 30% role in identiffing the lead compound so on

the basis of this criteria and strong binding interaction, the data set consisting of six active

compounds is further reduced to two i.e., GUL32 and Gw37. GUL36 have the lowest

binding affinity but it can't be selected as lead because neither the IC50 value is lowest nor

the binding interaction is strongest as compared to other compounds in the group. GUL37

shows more hydrophobicity but when the IC50 value of GUL32 and GLJL31 ue compared

than there is remarkable difference as IC50 value of redoxal is 0.43+0.2 and that of chalcones

is 2'9' Moreover the no. of ionic and hydrogen bonds are more in GUL32 as compared to

GUL37. so GUL32 was serected as a lead compound having strong binding interactions and

lowest IC50 value.
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Table 3.6: Binding interactions and distances ofdata set showing all the three kinds of
interactions including hydrophobic interactions, ionic and hydrogen bonds.

ILE272:CG2-UNKO:C

lLE272:CG2-UNKO:C

lLE272:CG2-UNKO:C

ItE272:CS-UN(O:C

ll-E272:CD1-UNKO:C

TYR528:CZ-UNKO:C

TYR52ETQ-UN(OrC

TYRs28:CZ-UNt@:C

TYR52E:Q-UNKO:C

TYR528:C2-UN(O:C

TYR528:e-UNXO:C

TYR528:CE2-UNKO:C

TYR528: CE2-UNKO:C

IYR528: CE2-UNXO:C

TYR528: CE2-UNKO:C

TYR528: CE2-UN(O:C
TYR528: CE2-Ut{KOrC
TYR528: CD2-UNKO:C
TYR528: CO2-U KO:C

TYR528: CE'-UNXO:C
SER477:CB-UNKO:C

ASN274:CG-UNKO:C

ASN274:CG-UNkO:C

ltr263:C62-UN(O:C
lLE253:CG1-UNKO:C

lLE253:CG1-UNkO:C

PHE27E:@-U XO:C

PHE278:CZ-UNXO:C

PHE278:CE2-UNKOTC

PHE278:CG-UNXO:C

PHE278:C[Y-U XO:C

PHE278:CEl-UNXO:C

3.203

3.811

3.E45

3.768

3.272

3.487

3.8s5

3.039

3.303

3.5r6
3.880

3.684

3.994

3.295

3.243

3.590

3.949

3.730

3.E/()

3.903

3.813

3.6@

3.836

3.97
3.721

3.2L9

TRYs28:OH-UNKO:N

ASN274:OD-UNKO:N
ASN274:NO2-UNKO:H

GUL2 5ER477:CB-UNKO:C

SER477:CB-UNKO:C

SER477:CB-UNXO:C

LEU481:CD2-UNXO:C

GtY5O6:CI-UNKO:C

Gl-Y506:CA-UNKO:C

THR459:CG'-UNXO:C

THR459:CG'-UNKO:C

ASN458:C-UNXO:C

A5N45E:CA-UNXO:C

PHE27E:CE2-UNKO:C

PHE278:CZ-UNKO:C

TRY528CG-Ut{XO:C

TRYs28CG-UNKO:C

TRYs28CG-UNxO:C

3.345

3.452

3.El4
3.950

3.966

3.426

3.680

3.916

3.465

3,416

3.780

3.679

3.529

3.919

3.088

SER477:OG-UNXO:N ASN458:OD-UN(O:H
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PHE27E:E-UNKo:c
PHE278:CE1-UNKO:C

PHE278:Ccl,-UNKO:C

PHE278:CG-UNKO:C

PHE278:CD2-UNKO:C

PHE278:CE2-UNXOTC

PHE278:CA-UN(O:C

ASN458:C-UNKO:C

THR459:CG-UNKO:C

THR459:CG-UNkO:C

mR459rCG-UNxO:C

THR459:CG-UNKO:C

ASt{274:CG-UN(O:C

ASN274:CG-UNKO:C

LEU481:CD2-UNKO:C

SER505:C-UNKO:C

GLY506:CA-UNXO:C

G 1Y506:CA- UN xO:C

Gl-Y506:C-Ut{KO:C

SER477:CB-UNXO:C

SER477:CB-UNKO:C

SER477:CB-UN(O:C

5ER529:CB-Ul{KO:C

TYR528:CA-UNXO:C

TYRS2E:CB-U KO:C

TYR528:C8-UNXO:C

TYR528:CB-Ut{xO:C

TYR528:CB-UNKO:C

TYR528:CG-UNKO:C

TYR528:CG-UNkO:C

TYRs2E:CtFUNKO:C

3.612

3.577

3,389

3.370

3.421

3.552

3.575

3.972

3.rt48

3.350

3.7E3

3.901

3.125

3.963

3.774

3.895

3.059

3.479

3.684

3.509

3.654

3.882

3.908

3.949

2.960

ASN274:N02-UNKO: O

ASN458:OO-UNKO:N
ASN458:OD-UNKO:H

ASN458:ND2-UNkO:H

PHE278:@-UNXO:C

PHE278:CE2-UNXO:C

ASN274:CG-UNxO:C

ASN274:CG-UNKO:C

ASN45E:CG-UNXO:C

THR459:CG-UNKo:c

THR459:CG-UN(O:C

THR459:CG-UNxO:C

ASI{4st:C-UNXO:C

ASN45E:CA-UNKo:c

1Y5429:CE-U KO:C

GtY506:C-A-UN(O:C

SER477:CB-UNt(orC

SER477:CB-UNKO:C

SER477:C8-UNKO:C

SER477:CB-UNKO:C

SER529:Cg-UNxO:C

TYR528:C.c-UNKO:C

TYR528:CB-UNXO:C

TYRs28:CB-UNxO:C

TYR528:CS-UNKO:C

3.688

3.@7

3.867

3.902

3.916

3.@5

3.639

3.992

3.772

3.516

3.753

3.E86

3.2E1

3.290

3.885

3.909

3.823

3.980

3.080

3.154

PSN458:OD-UNKO:N

ASN45t:OD-UNXO:N

ASN274:OD-UNXO:N

ASN458:OO-UNXO:H

ASN458:ND2-UNKO:H

ASN274:NZ-UNKO:H
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TYR528:CB-UNXO:C I :.eag
TYRs28:cG-UNKo:c I a.rrt
TYR528:CG-UNKO:C I :.gos
TYR528:CO2-UN(O:C I s.eo7
rYRs28:cD-uNxO:C lr.*rn
TYRs28:cE'-Ua{xO:C l r.ret
WR528:e-UNXO:C la.SrO

GUL5 | PHE278:cE2-UNxo:c

I PHE278:a-UNxo:C

I PHE278:CZ-UN(O:C

I e re zza,ce z-ur,rxo,c
I PHE278:CE1-UN(O:C

I secras,ce-urixo,c
I seng+s,cs-ut{xo,c
I lsN+s8,cc-r".o'.

I rsrzz+,ce-urxo,c

I THR459|CG-UNKO:C

I SER477:CB-Uir(orc

I ctysoo,cl-ur.rxo,c
I erysoo,cl-urxo,c
I clYsoe,ca-urxo,c
I Gtvsoe,c-r*.o,a
lluzzs,c-urxo,c

I 
rvnszs,e-unxo,c

I TYR528:CE'-UNKO:C

lwnsze,cr,-ur,rxo:c
I TYR528:CE'-UNKO:C

I wnsza,co-un*o'.
I rynszg,co-ur,txo,c

I wnsza,cc-ur,rxo,c

I 
TyRs28:cB-u Ko:c

I TYR528:CB-UNKO:C

I wnsza,a-urxo,c

ItEU52T:CA-UNXO:C
I LEU527:C-A-UN(O:C

Iuuszz,c-unxo,c

3.453

3.210

3.565

3.7U
3.587

3.645

3.937

3.980

3.541

3.929

3.986

3.395

3.638

3.(x3
3.67L

3.819

3.4@

3.576

3.924

3.659

3.208

3.449

3.750

3.853

3.532

3.817

3.801

3.772

3,590

SER5O5:OG-UNxO:N 
l rd I TRY528:N-UNxO:H

I SER5Os:OG-UNKo:H
3.8a0

3.553

GUL6 ASN347rCB-UNKO:C

ASN347:CG-UNKO:C

PR0346:C-UNXO:C

SEEl45:CB-UNxO:C

PHE278re-UNKO:C

PHE278:CE1-UNKO:C

PHE278:CD'-UNKO:C

LYS229:CE-U KO:C

LYS229:CE-UNKO:C

PRO346:CtFUIKO:C

ASN274:CG-UNXO:C

ASN274:CG-UNKO:C

AsN274:CB-UNKO:C

SER477:CB-UNKO:C

THR459:CG-UNXO:C

THR459:CG-UNXO:C

ryRs28:CG-UNKO|c

3.437

3.697

3.87L

3.697

3.612

3.324

3.929

3.698

3.967

3.926

3.285

3.s88

3.841

3.409

3.551

3.924

3.948

ALA225:O-UNKO:N

ASN274:ND2-l.rNxO: O

2.57A

3.443
Al.A25:O-UN(O:H
GLY226:N-LJNKO:H

1.768

3.371
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Chapter 3
Results and Discussions

TYR528:CO-Ux(O:a

TYRs28:CO-UNxO:C

TYR528:CD-U KO:C

TYR528:CD-UNXO:C

TYR528:CE'-Ur{XO:C

TYR528:CE'-UNxO:C

TYR528:CE'-UNxO:C

TYR528:CE'-UflKO:C

TYR52t:CE'-UIKO:C

TYRs28:@-UNxO:C

TY8528:CZ-UNKO:C

GLY226:CA-UNKO:C

GLY226:CA-UNxO:C

GLY226:CA-UNKO:C

GLY226:CI-UNXO:C

GLY226:C-UNxO:C

GIY226:C-U (O:C

ALA224:CS-Ut{XO:C

3.393

3.898

3.677

3.8,36

3.254

3.570

3.945

3.781

3.736

3.833

3.745

2.679

3.370

3.551

3.2s9

3.355

3.578

3.791

TYR528:C8-U KO:C

TYR528:CB-UNKo:c

TYR52E:CB-UNkO:C

TYR528:C8-UN(O:C

TYR528:CG-UNKO:C

TYRs28:CG-UNKO:C

AtA224:C8-UNKO:C

TYR528:C0-UNXO:C

TYRs2E:CD-UNXO:C

TYR528:CD-UN(O:C

TYR52E:CtFUN(O:C

TYR528:CE'-UNkO:C

TYR528:C€'-UNXO:C

G[Y5O7:CA-U xO:C

GLY506:C-UIKO:C

GLY50€:CA-UNxO:C

tEU481:CD2-UNXO:C

ASN458:C-UN(O:C

ASN4st:C.A-UNXO:C

ASN458:CG-UNXO:C

AsN458:CG-UNxO:C

THR459:CG-UNKO:C

THR459:CG-UNXO:C

THR459:CG-UNXO:C

THR459:CG-UNKO:C

SER529:CB-UN(O:C

SER529:CB-UNXO:C

PBE278:CG-U KO:C

PHE278:CD.-UNXO:C

PHE278:CE1-UNxO:C

PHt27E:Q-UNKO:C

ASt{347:CB-UNxO:C

GLY277:CA-UNkO:C

CYS276:CB-UNxO:C

3.58E

3.110

3.E69

3.U7
3.80O

3.460

3.945

3.22L

3.963

3.7fi
3.936

3.984

3.694

3.968

3.919

3.678

3.653

3.716

3.969

3.710

3.t04
3.617

3.545

3.7E2

1.4U
3.797

3.982

3.A74

3.515

3.sE0

3.955

3.951

3.982

3.434

GLY506:N-UNKO:O

GtY507:N-UNKO:O

LYS229:NZ-UNKO:O

LYS229:NZ-UNxO:O

TRY52E:OH-UNXO:H
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Chapter 3
I 

Results and Discussions

GULS PHE278:CE2-Ut{KO:C

PBE278:e-UNKO:C

SER345:CB-UNKO:C

l-YS229:CE-UNKO:C

LYS229:CE-UN(O:C

CYS276:C8-UNxO:C

CYS276:CB-UNxO:C

AS[458:CG-UNxO:C

THR,ls9:CG'-UNXO:C

THR159:CG'-UNXO:C

THR459:CG'-UNXO:C

THR459:CG'-LrNKO:C

SER477:CB-UNxO:C

SER47,:CB-UNKO:C

SER477:CB-UNKO:C

GLY506:C-A-UNKO:C

ASN274:CG-UNKO:C

TYR528:CB-UNKO:C

TYR528:Cg-UNKO:C

TYR528:CB-UNKO:C

SER505:OG-UNKO:C

TYR528:CG-UNKO:C

TYR528:CG-UNXO:C

3.870

3.7

3.858

3.758

3.991

3.590

3.924

3.694

3.524

3.562

3.822

3.984

3.2U
3.720

3.134

3.677

3.821

3.332

3.009

3.6E6

3.541

3.4EO

3.819

SER4n:OG-UNKO:N

LYS429:NZ-UNXO:O

ASN45E:N-UNkO:O

THR459:N-UNKO:O

3.138

3.155

3.855

3.684

SER505:OG-UNKO:H

SER457:O-UNxO:H

ASN458:N-UNKO:H

LYg29:NZ-UNKO:H

2.753

2.426

3.8,m

3.650

GUL9 LEU,l81:CD2-UNKO:C

GLY478:CA-UNKO:C

GLY506:C-UNKO:C

G l-Y505:C-q- UN xO:C

GLY5O6:CA-UNKO:C

Gl-Y506:C.A-UNKO:C

ASN458:C-LJNKO:C

ASN45E:C-A-UNKO:C

ASN45E:C6-UNXO:C

LYS429:CE-UNKO:C

LYS429:CE-UN(O:C

SER477:CB-UNKO:C

SER47,:CS-UNKO:C

SER477:CB-UNKO:C

Al.A225:CB-UNKO:C

THR249:CB_UNKO:C

THR249:CB-UNKO:C

THR249:CA_UNKO:C

GLY2IE:C_U KO:C

ASN274:CG-UNKO:C

GLY226:CA-UNKOC

SER529:CB-UNKO:C

SER529:CB-LJNKO:C

SER529:CA-UNKO:C

TYR528:CB-UNKO:C

TYR528:CB-UNKO:C

TYR528:CB-UNKO:C

TYR528:CG-U KO:C

TYR528:CD-UNKO:C

TYR528:CD-UNKO:C

TYR528:CE-UNKO:C

TYRs28:CE'-UNXO:C

3.694

3.9s0

3.4EO

2.936

3.635

3.965

3.757

3.47t
3.839

3.655

3.U7
3.043

3.22E

3.454

3.234

2.977

3.820

3.479

3.E86

3.E01

3.884

2.819

3.959

3./r45

3.197

3.422

3.783

3.792

3.850

3.705

3.415

3.823

AS 342:ND2-UNKO: O

ASN342:N02-UNKO: O

ASN342:ND2-UNKO: O

tYS229:NZ-UNKO: O

3.207

2.&7
3.354

3.863

ALA225:O-UNxO:C 3.297
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TYR528:CZ-UNrc:C

TYR52E:CE2-UNXO:C

3.405

3.837

GULlO CYS276:CB-UN(O:C

CYS276:Cg-UN(O:C

LYS229:CE-UNxO:C

LYS229:CE-U xO:C

GtY226:CA-UNxO:C

GLY226:CA-UNxO:C

PRO346:CD-UNxO:C

IHR459:CG-UNXO:C

LEU461:CD2-UNXO:C

GLY5O6:CA-UNxO:C

Gl-Y506:CA-UNXO:C

GtY5O6:CA-UN(O:C

G tY5O6:CA- UN l(o:C

GLY506:C-UNXO:C

GLY506:C-UNXO:C

GLY507:CA-UNKO:C

GtY507:CA-UNKO:C

GLY507:N-U XO:C

ALA224:CB-UNKO:C

ALA224:Cg-UNKO:C

TYRS28:C8-UNXO:C

TYR528:CB-UNxO:C

TYR528:CS-UNKO:C

TYR52t:C8-UNKO:C

TYR526:CS-UNKO:C

TYR526:CA-UNXO:C

TYR528:CA-UN(O:C

TYR528:C-UNXO:C

tIU527:C-UNXO:C

LIU527:C-UN(O:C

LEu527:CA-UNXO:C

SER477:CB-UNXO:CL

SER477:CS-UNXO:C

SER477:CA-UNKO:CL

SER477:C-UNXO:CL

GLY478:C-A-UNKO:C

S€R529:C8-UNKO:C

3.327

3.907

3.502

3.379

3.&|s
3.E92

3.910

3.527

2.72r
3.792

3.5t7
3.592

3.931

3.493

3.662

3.546

3.5s8

3.939

3.639

3.298

3.625

3.s32

2.999

3.938

3.E04

3.42
3.689

3.983

3.743

3.649

3.472

3.O74

3.789

3.102

3.824

3.621

3.744

ASN347:N02-UNKO:O

ASN458:t{O2-UNKO:O

ASN458:OD-UNKO:N

ASN458:OO-UNXO:N

3.211

3.452

3.236

3.577

PRO345:N-UNKO:H

SER345:OG-UtlKO:H

ASN458:OD-UNKO:H

ASN458:ND2-UNKO:H

ASN458:ND2-UNKO:H

ASN458:OO-UNKO:H

THR459:OG-UNKO:H

3.625

3.O
2.349

3.459

3.323

2.951

3.916

GUL11 SER477:CB-UNXO:C

SER477:CB-UNXO:C

LEU481:C02-Ut{KO:C

GtY5O6:CA-UNXO:C

GLY506:C-UNXO:C

TYR528:CE'-UNXO:C

TYR52E:CD-Ut{xO:C

TYR528:CG-UNXO:C

TYR528:CG-UNXO:C

TYR528:CD2-UNKO:C

3.667

3.496

3.711

3.357

3.8E7

3.584

3.235

3.323

3.947

3.821

ASN347:ND2-UNKO:O

ASN274:N02-UNKO:O

5ER4Z:OG-UNKO:N

S E R5O5:OG- U NKO: N

ASN342:NO2-UNKO:O

1Y5429:NZ-UNKO:O

3.449

3.E63

3.@4

3.186

3.149

2.919

lSN342:ND2-UNKO:H

SER311:OG-UNKO:H

THR249:OG-UNKO:H

1Y5429:NZ-UNKO:B

3.560

3.970

3.532

3.387
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TYR528:C8-UNKO:C

TYRs28:CB-U KO:C

TYR528:CB-Ut{xO:C

TYR459:CG-UNxO:C

TYR459:CG-UNKO:C

TYR459rCG-UN(O:C

ASN274:C6-Ut{xO:C

ASN3,t7:CB-UNKO:C

PHE278:CE1-Ut{xOlc

PBE27E:CE1-UNKO:C

PHE278:Cd-UNxO:C

PHE278:Cd-UNxO:C

PHE27E:CG-UNXO:C

PHE278:CG-UNxO:C

PHE27E:CO2-UNxO:C

PHE278:CE2-U KO:C

PHE278:@-UNXO:C

PHE278:CA-UNxO:C

GtY277:C-UNxO:C

GLY2n:C-A-UNXO:C

3.148

3.370

3.381

3.736

3.515

3_455

3.858

3.458

3.557

3.373

3.376

3.503

3.867

3.7tO

3.72r
3.59,1

3.426

3.934

3.635

3.399

GUL12 PHE278:@-UNXO:CL

PHE278:CE2-UNxO:CL

C'/S276:CB-UNxO:C

LYS229:CE-UNKO:C

ASN274:CG-U l(O:C

SER477:C8-UNxO:C

SER47r:CS-UNxO:C

SER477:C8-Ut{xO:C

SER4Z:CB-UNKO:C

UU4a1:CO2-UNKO:C

GLY506:CA-UNxO:C

THR459:CG-UNKO:C

THR459:CG-UNKO:C

ASN458:C-UNKO:C

TYR528:CD-UNxO:C

TYR528:CD2-UNKO:C

TYR52E:CO2-UNXO:C

TYR52E:CS-UNKO:C

TYR52E:CB-UNKO:C

TYR52E:CB-UN(O:C

TYR528:CA-UNxO:C

TYR528:CG-UNxO:C

TYR528:CG-UNxO:C

3,887

3.942

3.937

3.653

3.E13

3.463

3.347

3.674

3.883

3.718

3.933

3.488

3.821

3.756

3.72E

3.9t2
3.&!2

2.812

3.247

3.513

3.E49

3.3E2

3.406

AsN458:OO-UNKO:N

SER47:OG-UNXO:N

THR459:N-UNxO:O

ASN458:N-UNKO:O

GLY506:N-U XO:O

3.545

3.654

3.105

3.772

3.138

ASN458:O -UNKO:H
SER5O5:OG-UNKO:H

SER457:O-UNxO:H

THR459:N-UNKO:H

ASN458:N-UNXO:H

ASN458:OO-UNKO:H

ASN45E:OD-UNxO:H

ASN458:OD-UNxO:H

2.826

3.479

2.1t7
2.90s

2.829

3.639

2.558

3.367

GUL13 PHE278:CE1-UNKO:C

PHE278:C2-UNxO:C

PHE27E:@-UN(O:C

PHE278:e-UNxO:C
PHE278:CE2-UNKO:C

PHE278:CE2-UNKO:C

PHE278:CD2-UNxO:C

ALA225:C-UN(O:C

THR459:CG-UNxO:C

3.949

3.8E1

3.802

3.904

3.174

3.785

3.849

3.957

3.907

ASl{347:ND2-UNKO:O

AS 347:ND2-UNKO:O

ASN274:N02-UNKO:O

ASN458:ND2-UNxO:O

tYS429: Z-UNKO:O

THR459: -UNKO:O

3.120

3.102

3.243

3.052

3.E95

3.2U

ASN274:OO-UNKO:H

THR459:OG-UNKO:H

ASN274:ND2-UNXO:H

ASN347:NO2-UNKO:H

GLY475:N-UNXO:H

ASN45E:OO-UNXO:H

THR459:OG-UflKO:H

THR459:N-UNKO:H

ASN458:OD-UN(O:H

3.252

2.905

3.146

2.924

3.957

2.t76
3.n6
3.269

3.677
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GUL14 mR459:CG-UN(O:C

ASN274:CG-UNKO:C

ASN274:CG-U KO:C

LYS229:C€-UNKO:C

TYR528:CE2-UNKO:C

TYR528:CZ-UNKO:C

TYR52t:CZ-UN(O:C

TYR52E:@-UNXO:C

TYR528:CE'-UNxO:C

TYR528:CE'-UNKO:C

TYR52E:CE'-UNxO:C

TYR528:CE'-UNKO:C

TYR528:CE'-UNxO:C

TYR528:CD-UNKO:C

TYR52E:CO-UNXO:C

3.76
3.701

3.947

3.E49

1.774

3.691

3.512

3.830

3.722

3.888

3.591

3.E2E

3.990

3.832

3.800

GLY226:N-UNXO:O

LYS229:NZ-UNxO:O

SER505:OG- UNKO:N

3.844

3.233

2.963

SER5O5:OG-UtlxO:H

SER505:OG-UNKO:H

ALA225:O-UNKO:H

ALA225:O-UNKO:H

GLY226:N-UNKO:H

LYS429:NZ-UNKO:H

3.171

3.716

3.E39

3.633

3.909

2.9L7

GUL15 TYR528:CO-UNKO:C

TYR528:CD-Ul'lxO:C

TYR528:CD-UNxO:C

TYR52E:CE'-UNxO:C

TYR528:CE'-Ul{KO:C

TYR528:CE'-UNKO:C

TYR52E:CZ-UNXO:C

ASN458:CG-Ut{KO:C

ASN45E:CG-UNKO:C

SER345:CS-UNXO:C

PHE278:e-UNXO:C

3.687

3.817

3.915

1.612

3.6m
3.945

3.7t2
3.927

3.761

3.942

3.973

ASN274:N02-UNKO:O

ASN347:ND2-UNKO:O

PHE278:N-UNkO:O

LYS229:NZ-UNKO:O

LYS229:NZ-U KO:O

3.250

3.374

3.264

3.154

3.786

S€8145:OG-UNxO:H

PRO346:O-UNXO:H

ASN347:ND2-UNKO:H

ASN274:OD-UN(O:H

2.&6
2.764

3.,t86

2.951

GUL16 SER477:CB-UNXO:C

IHR459:CG-UN(O:C

ASN342:CG-UNXO:C

PHE27E:CE2-UN(O:C

GLY5O6:CA-UN(O:C

GLY506:Cl-UNXO:C

GLY5O6:CA- UNxO:C

Gl-Y505:CA-UNXO:C

GLY506:C-UNKO:C

GLY506:C-UNKO:C

GtY507:CA-UNXO:C

GLYS07:CA-UNXO:C

GtYS06:C-UNxO:C
Iu508:CA-UN(O:C

SER529:CB-UNxO:c

SER529:CB-UN(O:C

SER529:C-A-UNKO:C

TYR528:CO-UNXO:C

TYR528:C&-UNXO:C

TYR52t:Co-UNXO:C

TYR52t:CG-Ut{XO:C

TYR528:CG-UNxO:C

TYR528:CG-UNKO:C

TYR528:CB-UNxO:C

TYR528:CB-Ut{XO:C

TYR528:CS-UNXO:C

TYR528:C8-UNKO:C

TYR52t:CA-UNXO:C

3.763

3.554

3.742

3.813

2.9L7

3.3@

3.990

3.3,10

3.584

3.746

3.7L7

3.EE2

3.7tE

3.955

3.598

3.3,()

3.913

3.7@

3.670

3.990

3.639

3.96E

3.780

3.E22

3.048

3.185

3.@9

3.913

ASN274:NO2-UNxO: O

LYS229: NZ-UNXO: O

3.r72
3.665
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UU527:C-A-UNKO:C

LEU527:CA-U KO:C

GtN526:C-UIXO:C
AtA225:C-UNKO:C

ALA224:CB-Ut{KO:C

ALA224:CB-UNKO:C

ALA225:Cg-UNXO:C

3.9E5

3.671

3.918

3.705

3.165

3.178

1.570

GULl7 TYR528:CB-UflxO:C

TYR528:Cg-UNXO:C

TYR52E:CS-UNxO:C

TYR528:C8-UNxO:C

TYR528:CB-UNxO:C

TYR52E:CS-UN(O:C

TYR528:C6-UNxO:C

TYR528:CG-UNXO:C

TYR528:CG-UNKO:C

TYR52E:CD-UNXO:C

TYR528:CD-UNXO:C

TYR528:C-UNKO:C

SER477:Cg-UNKO:C

SER47r:CB-UNxO:C

ASN45E:CG-UNKO:C

PHE278:CZ-Ut{XO:C

PHE27E:CE2-UN(O:C

PHE278:CCD2-U KO:C

LYS229:CE-UN(O:C

CYS276:CB-UNxO:C

LYS429:CE-UNxO:C

ALA224:CB-UN(O:C

3.252

3.581

3.t13
3.742

3.429

3.169

3.499

3.E53

3.134

3.E15

3.7t7
3.787

3.120

3.400

3.803

3.769

3.866

3.E43

3.517

3.817

3.927

ALA225: O-UNXO:N

l-YS229:NZ-UNXO:O

3.404

2.730

GULl8 TYR52t:C02-UNxO:C

TYR528:CE2-UNKO:C

TYR528:CG-Ut{KO:C

TYR528:CB-Ut{KO:C

TYR528:C8-UNKO:C

TYR528:C8-Ut{KO:C

WR528:C8-UNKO:C

SER529:CS-UNxO:C

SER477:CB-UN(O:C

SER477:CS-UN(O:C

SER477:CB-UNxO:C

THR459:CG-UN(O:C

PHE278:CE2-UNXO:C

LYS229:CE-Ut{(O:C

tYS229:CE-UNXO:C

THR249:CB-UNKO:C

lLE272:C01-UNKO:C

Itf 272:CG1-UNXO:C

Iu272:C8-UNKO:C

ASN274:CG-UNXO:C

3.069

3.529

3.651

3.363

3.3L7

3.68s

1.770

3.976

3.319

3.676

3.440

3.917

3.553

3.849

3.817

3.803

3.102

3.9E7

1.962

3.9,13

AS 274:N02-UNKO:O

A5N45E:OD-UNKO:N

ALA225:O-UNKO:N

2.502

3.E36

3.470
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GUL19 TYR528:CB-UNXO:C

TYR52E:CB-UNxO:C

TYR528:C8-UNxO:C

TYR528:CG-UNXO:C

TYR52E:CG-U KO:C

TYR528:CG-UNXO:C

TYR528:CO2-U l(O:C

TYR528:CO2-U KO:C

TYR528:CE2-UflxO:C

TYR52E:CE2-UNxO:C

WR528:e-UNxO:C
TYR528:CZ-UNXO:C

TYR528:@-UNXO:C

TYR528:CD-UNKO:C

TYR528:CO-UNKO:C

TYR52t:CD-UNxO:C

TYR249:CB-UNKO:C

TYR249:CB-UNKO:C

CYS276:CB-UNKO:C

CYS276:CB-UNKO:C

LYS229:CE-UNKO:C

tYS429:CD-UNxO:C

tYS429:CE-UNl(O:C

LYS229:CE-Ut{XO:C

THR459:CG-UNxO:C

SER505:C8-UNXO:C

SER505:CB-UNxO:C

Lf Uil81:CO2-UNXO:C

SER505:C-UNKO:c

SER477:CB-UNKO:C

SER477:CB-UNKO:C

SER477:CI-UNxO:C

5ER477:CA-UNKO:C

GtY226:CA-UNXO:C

GLY226:C.A-UNxO:C

GLY226:CA-UNxO:C

ALA225:C-UNxO:C

ASN274:CG-UNxO:C

ASN274:CG-UNKO:C

3.839

3.913

3.656

3.622

3.295

3.136

3.581

3.559

3.572

3.906

3.743

3.607

3.989

3.645

3.381

3.512

3.933

3./()0
3.097

3.692

3.&t2

3.i140

3.5t2
3.262

3.640

3.923

3.376

1.922

3.so
3.826

3.795

3.821

3.751

3.EE4

3.325

3.559

3.362

3.696

tYS229:NZ-UNXO:O

ASN274:ND2-UNKO:O

GLY506:N-UNKO:O

SER5O5:OG-UNKO:N

3.630

3.1A7

3.771

3.906

GUL2O tYS429:CO-UNXO:C

tYS429:CE-UNxO:C

LYS429:CE-UNKO:C

ASt{342:CG-UNl(o:C

THR249:CB-U KO:C

THR249:CB-UNKO:C

ALA225:C8-UNKO:C

ALA225:C8-UNKO:C

ALA225:CB-UNxO:C

ALA225:CB-UNXO:C

LYS229:CE-UNxO:C

CYS276:CS-UNKO:C

CYS276:CB-UNKO:C

ASN274:CG-UNkO:C

ALA225:C-UNXO:C

ALA225:C-U KO:C

3.418

3.710

3.557

3.397

3.404

3.958

3.792

3.449

3.491

3.79S

3.863

3.14E

3.710

3.357

3.764

3.555

SER505:OG-UNKO:N

GLY506:N-UNKO:O

ALA225:O-UNKO:N

LYS229:NZ-UNxO:O

ASN274:NO2-UNxO:O

3.9@

3.782

3.247

3.600

3.180

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
studies. 53



Chapter 3
I 

Resuls and Discussions

GLY226:CA-U xO:C

GLY226:CA-UNXO:C

GLY226:CA-UNXO:C

THR459:CG'-UNKO:C

SER505:CB-UNKO:C

SER505:CB-UN(O:C

LEU48l:CO2-UNKO:C

SER505:C-UNxO:C

5ER477:C8-UNxO:C

SER477:CB-UNKO:C

SER4Z:CB-UNKO:C

SER4,:CB-U xO:C

5ER4n:CA-UNKO:C

SER477:CA-UNKO:C

TYR528:CB-UNKO:C

TYR528:CB-Ut{KO:C

TYR528:CB-UNKO:C

TYR528:CG-UNKO:C

TYR528:CG-UNxO:C

TYR528:CG-UNKO:C

TYR528:CD2-UNxO:C

TYR528:CO2-UNXO:C

TYR528:CE2-UNXO:C

TYR528:CE2-UNXO:C

TYR52t:CO-UNXO:C

TYR528:C0-UNxO:C

TYR528:CD-UNXO:C

ftR528:CD-UNXO:C

ftR52E:CE'-UNXO:C

TYR528:CE'-UNxO:C

WR528:CE'-UNxO:C

TYR528:CE'-UNKO:C

TYR528:CE'-UNxO:C

TYR528:CZ-UNKO:C

TYR528:CZ-UNxO:C

3.326

3.880

3.74
3.266

1.62
3.979

3.rto1

3.943

2.9t6
3.512

3.857

1.473

3.783

3.796

3.808

3.913

3.674

3.293

3.@8

3.76L

3.575

3.565

3.569

3.925

3.365

3.506

3.901

3.644

3.74
3.652

3.725

3.882

3.966

3.617

3.730

GUL21 PRO345:CD-UNXO:CL

PHE278:e-UNKO:Ct

SER345:CB-UNxO:CL

LYS229:CE-UNKO:C

GLY226:C-UNKO:C

GLY226:C-U xO:C

GLY226:CA-UNxO:C

GLY226:CA-UNKO:C

AtA22S:C-UNKO:C

ASN274:CG-U xO:C

ASN274:CG-UN(O:C

ASN274:CG-UNXO:C

THR459:CG-UNXO:C

StR477:CB-UNKO:C

SER477:CB-UNxO:C

SER477:Cg-UNKO:C

lLE272:CG2-UNKO:C

GLY506:CA-UNxO:C

SER529:CB-UNKO:C

SEn529:C-A-UNKO:C

3.437

3.478

2.4U
3.142

3.232

3.826

2.417

3.505

3.914

3.595

3.895

3.747

3.761

3.432

3.706

3.429

3.799

3.186

3.479

3.944

ASN274:OD-UN(O:N 3.80r ASN274:N02-UNKO:H

ASN274:N02-UNKO:H

1.697

3.042
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TYR528:CB-UN(O:C

TYR52E:CS-UNKO:C

TYRs28:CB-UNKO:C

TYRs28:CB-U xO:C

TYR52t:CB-UNXO:C

TYR528:e-UNKO:C

TYR528:C2-UNKO:C

TYR528:CE2-UNXO:C

TYR528:CO2-U KO:C

TYR52E:CE'-UNxO:C

TYR528:CE'-UNXO:C

TYR528:CE'-UNKO:C

TYR528:cE'-UNKO:C

TYR528:CD-UN(O:C

TYR528:CO-UN(O:C

TYR528:CO-UNKO:C

SEE,45:CA-UN(O:CL

ASN458:CG-UNKO:CL

TYR528:CG-UN(O:C

TYR528:CG-UN(O:C

3.7

3.4q)
3.429

3.296

3.t06
3.515

3.772

3.919

3.6m
3.969

3.850

3.308

3.8s9

3.320

3.884

3.810

3.241

3.9s8

3.1o7

3.768

GUL22 PHE27E:CZ-UNxO:C

PHE278:(Z-UNKO:C

PHE278:CE1-UNKO:C

PHE278:CE1-UNKOTC

PHE278:CE2-UNKO:c

PHE278:CE2-UNKo:c

PHE278:CO-UNKOTC

PHE278:CG-UNxO:C

PHE278:CO2-UNXO:C

CYS275:CB-UNKO:C

CY5275:C8-U xO:C

AsN274:CG-UNxO:c

THR459:CG-UNxO:C

THR459:CG-UNKO:C

THR459:CG-UNKO:C

SER477:CB-UNKO:C

SER477:CB-UNKO:C

SER477:CB-UNKO:C

TYR52t:C8-UNXO:C

TYR528:CB-UNKO:C

TYR528:CB-UNKO:C

TYR528:CB-UN(O:C

TYR528:CG-UNKO:C

TYR528:CG-UNKO:C

TYR52E:CD-UNXO:C

TYR528:CD-UNKO:C

TYR528:CD-UN(O:c

TYR528:CD-UNKO:C

LYS429:CE-UNKO:c

3.468

3.701

3.646

3.861

3.570

3.754

3.657

3.754

3.7tO

3.394

3.2,t0

3.823

3.623

3.850

3.U4
3.156

3.547

1.742

3.201

3.020

3.924

3.626

3.347

3.485

3.781

3.987

3.983

3.641

3.867

ASN274:O0-UNKO:N

ASN458:ND2-UNKO:O

ASN342:N02-UNKO:O

3.441

2.@6

3.549

58R345:OG-UNKO:H

ASN342:ND2-UNXO:H

ASN458:ND2-UNKO:H

A5N458:O0-UNKO:H

3.754

3.130

3.191

3.816

GUL23 PHE278:CG-UNxO:C

PHE278:CO-UNKO:C

PHE278:CD-UNxO:C

PHE278:CE1-UNKO:C

PHE278:CE1-UN(O:C

PHE278ie-UNKO:C

3.430

3.r52

3.892

3,133

3.845

3,779

ASN45E:OO-UNKO:N 3.789 ASN458:OO-UNKO:H

LYS429:NZ-UNKO:H

3.15E

3.414
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GLY2n:CA-UNXO:C

ASN347:C8-UNKO:C

ASN347:CG-UNKO:C

ASN274:CG-Ut{KO:C

ASN458:C-UNKO:C

ASN458:C-UNKO:C

ASN458:C.A-UNl(o:C

ASN458:CA-UNKO:C

LEU481:CD2-Ul'lKO:C

SER477:CB-UNKO:C

SER477:CB-UNxO:C

THR459:CG-UNKO:C

THR459:CG-UNKO:C

GLY226:CA-Ut{KO:C

GtY226:CA-UNKO:C

GLY226:C-UNKO:C

TYR528:CB-UNXO:C

TYR528:CG-UN(O:C

TYR528:CD-UNKO:C

TYR528:CD-UNKO:C

TYR52E:CD-UNKO:C

TYRS28:CE'-UNKO:C

TYRS28:CE'-UNKO:C

TYR528:CE'-UNKO:C

TYR528:CE'-U KO:C

TYR528:CZ-U KO:C

TYR52E:CZ-UNxO:C

TYR528:Q-UNKO:C

TYR528:e-UNKO:C

TYR52E:CE2-UNxO:C

TYR528:CO2-UNXO:C

3.632

3.119

3.7U
3.582

3.908

3.9L7

3.757

3.979

3.713

3.471

3.E69

3.758

3.@
3.4S2

3.9EE

3.955

3.916

3.567

3.550

3.598

3.E16

3.294

3.ilE7

3.97L

3.58E

3.182

3.963

3.9L2

3.Et2

3.627

3.980

GUt24 ALA259:CB-UNXO:C

ASN347:CA-UNKO:C

PRO345:CB-UNKO:C

PRO346:CB-Ut{KO:C

LY9l73:CG-UNxO:C

LY9l73:CG-UNXO:C

1Y973:CS-UNXO:C

LYS473:Cg-UNxO:C

SER275:CS-UNxO:C

SER275:CB-UN(O:C

SER275:CB-UN(O:C

3.srrc

3.973

3.736

3.935

3.509

3.922

3.650

3.695

3.304

3.7@

3.E99

LYS473:N-UNXO:O

LYS473:N-UNKO:O

ASN258:ND2-UNKO:O

SER275:OG-UNKO:N

1.387

3.E41

3.701

3.063

LYS473:O -UN(O:H
LYS473:N-UNXO:H

GLY474:N-UNxO:H

SER275:OG-UNKO:H

SER275:OG-UNXO:H

2.LL7

2.570

3.809

2.U3
3.620

GUL25 CYS276:CB-UNxO:C

ASl{274:CG-UNKO:C

ASN274:CG-UNKO:C

ASN274:CG-UNKO:C

ASN458:CA-UNXO:C

LEU481:C02-UNXO:C

G LY506:CA- UN KO:C

G[Y506:CA-U xO:C

SER477:Cj-U KO:C

SER477:C8-UNXO:C

5ER477:CB-UNxO:C

SER477rCB-UNXO:C

3.953

3.721

3.901

3.619

3.892

3.E56

3.t69
3.932

3.984

3.O77

3.029

3.793

LYS429:NZ-UNKO:O

LYS429:N2-UNKO:O

ASN458:N-UNKO:O

SER477:OG-UNKO:N

3.094

3.645

3.73t
3.490

LYS429:tlZ-UNKO:H

THR459:N-UNxO:H

ASN45E:O0-UNKO:H

SER457:O-UNKO:H

ASN458:ND2-Ut{xO:H

2.154

3.t41
2.U7
3.798

3.918
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SER477:CB-UNxO:C

TYR52t:CS-Ut{KO:C

TYR528:C8-U KO:C

TYR528:Cg-UNKO:C

TYR52E:CG-UNxO:C

TYRs28:CD-UNxO:C

TYR528:CE'-UNXO:C

TYR528:CE'-UNxO:C

TYR528:e-UNXO:C

TYR52E:CE'-UNKO:C

TYR528:CO-UN(O:C

TYR528:CG-UNxO:C

SER529:C8-UNxO:C

3.869

3.62s

3.331

3.917

3.670

3.976

3.682

3.573

3.691

3.590

3.442

3.774

3.849

GUL26 ASN274rCG-UNXO:C

PHE278:CE2-UNXO:C

WRs28:CB-UNKO:C

TYRs28:CB-UNKO:C

TYR528:CB-UNKO:C

TYRs28:CD-UNKO:C

TYR52E:CD-UNKO:C

3.5t8
3.933

3.739

3.654

3.600

3.@7

3.634

l-YS229:NZ-U KO:O

ASN458:t{O2-UNKO:O

LYS,l29:NZ-UN(O:O

ALA225:O-UNKO:N

2.797

3.724

3.452

3.891

AS 274:ND2-UNKO:H 3.8tr

GUL27 GtY277:CA-UNXO:C

PHE278:Ct/-UN(O:C

PHE278:CC/-U KO:C

PHE278:CE1-UNXO:C

PHE278:CE1-UN(O:C

PHE27E:@-UNxO:C

ASN274:CG-UNKO:C

CYS276:CB-UNxO:C

CYS276:CB-UN(O:C

CYS276:CB-UNxO:C

CYS276:CA-UNKO:C

THR459:CG-UNxO:C

THR459:CG-UNKO:C

mR459:CG-UNKO:C

IHR459:CG-UNxO:C

SER477:CB-UNKO:C

SER477:C8-U KO:C

TYR528:CS-UNxO:C

TYRs28:CB-U xO:C

wR528:CG-UNxO:C

TYR528:CG-UNxO:C

TYR528:CD-UNKO:C

TYR528:CD-UNKO:C

3.941

3.817

3.794

3.415

3.953

3.5@

3.8@

2.939

3.840

3.735

3.E70

3.503

3.474

3.422

3.492

3.994

3.830

3.033

3.514

3.@2

3.495

3.531

3.E09

ASN274:N02-UNKO:O

ASN274:N02-UNKO:O

AsN45E:ND2-UNKO:O

l-Y5429:NZ-UNKO:O

3.271

2.869

3.179

2.735

ASN274rND2-UNXO:H

SER477:OG-UNXO:H

ASN458:OD-UNKO:H

AS 458:flD2-UNKO:H

3.r38

3.016

3.321

3.505

GUL28 SER34s:CB-UNKO:C

ASN342:CG-UNXO:C

PHE278:@-UNXO:C

PHE278:CE2-UNKO:C

ASN274:CG-UNKO:C

ASN274:CG-UNxO:C

THR459:CG-U KO:C

THR459:CG-UN(O:C

IHR459:CG-UNxO:C

2.956

3.696

3.1E1

3.4Tt
3.819

3.833

3.354

3.910

3.661

ASI'145t:ND2-UNKO:O

ASN274:OD-UNKO:N

LYS429:NZ-UNKO:O

SER4n:OG-UNxO:N

3.720

3.@4

3.156

3.516

LYS429:NZ-UNKO:H

ALA:I25:O-UNKO:H

2.367

3.210
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THR459:CG-UNXO:C

LIU4E1:CD2-UN(O:C

LIU4E1:CO2-UNXO:C

GLY506:CA-UNxO:C

ASN458:CA-UNKO:C

SER477rCS-UN(O:C

SER477:CB-UNKO:C

SER477:CB-UNxO:C

Al-A224rCg-UNKO:C

ALA224:CB-UNxO:C

TYR528:CZ-UNKO:C

TYRs2t:@-UN(O:C
TYRs28:CE'-UNxO:C

TYR528:CE'-UNXO:C

TYf,s28:CD-UN(OrC

TYR528:CD-UNKO:C

TYR528:CG-UN(O:C

TYR528:CB-UNKO:C

TYR528:CB-UNKO:C

3.820

3.891

3.952

3.223

3.886

3.206

3.@3

3.@3

3.556

1.786

3.480

3.799

3.363

3.230

3.583

3.133

3.459

3.343

3.679

GUL29 H15185:CD2-UNxO:C

PHE227:C-UNKO:C

PHE227:CA-Ut{(O:C

GLY226:C-UNKO:C

GLY226:C-UN(O:C

GtY226:C-UNKO:C

GLY226:C-UNXO:C

GLY226:CA-UNKO:C

Gl-Y226:CA-UNKO:C

LYS229:CB-UN(O:C

tY5229:CG-UNXO:C

LYS229:CG-UNKO:C

LYS229:CG-UNXO:C

LYS229:CO-UNKO:C

LYS229:CO-UNkO:C

LYS229:CO-UNXO:C

LYS229:CE-UNxO:C

1Y5229:CE-UNXO:C

tYs229:CE-UNKO:C

LYS229:CE-UNKO:c

CYS276:CS-UNKO:C

ASN274:CG-UNXO:C

ASN274:CB-UNXO:C

TYR52E:q-UNKOTC

TYR52E:@-UN(O:C

TYR52E:CE2-UNKO:C

TYR528:CD2-UNKO:C

TYR528:CD2-UN(O:C

TYR528:CE'-UNXO:C

TYR528:CE'-UNKO:C

TYR528:CE'-UNKO:C

TYR528:CE'-UNKO:C

TYR52E:CD-UNXO:C

TYR528:CD-UNXO:C

TYR528ICD-UNKO:C

ryRs28:CG-UNKO:C

TYR528:CG-UNl(O:C

3.575

3.198

3.804

2.762

3,653

3.524

3.591

3.793

3.,188

3.830

3.3s9

3.875

3.937

3.223

3.628

3.134

2.29
3.227

3.399

3.242

3.3L7

2.99L

3.971

3.77r

3.545

3.644

3.806

3.708

3.857

3.571

1.517

1.757

3.501

3.168

3.587

3.312

3.701

TYR52t:OH-UNKO:N

GLY226:O-uNKo:N

ASN274:NO2-UNKO:O

A5 458:OD-UNXO:N

3.583

3.232

2.705

3.932

ASN274:N02-UNKO:H

ASN274:OD-UNKO:H

GLY226:O-UNxO:H

tYS229:NZ-UNKO:H

2.880

2.53t
2.87
3.848
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TYR528:CB-UNKO:C 3.796

GUL3O ASN347:C8-UNKO:C

ASN347:CG-UNxO:C

PHE278:CA-UNKO:C

PHE278:C[r-UNXO:C

PHE27E:CG-UNxO:C

PH€278:CD2-UNXO:C

PHE278:CE1-UNKO:C

PHE278:C2-UNXO:C

PHE278:CE2-UNxO:C

PRO346:CD-UNXO:C

PRO346:CD-UNXO:C

PRO346:CG-UNxO:C

PRO346:CG-UNXO:C

ASN458:CG-UNKO:C

THR459:CG-UN(O:C

THR459:CG-UNxO:C

SER477:CB-UNKO:C

lLE272:CG2-Ul{KO:C

lLE272:C01-UNKO:C

TYR528:@-UNXO:C

TYR528:CZ-UNKO:C

TYR528:CZ-UNxO:C

TYR52E:CE2-UNxO:C

TYR52E:CE2-UNxO:C

TYf,s2E:CE2-UNKO:C

TYR528:CE2-UNxO:C

TYR528:CD2-UNxO:C

TYR528:C02-UIKO:C

TYR528:CD2-UNKO:C

TYR528:CE'-UNXO:C

TYR52E:CE'-UNxO:C

TYR52E:CtFUNKO:C

TYRS28:C0-UNkO:C

TYR528:CG-UNKO:C

TYR52E:CG-UNKOTC

TYR52E:CB-UNKO:C

LYS229:CE-UNKO:C

GLY248:C-UNXO:C

GLY226:CA-UNKO:C

GLY226:CA-UNxO:C

GLY225:CA-UNKO:C

ALA225:C-UNKO:C

ALA225:C-UN(O:C

3.776

3.551

3.97t
3_438

3.7L2

3.926

3.455

3.134

3.946

3.153

3.693

3.744

3.692

3.857

3.906

3.E6s

3.273

3.855

3.865

3.708

3.5i14

3.542

3.262

3.676

3.819

3.178

3.083

3.449

3.869

3.304

3.864

3.369

3.891

3.675

3.325

3.E15

3.746

3.826

3.418

2.615

3.761

1.444

3.75E

aLA225:O -UNKO:N
SER4Z:OG-UNxO:N

tYS429:N2-UNXO:O

ASN458:ND2-UNXO:O

3.961

2.620

2.739

3.664

ASN458:OD-UNKO:H

LYS429:NZ-UNKO:H

SER477:OG-UNXO:H

AtA225:O-UNKO:H

2.819

2.691

3.188

2.95r

GUL31 ASN274:CG-UNXO:C

ASN458:CA-UNxO:C

LYS429:CE-UNKO:C

TYR52E:CG-UNXO:C

TYR52E:CG-UN(O:C

TYR528:CO2-UNxO:C

TYR528:CE2-UNXO:C

TYR528:CE2-UNKO:C

TYR528:C2-Ul{xO:C

3.791

3.E96

3.87s

3.6t0
3.t64
3.791

3.870

3.738

3.815

ALA225: O-U xO:N

ASN45E:OO-UNKO:N

3.429

3.342

ASN458:OD-UNKO:H

ASN45E:OD-UNKOTH

THR459:OG-UNKO:H

ASN4s8:O0-UNXO:H

SER457:O-UNKO:H

SER5O5:OG-UNKO:H

THR459:N-UNxO:H
THR459:N-UNXO:H

aSN458:N-UNXO:H

2.686

3.0E3

3.E61

3.084

3.s36

3.623

2.220

3.020

3.876
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TYRs28:CZ-UNxO:C

WR528:@-UNXO:C

TYR52E:CE'-UNKO:C

TYR52E:CE'-UNKO:C

TYR52E:CE'-UN(O:C

TYR528:CE'-UNXO:C

TYR528:CE'-UNxO:C

TYR528:CE'-UNKO:C

TYR52E:CtFUN(O:C

TYR528:CO-UNXO:C

TYR52E:CD-UNXO:C

3.529

3.735

3.72t
3.774

1.192

3.760

3.70t
3.6E9

3.618

3.845

3.480

GUL32 SER529:CB-U xO:C

SER529:CB-UNXO:C

SER529:CB-UNKO:C

SER529:CB-UNKO:C

SER529:CB-U KO:C

SER529:CB-UNKO:C

SER529:CB-UNKO:C

SER529:CB-UNxO:C

TYR52E:C-UNXO:C

TYRs28:CA-U XO:C

WR52E:CS-UtlXO:C

LEU527:C-UNKO:C

tEU527:C-UNxO:C

TYR528:CA-UNxO:C

PHESTB:C2-UNxO:C

PHE509:CE1-UNKO:C

LEU481:CD2-UNXO:C

GLY478:CA-UNKO:C

GLY478:CA-U KO:C

GtY478:CA-UN(O:C

GtY5O7:CA-UNxO:C

GLY507:CA-UNKO:C

G LY5O6:C - uN l(o:C

GtY506:C-UNKO:C

GLY506:C-UNXO:C

GLY506:CA-UNKO:C

GLY506:CA-U xO:C

GLY505:CA-UNxO:C

GLY506:CA-UNXO:C

SER505:CB-UNKO:C

SER505:C8-UN(O:C

tEU527:CA-UNKO:C

LEU527:C-A-UflKO:C

tEU527:CA-UNKO:C

GLN526:C-UN(O:c

SER477:CB-UNKO:C

SER4n:C-A- UNKO:C

SER477:C-UNKO:C

ALA224:Cg-UN(O:C

ALA224:CB-UNXO:C

AtA224:CB-UNxO:C

AtA224:CA-UNXO:C

THR459:CG-UNXO:C

THR459:CG-UNxO:C

7.7U
2.679

3.748

3.E9E

3.E14

3.238

3.738

3.641

3.867

3.917

3.425

3.550

2.E57

3.761

3.860

3.926

3.455

3.149

3.987

3.890

3.7E6

3.s63

3.720

3.546

3.711

3.089

3.514

3.631

3.834

3.670

3.418

3.315

3.419

3.886

3.201

3.734

3.8@

3.910

2.6&l

3.114

3.110

3.882

3.079

3.580

GLY478:N-UNKO:O

GLY507:N-UNKO:O

6LY47E:N-UNKO:O

GLY506:N-UNKO:O

LYS229:NZ-UNXO:O

THR249: -UNKO:O
ASN342:ND2-UNKO:O

1Ys429:NZ-UNKO:O

ASN45E:OO-UNKO:N

SER5O5:OG-UNKO:N

GLN526:O-UNxO:N

2.243

2.914

3.834

3.970

2.730

1.3U
1.275

3.288

3.462

7.796

3.862

ASN342:ND2-UNKO:H

ASN458:ND2-UNXO:H

THR249:OG-UN(O:H

THR249:N-UNl(O:H

THR249:O-UNXO:H

ASN458:OD-UNxO:H

LYS229:NZ-UNKO:H

GLY47E:N-UNxO:H

GLY478:O-UNKO:H

sER5O5:OG- UNKo:H

GLY506:N-UNKO:H

GLY507:N-UNKO:H

GLJ{526:O-UNxO:H

3.167

3.083

2.934

2.470

3.497

3.645

2.U3
2.657

3.585

2.468

2.67A

3.6@

3.290
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THR459:CG-UNKO:C

ASt{274:CG-UNKO:C

CYS276:CS-U KO:C

LYS229:CE-UNl(O:C

THR249:CB-UNKO:C

PHE278:CE2-UNXO:C

PHE278:CO2-UtlKO:C

ASN45E:CG-UNxO:C

ASN458:CG-UNKO:C

ASN458:CG-UNKO:C

LYS459:CE-UNxO:C

3.858

3.411

3.323

1.697

3.830

3.s23

3.n1
3.44
3.287

3.688

3.649

GUL33 PHE278:CE1-U KO:C

PHE27E:CZ-UNXO:C

PHE278:CEl.-UNxO:C

ASN3rlT:CB-UNKO:C

CYS276:CB-UNXO:C

CYS276:CB-UNXO:C

CYS276:CA-UNKO:C

ASN458:CG-UN(O:C

THR459:CG'-UNKO:C

LYS429:CE-UNxO:C

LEU481:CO2-UNxO:C

SER477:CS-UNXO:C

SER477:CS-Ut{xO:C

GtY226:CA-UNKO:C

TYR52E:CS-UNKO:C

TYR528:CB-UNxO:C

TYR528:CB-UNxO:C

TYR528:CG-UN(O:C

TYR528:CG-UNKO:C

TYR52E:CO-UNXO:C

3.562

3.t26
3.n6
3.899

3.386

3.482

3.967

3.775

1.745

3.755

3.652

3.640

3.336

3.53E

1.697

3.,10o

3.717

x.n4
3.670

3.613

SER345:OG-UNKO:N

PRO346:O-UNXO:N

ASN45t:ND2-UNxO:O

ASN342:ND2-UNxO:O

ASN458:OD-UNKO:N

SER457:O-UNKO:N

SER505:OG-UNKO:N

3.067

3.970

2.811

3.184

3.882

3.777

2.9Q

S€R457:O -UNKO:H
SER5O5:OG-UNXO:H

2.N2
2.834

GUL34 CYS276:CB-UN(O:C

CYS276:CB-UNXO:C

GtY506:CA-UNKO:C

LEU481:CD2-UNKO:C

PHE278:@-UNXO:C

ALA225:C-UN(O:C

GLY226:CA-UNxO:C

TYR528:CB-Ut{xO:C

TYR528:CB-UNXO:C

TYRS28:CG-UNXO:C

TYR528:CG-UNXO:C

TYR528:CD-UNxO:C

THR4S9:CG'-UN(O:C

SER4Z:C8-UNXO:C

SER477:Cg-UNKO:C

LYS229:CE-UNXO:C

ASN274:CG-UNKO:C

3.2L9

3.751

3.877

3.256

3.974

3.@7

3.382

3.451

3.376

3.717

3.988

3.851

3.931

3.@7

3.025

3.903

3.781

SER457:O -UNKO:N
SER505:OG- UNKo:N

ASN458:t{D2-UNKO:O

ASN458:OO-U KO:N

ALA225:O-UN(O:N

ALA225:O-UNKo:N

ASN342:N02-UNKO:O

3.852

2.799

2.934

3.993

3.465

3.9@

1.571

GLY506: -UNXO:H
SER505:OG-UNKO:H

S€R457:O-UNKO:H

SER477:OG-Ui{XO:H

3.77t
2.655

2.472

3.731

GUL35 ASN45E:CG-UNxO:C

l-YS429:CE-UNxO:C

PHE278:CE2-U xOiC

PHE27E:CD2-UNKO:C

THR249{B-UflXO:C
THR249:CB-UNxO:C

THR249:CA-UNKO:C

3.499

3.7m
3.q7
1.72E

3.686

3.450

3.739

LYS429:NZ-UNKO:O

LYS429:NZ-UNl(O:O

THR249:OG- UNKO:N

3.110

3.2m
3.379

ASN458:OO-UNxO:H

ASN458:NO2-UNKO:H

LY5429:NZ-UNKO:H

LYS429:NZ-UNKO:H

ALA225O-UNxO:H
TYR528:OH-UNxO:H

SER345:OG-UN(O:H

3.098

3.706

2.82
3.271

2.492

3.362

3.974

Elucidating the binding and inhibition mechanism of anti-malarial drugs by molecular modeling and simulation

studies. 6l

Chapter 3 Resuls and Discussions



Chapter 3
I 

Results and Discussions

GtY2rlE:C-UNxO:C

LYS229:CE-UNXO:C

LYS229:CE-UNXO:C

6tY226:CA-UNXO:C
ASN274:C6-UNKO:C

ASN274:CG-UNxO:C

SER4z:CB-UN(O:C

SER477:CB-UNKO:C

SER477:CB-UNKO:C

5ER529:CB-UNKO:C

SER529:CB-UNxO:C

GLY506:CA-UNKO:C

ALA224:CB-UNKO:C

Al.A224:CB-UN(O:C

TYR528:CB-UNXO:C

TYR528:C8-UNXO:C

TYR52E:C8-UNXO:C

TYRS28:CS-UNXO:C

TYR528:CB-UN(O:C

TYR52E:CB-UNKO:C

TYR52t:CD2-UNKO:C

TYR52E:CO2-UNxO:C

TYR528:CZ-UNKO:C

TYR528:CE'-UNKO:C

TYR52E:CO-UNKO:C

WRS28:CD-UNxO:C

TYR528:CO-UNxO:C

TYRs28:CD-U KO:C

TYR52E:CD-UNxO:C

TYR528:CD-UNKO:C

WR528:CG-UNxO:C

TYR528:CG-UNXO:C

TYRs28:CG-UNxO:C

3.739

3.846

3.890

3.507

3.914

3.761

3.106

3.371

3.230

3.613

3.977

3.965

3.509

1.979

3.504

3.648

3.558

3.127

3.267

3.253

3.914

3.673

4.O12

4.t76
3.543

3.663

3.753

3.7L6

3.791

3.422

3-706

3.378

3.549

ASN342:ND2-UNxO:H

ASN658:NO2-UNxO:H

ASt{274:ND2-UNxO:H

3.m6
3.912

3.951

GUL35 PHE278:CE2-UNKO:C

PHE278:@-UNXO:C

PHE27E:CE1-UNKO:C

THR459:CG-UNKO:C

THR459:CG-UNxO:C

ASN274:CG-UNKO:C

PSN458;CG-UNKO:C

LIU4t1:C02-UNxO:C
tIU481:CD2-UNxO:C

SER477:CS-UNKO:C

SER477:CB-UNXO:C

TYR528:CB-UNXO:C

W8528:C8-UNKO:C

TYR528:CG-UNXO:C

TYRs28:CG-U XO:C

TYR528:CD-Ut{KO:C

TYR52E:CD-Ut{KO:C

TYR528:CO-UNKO:C

TYR528:CE'-UNXO:C

TYR528:CE'-UNXO:C

ryR52&@-UNKO:C
TYR52E:@-UNKO:C

3.705

3.621

3.E69

3.725

3.743

3.861

3.739

3.E53

3.763

3.705

3.590

3.492

3.107

3.456

3.911

3.281

3.650

3.805

3.073

3.859

3.t37
3.54E

THR459:N-UNXO:O

tYS429:NZ-UNKO:O

GLY5O7:N-UNKO:O

GLY506:N-UNKO:O

Gl-Y506:N-UNKO:O

ASN274:N02-UNKO:O

ASN274:ND2-UNXO:O

3.4@

3.621

3.154

2.946

3.554

2.479

3.361

SER5O5:OG-UNKO:H

SER505:O-UNXO:H

GtY506:N-UNKO:H

G LY5O6: t{- U N (O:H

GLY5O7:N-UNKO:H

ASN274:O0-UNKO:H

ASN274:NO2-UNXO:H

SER457:O-UNKO:H

GLY47E:N-UNKO:H

2.2&
3.1t6
2.E15

3.501

2.@5

2.Ul
3.514

2.492

3.307

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
studies. 62



Chapter 3 I Results and Discussions
I

GUL37 UUir8I:CD2-UNKO:CL

uU4E1:CO2-U xO:C

UU'r81:CO2-U xO:C

LIU4El:CG-UNxO:CL

GLY506:CA-UNKO:CL

GLY5O6:C-UNXO:CL

SER477:C8-UNXO:C

rHR459:CG-UNxO:C

THR459:CG-UNXO:C

THR459:CG-UNXO:C

SER505:CB-Ut{KO:C

ASN458:C-UNKOiC

ASN4S8:C-UNKO:C

ASN458:CA-UNXO:C

ASN4sE:CA-U xO:C

SER457:C-UNxO:C

SER457:C-UNxO:C

LYS429:CE-UNxO:C

45 458:CG-UNXO:C

ASN458:CG-UNxO:C

ASN458:CG-UNKO:C

ASN458:CG-UNxO:C

PSN458:CG-UNKO:C

PRO346:CG-UN(O:C

PRO346:CG-UNxO:C

PRO346:CG-UN(O:C

PRO346:CD-UNxO:C

PRO346:CD-UNxO:C

PRO346:CO-UN(O:C

PRO346:CO-UNKO:C

PRO346:C8-UNxO:C

SER345:CB-UNxO:C

S€R345:CB-UNKO:C

SER345:C.A-UNKO:C

SER345:C-UNKO:C

CYS276:CB-UNKO:C

ASN274:CG-UNxO:C

ASN274:CG-Ul,lKO:C

LYS229:CE-UNXO:C

LYS229:CE-UN(O:C

tYS229:CE-UNKO:C

LYS229:CD-UNKO:C

1Y5229:CE-UNKO:C

LYS229:CtFUNXO:C

LYS229:CG-UNXO:C

AsN279:CG-UNxO:C

TYR528:CD-UNXO:C

TYR52E:CE'-UNKO:C

TYR528:CE'-UNxO:C

TYR528:CE'-UNKO:C

TYR528:CZ-UNKO:C

WF528:e-UNXO:C
TYR52E:CE2-UNXO:C

TYR528:CD2-UN(O:C

GLY226:CA-UNXO:C

61Y226:CA-UN(O:C

2.426

3.?75

3.252

3.517

3.325

3.619

3.359

3.458

3.845

3.752

3.961

3.67t
3.813

3.458

3.971

3.915

3.957

3.796

3.623

3.984

3.314

3.E55

3.959

2.414

3.O77

3.555

2.31E

2.439

3.796

3.651

3.786

3.22t
3.557

3.418

3.804

3.456

3.506

3.E67

2.311

2.U7
3.522

1.732

1.613

2.630

3.779

3.9E6

3.914

2.E9E

3.6s8

3.919

2.159

3.859

2.823

3.841

3.061

2.947

AS 458:OD-UNKO:N
ASN342:OD-UNKO:N

S E R344:O- U NKO: N

5ER345:OG- UNKO:N

tYS429:NZ-UNKO:O

ASN458:ND2-UNKO:O

LYS229:NZ-UNxO:O

GLY226:N-UN(O:O

LYS229:NZ-UNKO:O

3.059

3.908

3.574

3.649

2.t4
3.7lt
3.0s8

3.694

3.655

ASN342:OD-UNKO:H

ASN342:NO2-Ut{KO:H

ASN458:NO2-UNKO:H

SER)45:OG-UNKO:H

SER)44:O-uNxO:H
ASN4S8:OO-UNxO:H

SER345:N-UNXO:H

3.023

2.908

2.3m
3.343

2.697

3.593

3.964
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GLY226:CI-UNXO:C

GtY226:CA-UNxO:C

GtY226:CA-UNxO:C

GLY226:CA-UNKO:C

GLY225:CA-UNXO:C

GLY226:C-UNxO:C

GLY226:C-UNKO:C

ALA225:C-UNKO:C

ALA225:C-UNKO:C

ALA225:CA-UNKO:C

ALA:I5:Cg-UN(O:C

3.368

3.832

3.564

3.920

2.931

3.EEO

3.873

2.966

3.944

3.814

3.469

GUL38 PHE278:C2-UNXO:C

PHE278:CE2-U KO:C

SER3aS:CS-UNxO:C

LYS229:CE-UNXO:C

ALA225:C8-UNxO:C

GLY226:CA-UNxO:C

GLY226:CA-U KO:C

GLY226:CA-UNKO:C

GLY226:C-A-UNKO:C

ALA225:C-UNKO:C

ASN274:CG-UN(O:C

ASN27{:CG-UNxO:C

ASN274:CG-UNXO:C

TYR528:CO-UNXO:C

TYRs28:CE'-UNKO:C

TYR528:CE'-UNXO:C

TYR528:CE'-UNXO:C

TYR52t:@-UNxO:C

TYRs28:C2-UNxO:C

TYRs28:C€2-UNKO:C

3.904

3.929

3.891

3.7U
3.723

3.643

3.680

3.752

3.875

3.890

3.784

3.917

3.811

3.86s

3.928

3.860

3.478

3.549

3.902

3.959

LYS429:NZ-UNKO:O

ASN45E:NO2-UNXO:O

ASN274:NO2 -UNKO:O
ASN347:ND2-UNKO:O

3.574

3.305

3.046

3.550

LYS429:NZ-UNxO:H

ALA225:O-UNxO:H

ASN458:ND2-UNxO:H

ASN458:O0-UNXO:H

ASN458:ND2-UNxO:H

ASN458:O0-UNKO:H

ASfl458:ND2-UNxO:H

3.073

3.575

3.947

3.567

3.375

2.033

2.360

GUL39 PHE278:CE2-UNXO:C

PHE278:CE2-UNKO:C

PHE27t:CZ-UNxO:C

PHE278:CZ-UNxO:C

PHE278:CD2 -UNKO:C
PHE27E:CD2-UNKO:C

PHE278:CG-UNKO:C

PHE278:CG-UNKO:C

PHE278:CD'-UNXO:C

PHE278:CD'-UNXO:C

PHE278:CE1-UNKO:C

PHE278:CE1-UNKO:C

PHE278:CA-UNKO:C

GLY277:CA-UNKO:C

CYS276:C-UNKO:C

CYS275:CB-UN(O:C

CYS276:CB-Ul'axO:C

CYS276:CA-UNKO:C

ASN458:CG-UNxO:C

THR459:CG-UNxO:C

THR459:CG-UNKO:C

THR459:CG-UNXO:C

ASN274:CG-UNxO:C

3.696

3.190

2.9t9

3.481

3.664

3.627

3.433

3.887

3.152

3.686

3.194

3.2s8

3.818

3.954

3.E90

3.330

3.367

3.877

3.990

3.446

3.5,()

3.568

3.7m

ASN342:ND2-UNKO:O

ASN458:ND2-UNKO:O

ASN458:N02-UNKO:O

THR459:N-UNXO:O

tYS429:NZ-UNKO:O

ASN274:ND2-UNKO:O

ASN274:ND2-UN(O:O

3.195

3.071

3.662

3.233

3.502

2.742

3.U7

ASN274:ND2-UNXO:H

SER477:OG-UNXO:H

3.U7
3.884
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ASN274:CG-UNxO:C

SER477:C.A-UNXO:C

SER4n:CB-UNxO:C

SER477:CB-U KO:C

SER477:CB-U KO:C

SER477:CB-UN(O:C

GLY506:CA-UNKO:C

GLY506:C-A-UNKO:C

GLY5O6:CI-UNKO:C

GLY5O6:C-UNKO:C

GLY506:C-UNl(O:C

GLY5O7:CA-UNKO:C

SER529:CB-UN(O:C

SER529:CS-UNKO:C

SER529:CA-UNxO:C

TYR52E:C-U xO:C

TYR528:C-A-UNXO:C

WR528:CB-UNKO:C

WR528:CB-UN(O:C

wR528:CB-UNKO:C

TYR528:CB-UNKO:C

TYR52E:CB-UNKO:C

TYR52E:CG-UNKO:C

TYRs28:CG-UNKO:C

TYR52E:CG-UNxO:C

TYRs28:CD-UNKO:C

WRs28:CO-UNXO:C

TYRs2t:C0-UNxO:C

TYR52E:CO-UN(O:C

TYR528:CE'-UNXO:C

TYRS28:CE'-UN(O:C

TYRS28:CE'-U KO:C

ALA22S:C-UNKO:C

GLY225:C.A-UNKO:C

3.802

3.977

1.126

3.479

3.353

3.9E5

2.71|
3.296

3.719

2.990

3.727

3.730

3.836

3.663

3.964

3.872

3.718

3.531

3.@7

3.310

3.632

3.694

3.302

3.717

3.454

2-704

3.6@

3.815

3.691

3.349

3.E36

3.326

3.321

3.2U

A77172

6

TYR52t:C8-UNxO:C

TYR52&CO-UNxO:C

TYR528:C0-UNXO:C

TYR52t:CB-UNKO:C

TYR52t:C0-UNXO:C

TYR528:CB-UNXO:C

SER477:CB-UNKO:C

PHE278:@-UNxO:C

PHE278:CE2-UNxO:C

THR459:CG-UNxO:C

THR459:CG-UNXO:C

THR459:CG-UNXO:C

3.112

3.861

3.939

3.112

3.861

3.939

3.676

3.102

3.729

3.s69

3.7@

3.783

ASN458:ND2-UNKO: O

ASN458:OD-UtlKO:N

ASN274:N02-UNKO: O

ASN274:O0-UNKO:N

3.141

3.455

3.514

3.534

ASN458:OD-UNKO:H

ASN458:OD-UNKOiH

2.686

2.@s

Atovaq

uone

GLY506:CA-U KO:C

G l-Y506:C,A- UN KO:C

GLY506:CA-UNKO:C

S€R529:CB-UNKO:C

TYR528:CA-uNkO:C

TYR528:CA-UNXO:C

TYR528:CB-UflxO:C

3.794

3.7@

3.U2
3.949

3.914

3.919

3.444

ASN:,42:ND2-UNKO: O

ASN458:ND2-UNKO: O

LYS429: NZ-UNKO: O

ASN274:ND2-UNKO: O

2.735

3.226
2.114

3.291

PSN45t:ND2-UN(O: H

ASN342:ND2-UNxO: H

A5N45E:N02-UNKO: H

LYS429: NZ-UNKO: H

2.473

3.69E

3.132

3.004
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TYR528:CB-UNXO:C

TYR52E:CB-UNl(O:C

TYR52E:C8-UNXO:C

TYR528:CB-UN(O:C

TYR528:CB-UNxO:C

TYRS28:CG-UNXO:C

TYR528:CO-UNKO:C

SER477:CB-UNxO:C

SER477:CB-UNKO:C

THR459:CG-UNXO:C

THR459:CG-UNXO:C

THR459:CS-UN(O:C

ASN274:CG-UNKO:C

CYS276:CB-U (O:C

ALA224:CB-UNKO:C

AtA224:CB-UN(O:C

LEU527:C-UNxO:C

PHE278:CA-UNKO:C

PH€278:CE2-UNKO:C

PHE27E:CE2-UNxO:C

PHE278:Ctl.-U KO:C

PHE278:CG-UN(O:C

PHE278:CD2-UNxO:C

PHE278:CD2-UNxO:C

PBE27E:@-UNKO:C

SER5O5:CB-Ut{xO:C

3.459

3.591

3.624

3.7$
3.765

3.971

3.397

3.476

3.874

2.7N
3.021

3.904

3.675

3.570

3.549

3.555

3.125

3.801

3.341

3.970

3.893

3.830

3.562

3.840

3.630

3.9t6
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Figure 33: Binding interactions bf GUL32 (lead compound) showing 55 hydrophobic

interacti ons.

Figure 3.4: Binding interactions of GUL32 (lead compound) showrng l1 ionic interactions.

Figure 3.5: Binding interactions ofGUL32 (lead compound) showing l3 hydrogen

i nteracti ons-
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Table 3.7: Analogues formed from lead compound along with their IUPAC names

Elucidating the binding and inhibition mechanism of anti-malarial drugs by molecular modeling and simulation
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Compound Structure Energr Value
Alcohol

formation

2 - [@ - $ -l(2 -carboxyl atophenyl)amino] -3 -
hydroxyphenyl ) -2-hydroxyphenyl)aminolbenzoate

4.3

C-Alkylation

2-methoxy-4-{ 3-methoxy-4-[(2- methylphenyl)
aminolphenyl ) -N-(2-methylphenyl)aniline

5.9

Ester

formation

methyl 2- { [2-methoxy-4-(3-methoxy-4- {[2-
(methoxycarbonyl)phenyllamino ) phenyl)phenyllamino )b

enzoate

24.3



Chapter 3
I 

Results and Discussions

3.4.4 Analogues of Lead Compound

On the basis of binding interactions and IC50 value, GUL32 had been selected as a

lead compound, from which three novel struch[al analogues have been desigred in order to

get the most active compound to be used as potent DHODH inhibitors. Table 3.7 shows the

analogues of the lead compound with their IUPAC names obtained from ChemDraw software.

Analogues were designed by introduction or elimination of various functional groups which

either increase/decrease the hydrophobicity or hydrophilicity of the desigred compound or

hcrease/decrease the polarity as shown in Table 3.7.

All the analogues were docked within the active site and the best conformation was

selected and vistralized in the VMD software in order to calculate binding interactions. The

first analogue of the lead was designed by formation of alcohol, due to which it show strcng

hydrogen and ionic bonding. It showed three binding interaction in which there were 52

hydrophobic interactions, 13 ionic bond and 13 hydrogen bonds. The hydrophobic interactions

include the C's of ligand with the Cs of CYS276 at2.909 A",at3.528 A",at3.902 A.,at

3.706 A", of ASN274 at3.994 A',at3.969 A",at3.275 A ", of LYS229 at3.720 A",at

3.293,of THR459 at3.274, at 3.981, at3.769, of ALM25 at 3.659,at3.725,of ALM24 at

2.824, at2.828, of SER477 at 3.809, at 3.911, at 3.950, of GLY478 at3.164, of TYR528 at

3.762, at 3.944, at 3.824, at 3.874, of SER529 at 3.313, at 3.787, at 3.816, at 2.865, at

2.725,at 3.718,at 3.922,of CYS530 at1.976, of PHE509 at 3.813, at 3.853, of LELJ527 at

3.464,at3.346,of LEU529 a|3.930, of ASN458 at3.63f , at 3.988, at 3.940, of GLY507 at

3.492, at3.823, at 3.923, of GLY506 at 3.697, at3.652, at 3.840, at 3.195, at 3.490, at

3.556, at 3.987 and of SER505 at 3.715 ,at3.782. The ionic interactions include the O's of

ligand with the N's of GLY478 at2.460, at 3.955, of GLY507 at2.822, of GLY506 at3.970,
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of TYR528 at 3.990, of N,A224 at 3.989, of cLY226 at 3.409, of ASN347 at 3.122, at

3.767,at 3.630, of LYS429 at1.754 and the N's of ligand with o's of SER505 at2.829, of

GLN526 at3.740. The hydrogen bond was berween H's of ligand and o's of ALA225 having

distance 2.029, of GLY226 having distance 2.479, of N-A225 having distance 3.691, of

ASN342 having distance 3.328, of ASN458 having distances 3.669 and 3.983, of cl-y506

having distance 2.979, of sER505 having distances 2.183 and 2.456, of GLN526 having

distances 3.176,3.087 ard f .625 and between H's of ligand and N's of LEU527 having

distance 3.940. This analogue increased the activity and interactions than the lead compound

by increasing its ionic and hydrogen bonds.

The 2nd analogue was formed by C-alkylation in which methyl group was

introduced on both side of ring, as a result hydrophobic character was increased. All three

tlpe of interaction were existed in the 2'd analogue in which there were 59 hydrophobic

interactions,5 ionic and 7 hydrogen bonds. The hydrophobic interactions hclude the c,s of

ligand and C's of CYS276 having distances 2.935,i.586,3.946,3.607 and 3.850, of ASN274

at 3.602, of LYS229 having distances 3.904 and 3.5 I 1 , of pHE27g with distances 3.9g9 and

3.900, of ASN347 at3.987, of PRO346 having distances 3.795 and 3.698, of ALM25 at

3.952, of ASN458 at 3.434, 3.812 and 3.570, of THR459 at 3.206, 3.545 and3.894, of

LYs429 at 3.951, of LEU48I at 3.084, of SER505 at 3.676 ar,d 3.774, of GLy506 at 3.100,

3.677,3.536,3.849,3.793 ail,3.733,of GLY507 at3.826and 3.625,of N,/o24at3.237,

3.064 and 2.440, of GLN526 at3.875 and 3.614, of LEIJ527 at 3.079,3.707,3.675 and1.7t2

, of TYR528 at 3.217,3.895,3.722,3.992 md,3.878, of SER529 at 3.012,3.162 ,2.625,

3.584, 3.769, 3.346 and,3.950, of GLY478 at 3.885, 3.733 *,d,2.993, of SER 477 at 3.883,

3.567 and 3.582. The ionic bond include the interactions between o's of ligand and N,s of
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GLY226,LYS 429 and GLY506 with distances 3.775, i.872 and 3.264 and between N,s of

ligand and o's of sER505 and ASN458 with distances 2.525 and,3.9g8 respectively. The

hydrogen bond was between H's of ligand and o's of sER505, cLN 526 and ASN458 with

distances 2.030, 3.628, 3.915 and between H of ligand and N of GLy506, ASN45g and

ASN342 with distances 2.688, 3.655 and 3.105 respectively.

In case of 3'd analogue, the hydrophobicity was increased by converting coo on both

side of ring to coocHr The binding interactions observed in this analogue were g 
1

hydrophobic interactions, 11 ionic and 5 hydrogen bonds. The hydrophobic interaction were

between c of ligand and c of pRo346 with distances 2.glo,3.610,3.7gl and 3.939, of

ASN347 with distances 3.649,3.522 and 3.981, of SER345 with distances 3.707,3.591 and,

3.919, of PI{E278 with distances 3.763,3.708,3.928,3.933,3.647, i.gg2, i.772,3.929,

3.107,3.525 and 3.967, of GLY277 with distances 3.615, 3.585, 3.326 and,3.886, of cys276

with distances 1.123,3.784,3.220,3.982,3.174,2.819 and 3.839, of LyS229 with distances

3.485and3.626,ofGLY226withdisrance3.973,ofrHR459withdisrances3.l93 and3.760,

of ALM25 with distances 3.852, i.718,3.781 and 3.294, of ALM24 with distances 2.020,

2.630,3.331, 3.741 and 3.218, of GLN526 with distance 3.300, of TyR52g with distances

3.557,3.946,3.844 and 3.910, of LEU527 with distance 3.805, of sER505 with distances

3.217 and,3.919, of rHR459 with distances 3.738 and 3.496, of ASN458 with distances

2.951,3.767 and 3.333, of LYS429 with distances 3.945 and 3.990, of GLy507 with distance

3.784, of GLY507 with distances 3.871,3.973,3.450,3.641,3.890, 3.525, 3.782 and 3.957,

of GLN526 with distance 3.541, of LEU48I with distances 2.g23,2.g09 and 3.811, of

GLY478 3.713 and 3.748, of sER477 with distances 3.112,2.2]lg,3.958 and 2.027, of

YNA76 with distance 3.546. The ionic bond inctude the interaction between the ligand and
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amino acid SER505, cLY506, ALA225, ALA224, cLy226,LyS42g, THR249, cl-y478,

PRO346, ASN458, ASN347 with distances 1.807,3.905, 3.720,3.907,3.932,3.199, 3.479,

3.984' 3.761, 2.602 and 3.676. The hydrogen bond was formed with ASN342, THR249,

SER505, GLY506 and GLN526 with distances 3.064, 3.562, 1.008, 3.639, 3.949.

Docking of the analogues through AutoDock has been performed with the earlier

mentioned procedure in order to get the active conformations of the analogues. The binding

interactions of each analogue bound into the active site of the protein have been obtained

using VMD.
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Figure 3.6: Binding interactions of analogue I showing 52 hydrophobic interactions

Figure 3.E: Binding interactions of analogue I showing 13 hydrogen bonds.
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Figure 3.7: Binding interactions ofanalogue I showing 13 ionic interactions.



Figure 3.9: Binding interactions ofanalogue 2 showing 59 hydrophobic interactions_

Figure 3.11: Binding interactions ofanalogue 2 showing 5 hydrogen bonds.
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Figure 3.10: Binding interactions of analogue 2 showing 5 ionic interactions.
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Figure 3.12: Binding interactions ofanalogue 3 showing 81 hydrophobic interactions.

Figure 3.13: Binding interactions of analogue 3 showing I I ionic interactions,

Figure 3.14: Binding interactions of analogue 3 showing 5 hydrogen bonds.
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Table 3.8: Binding interactions ofthe analogues which include hydrophobic, hydrogen
bonding and ionic bonding along with distances in Angstrom.

Compoun

ds

Hydrophobic lnteractions lonlc Bond Hydro8en Bond
Amino Acid Distanc

e

Amino Acid Distanc

e

Amino Acid Dista

nce
Alcohol

Formation

CYS276:CB-UNxO:C

CYS276:CB-UNKO:C

CYS276:CB-UNxO:C

CYS276:CA- U tl KO:C

ASN274:CG-UNxO:C

ASN274:CG-UNKO:C

ASN274:CG-UNXO:C

l-YS229:CE-UNKO:C

tYS229:C€-UNxO:C

THR459:CG-UNxO:C

THR459:CG-UNXO:C

ALA225:C-UNXO:C

ALA225:C-U KO:C

ALA:124:CB-UNKO:C

ALA224:CB-UNKO:C

THR459:CG-UNKO:C

SEMTr:CB-UN(O:C

SER477:CA-UNKO:C

SER477:C-UNKO:C

GLY47E:CA-UNXO:C

TYRs28:CB-U KO:C

TYR528:CB-UNKO:C

TYR52E:CI-UNKO:C

WRs2E:C-U KO:C

SER529:C-A-U KO:C

SER529:CA-UNKO:C

SER529:C.A-UNKO:C

SER529:C8-Ut{xO:C

SER529:CB-UNxO:C

S€R529:CB-UNKO:C

SER529:CS-UNxO:C

CYS530:CB-UN(O:C

PHE5O9:CZ-UNXO:C

PHE509:CE1-UNKO:C

LEU527:C-UNKO:C

tIU527:CA-UNxO:C
t!U529:C-A-UN(O:C

ASN458:CG-UNxO:C

ASN45t:CG-UNxO:C

ASNa58:CG-UN(O:C

GLY5O7:C-A-UNXO:C

GLY5O7:CA-UtlKO:C

GtY5O7:CA-UNxO:C

6LY5O5:C-Utll(O:C

GtY506:C-UNKO:C

GtY506:C-UNxO:C

GLY5O6:CA-UNKO:C

G LY5O6:CA- UN KO:C

2.909

3.528

3.902

3.706

3.994

3.969

3.275

3.720

3.293

3.214

3.981

3.659

3.725

2.a24

2.828

1.769

3.809

3.911

3.950

3.154

3.762

3.g,ra

3.E24

3.874

3.313

3,7a7

3.816

2.86s

2.725

3.718

3.922

3.916

3.813

3,853

3.464

3.346

3.930

3.533

3.988

3.9.O

3.492

3.823

3.923

3.697

3.652

3.8/rc

3.r95

3.490

GtY{78:N-UNKO:O

GtY47t: -Ut{xO:O
GtY5O7:N-UNKO:O

GLY506:N-UNXO:O

SER5O5:OG-UNxO:N

GLJ{526:0-Ut{xO:t{

TYR528:N-UNxO:O

ALA224:I{-U xO:O

GLY226:t{-UNxO:O

ASN347:ND2-UN(O:O

ASN347:NO2-UNKO:O

ASN347:ND2-UNKO:O

LYS429:NZ-UNKO:O

7.4@

3.955

2.822

3.970

2.429

3.740

3.990

3.989

3.409

3.772

3.767

3.630

3.754

I

ALA:I25:O-UNxO:H

GLY225:N-UNXO:H

Al.A225:N-UN(O:H

ASN342:ND2-U KO:H

ASN458:N02-UNKO:H

ASN458:OO-Ut{xO:H

GLY5O6:N-UNXO:H

SER5O5:OG-UN(O:H

SER505:OG-Ut{(O:H

GII526:O-U KO:H

Gl.I526:O-UNxO:H
GtIS26:OE-UNxO:H

LEU527:N-UNKO:H

2.O29

2.479

3.691

3.328

3.569

3.983

2.919

2.183

2.456

3.176

3.087

3.625

3.940

I
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GLY506:CA-UNKO:C

GLY5O6:CA-UN(O:C

SER505:CB-UNxO:C

SER505:CS-UNKO:C

3.556

3.987

3.715

3.7A2

c-
Alkylation

CYS276:CB-UNKO:C

CYS276:CB-UNKO:c

CYS276:CB-UN(O:C

CYS2 76:C.A- UN XO:C

CYS275:C-UNKO:C

ASN274:CG-UNxO:C

LYS229:CE-UN(O:C

LYS229:CE-UNxO:C

PHE278:CE2-UNKO:C

PHE278:CA-UNxO:C

ASN347:CG-UNxO:C

PRO346:CG-UNxO:C

PRO346:CtFUNXO:C

ALA225:C-UNXO:C

ASN458:CG-UNKO:C

ASN45E:CG-UNXO:C

ASN458:C6-UNKO:C

THR459:CG-UNKO:C

mR459:CG-UNKO:C

THR459:CG-UNt(o:C

LYS429:CE-UNKO:C

LEU4E1:CD2-UNKO:C

SER5O5:CB-UNKO:C

SER5O5:CB-UNXO:C

GLY5O6:CA-UNXO:C

GLY506:CA-UNKO:C

GLY5O6:CA-UNXO:C

GLY506:CA-UNKO:C

GLY5O6:C-UNKO:C

GtY506:C-UNxO:C

GLY507:CA-UNKO:C

GLY507:C.A-UNXO:C

AtA224:C8-UNKO:C

ALA224:CB-UN(O:C

ALA224:CB-UNKO:C

6tI526:CB-UNKO:C
Gl,I526:C-UNXO:C

8U527:C-U KO:C

LIU527:C-UNXO:C

tEU527:CA-UN(O:C

LEU527:CA-UNKO:C

TYR528:C8-UNKO:C

WR528:CA-UNKO:C

TYR52t:CA-UNXO:C

TYR52E:C-UNxO:C

5ER529:CB-UNKO:C

SER529:C8-UNKO:C

SER529:Cg-UNKO:C

SER529:CA-UNXO:C

SER529:CA-UNKO:C

58R529:C-UNKO:C

61Y478:C-UNXO:C

I 2.93s

!t.s85

3.946

3.@7

3.850

3.602

3.904

3.511

3.989

3.gfl)
3.987

3.795

3.698

3.952

3.434

3.E12

3.570

3.206

3.545

3.894

3.951

3.084

3.676

1.714

3.1@

3.677

3.536

3.849

?.793

3.713

3.825

3.62s

3.237

3.04r
2.44
3.875

3.514

3.079

3.707

3.575

3.7L2

3.2r7

3.895

3.722

1.t78
3.012

2.62s
3.584

3.769

3.346

3.9s0

3.885

GLY226:N-Ut{KO:O

1Y929:l{Z-UNl(O:O
SE R505:OG- U N KO: N

GLY506:N-UNxO:O

AS 458:OD-UNXO:N

3.775

3.872

2-525

3.29
3.988

GLY506:fl-UNXO:H I 2.588

SERg)s:OG-ut{Ko:H lroro
G[Ns26:O-UNxo:H l r.a28
ASN45E:No2-UNXO:H lr.art
ASN342:No2-U xO:H l r.rot
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GLY478:CA-UNKO:C

SER529:OG-UN(O:C

GtY47E:CA-UNxO:C

SERa77:C-UNKO:C

S€R477:C-A-UNKO:C

SER4/7:CB-UNxO:C
TYR528:CA-UNKO:C

Ester

Formation

PRO3{5:C}-UN(O:C
PRO345:CD -UNl(O:C
PRO346:C6-UNKO:C

PRO346:CG-UNKO:C

ASN347:CG-UNKO:C

ASN347:CB-UNKO:C

ASN347:CB-UNxO:C

SER345:CA-UNXO:C

SER345:C8-UNKO:C

SERl45:CB-UNKO:C

PHE27t:e-UIKO:C
PHE278:CE2-UNXO:C

PHE278:CE2-UNKO:C

PHE278:CD2-UNKO:C

PHE278:CO2-UNXO:C

PHE27E:CE2-UNKO:C

PHE278:CG-UNKO:C

PHE27t:CG-UNXO:C

PHE27E:CA-UNKO:C

PH€278:CA-UNXO:C

PHE278:CA-UNKO:C

GLY2Z:C-UNXO:C

GLY277:C-UNKO:C

GLY277:CA-UNXO:C

GLY277:CA-UN(O:C

CYS276:C-UNKO:C

CYS276:C-UNKO:C

CYS275:CA-UNKO:C

C'YS276:C,q-UNKO:C

CYS276:CB-UNKO:C

CYS276:CB-UNXO:C

CYS276:CB-UNKO:C

tYS229:C€-UNKO:C

LYS229:CE-UNxO:C

GLY226:C.A-UNxO:C

THR249:CB-UNKO:C

THR249:CA-UNXO:C

AtA225:C8-UNXO:C

ALA225:C-UNKO:C

ALA225:C-UNXO:C

ALA224:CB-U KO:C

ALA224:C8-UNXO:C

ALA224:CB-UflKO:C

ALA224:CB-UN(O:C

ALA224:C -UN(O:C
Gtx526:C8-UNKO:C

TYR528:CB-UNkO:C

2.910

3.610

3.781

3.939

3.649

3.522

3.981

3.70?

3.591

3.919

3.763

3.70t
3.92t
3.933

3.U7
3.982

3.772

3.929

3.107

3.s5
3.967

3.615

3.58s

3.326

3.Et6

3.123

3.7U
3.220

3.982

3.174

2.819

3.839

3.4t5

3.626

3.973

3.193

3.7@

3.t52
3.781

SER5O5:OG-UNxO:N

GLY5O6:N-UNl(O:O

ALA:I25:N-UNXO:O

AtA:124: -UNKO:O
LYS429:NZ-Ut{XO:O

GLY226:N-UNKO:O

IHR249:fl-UNKO:O

GLY478:N-UNXO:O

PRO346:N-UNxO:O

ASN347:ND2-UNKO:O

ASNa58:ND2-UNXO:O

ASN342:NO2-U KO:H

mR249:OG-UNKO:H

S E R505:OG - UN KO: H

GLY506:N-UNKO:H

Gt '1526:O-UNKO:H

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular
studies.

modeling and simulation
78

2.993

3.L62

3.733

3,8E3

3.567

3.582

3.992

L.N1
3.90s

3.720

3.n7
3.932

3.19t
3.478

3.984

3.761

2.@2

3.676

3.054

3.562

1.@8

3.639

3.949



TYR528:CB-UNKO:C

TYR52E:C-A-UNXO:C

TYR52t:CT_UNl(O:C

tEU527:C-UNKO|c

SER505:CS-UNxO:C

SER505:C8-UNxO:C

THR4S9:CG-UNKO:C

THR459:CG-UNXO:C

ASN458:CG-UNKO:C

ASfl45E:CG-UNKO:C

ASN458:CG-UNXO:C

LYS429:CE-UNKO:C

LYS429:CE-UNxO:C

GtY507:CA-UNxO:C

GLY506:C-UNKO:C

Gl-Y506:C-UNxO:C

GtY5O6:CA-UNxO:C

GLY506:CA-UNKO:C

G l-Y5O6:CA- Ut{ KO:C

GLY5O5:CA-UNXO:C

GLY5O6:C-A-UNKO:C

GtY506:CA-UNKO:C

GLN526:CA-UNxO:C

LEUIE1:CD2-U KO:C

Lf U/l81:C02-UNKO:C

LEU481:CD2-UNKO:C

GLY478:CA-UNxO:C

GLY478:CA-UNKO:C

StR477:C-UNKO:C

SER477:C-UNXO:C

SER477:C-A-UN(O:C

VAL476:C-UNxO:C

SER47r:CB-UNKO:C

ALA225:C-UNKO:C

3.945

3.U4
3.910

3.805

3.211

3.919

3.73E

3.496

2.951

3.767

3.333

3.945

3.990

3.7U
3.871

3.973

3.450

3.641

3.890

3.525

3.7E2

3.957

3.541

2.82i
2.809

3.811

3.7t3
3.74t
3.112

3.958

2.027

3.546

2.239

3.718
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3.5 Quantitative Structure Activity Relationship

26 compounds of anti-malarial agents (N-(4-acylamino/ Arylpropionylamino -3-

benzoylphenyl)-[5-(4-nitrophenyl)-2-firyl]acrylic acid amides) were selected as data sets

shown in Table 3.9 (wiesner er al, 2003: wiesner et a\.,2003). Hyper chem and chem Draw

were used to calculate a number of steric and electronic parameters. The descriptors included

partition coefficient i.e. Log P, critical volume, molar refractivity as steric pararneter, total

binding energy, heat of formation, Enovo, Er-uvo .s electronic paftrmeters. The calculated

descriptor values are mentioned in Table 3.10. In order to have direct correlation between the

descriptor and the compound biological activity the regression coefficient was supposed to be

greater than 0'6 and as the regression coefficient value decreased it indicated that there was no

conelation among the both variables. Descriptors i.e. elechonic and steric parameters were

taken as dependent while IC5e value as independent variables. The regression values were

recorded as 0.133 for Log P, 0.610 for critical volume, 0.635 for molar refractivity, 0.613 for

total energy, 0.614 for heat of formation, 0.6 for E1uy6 and 0.6071 for Enovo and the plots

are shown in Figure 3.15-3.21. This analysis suggested that there was no conelation between

IC5e value and Log P but IC56 value was found to be directly related to critical volume, molar

refractivity, total energy, heat of formation, Es6vs and Eluvo as the regression value of these

pammeters was greater or equivalent to 0.6
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Table 3.9: Data set anti-malarial agents along with the IC56 values.

Compound R ICs (nM)
4a

770
4b

270
4c

tt:c.b

320
4d

75

4e

150

4f

650
4g

230
4h

64
4i

70
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4j

r000
4k

47
4l

1000

4m

250
4n

210
4o

1000
4p

500
4q

310
4r

1300
4s

440
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4t

6l
4u

lt00
4v

F 440

4w

130

4x

170

4y

3200

4z

710
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Table 3.10: Steric and Electronic descriptors along with IC5e value of the data set chosen for QSAR
studies.
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R
ICm
(nM)

Log
P

Critical
Volume

Molar
Refractivity
(cm3/mot)

Total
Energr

(KcaUmol)

Heet of
Formation
(KcaUmol)

Eluuo
(KcaUmol)

Enolro
(KcaUmol)

4a 770 5.83 1630.5 t75.37 -162040 273.336 0.00331 -0.0297
4b 270 4.78 1540.5 r62.51 -153989 2r6.543 0.03075 -0.02826
4c 320 4.65 1614.5 169.76 -164t97 282.949 0.0t207 -0.0129
4d 75 5.27 1596.5 168.41 -157441 297.157 0.03834 -0.0225
4e 150 5.27 1596.5 168.41 -157315 333.4f9 0.02372 -0.02572
4f 650 5.27 1596.5 168.41 -157437 210.928 0.03559 -0.02509
4g 230 4.94 1558.5 162.92 -163661 298.802 0.06027 -0.01259
4h 64 s.34 1589.5 167.r2 - 160813 336.299 0.06708 -0.00463
4i 70 5.61 1602.5 170.2 -161783 225.594 0.0262 -0.00637
4j 1000 5.61 r602.5 170.2 -161781 227.347 0.02964 -0.0251
4k 47 5.7 1639.5 169.02 -186719 334.051 0.0444 -0.00951
4t 1000 6.46 1639.5 169.02 - 186685 227.425 0.04272 -0.0251
4m 2s0 5.78 1686.5 169.68 -164483 290.120 0.00965 -0.00592
4n 210 5.78 1686.s 169.68 -165618 237.738 0.02572 -0.03266
4o 1000 5.7 1768.5 I 88.1 l -171790 245.659 0.02482 -0.0321
4p 500 5.35 r 590.5 t6't.4i -157308 339.877 0.023 -0.02472
4q 310 5.2 1596.5 167.11 -157312 335.888 0.01942 -0.018s
4r I300 5.07 t670.s 174.36 -t67519 154.73t 0.02021 -0.03423
4s 440 5.68 1652.5 173.01 -160765 326.504 0.02394 -0.02773
4t 61 6.12 1695.5 173.62 -190169 257.078 0.053 15 -0.02323
4u 1100 6.12 1695.5 173.62 -190134 221.597 0.01737 -0.03 149
4v 440 5.36 1614.5 167.5r -16'7111 292.100 0.0s98 -0.01263
4w 130 5.76 1645.5 171.71 -164263 329.454 0.02983 -0.00724
4x 170 6.03 1658.5 174.8 -165232 218.953 0.02258 -0.00352
4y 1200 6.34 2019.5 202.86 -268188 41.949 0.3914 -0.05841
4z 710 5.06 1774.5 r 8l .53 -197705 195.378 0.03362 -0.03716
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Fig 3.15: Graphical representation showing correlation between Log P and IC56 value
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Fig 3.16: Graphical representation showing correlation between critical volume and IC56

value
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Fig 3.17: Graphical representation showing correlation between molar refractivity and IC5s

value
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Fig 3.18: Graphical representation showing correlation between heat of formation and lC5s

value
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Fig 3.19: Graphical representation showing correlation between total energy and IC5s value
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Fig 3.20: Graphical representation showing correlation between Euor,,1o and ICso value
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Fig 3.21: Graphical representation showing correlation befween Er-uuo and IC56 value
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Chapter 3

3.6 Molecular Dynamic Simulation

The molecular dynamic simulation of plasmodium falciparum dehydroorotate dehydrogenase

bound with triazolopyrimidine-based inhibitor DSM2 was performed, using the GROMOS96

43Al force field incorporated in the freely available progam, GROMACS, in order to

understand the inhibition mechanism of inhibitors toward the target. Figure 3.22 shows that

the energy is minimized which result in a stability of the structure. The root mean square

deviation as a function of the simulation time of the complex with respect to the starting

structure was analyzed as shown in figure 3.23. It reveals that the rigid protein structure reach

the plateau characteristic at about 400ps and remains below 0.25 nm with respect to their

initial coordinates. Figure 3.24 shows that the ligand equilibrates in active site at around 45ps.

So the protein/ligand complex show stable dynamics in lns simulation and gave almost

similar dynamics of protein backbones suggesting sanctity ofcrystal structure ofthe complex.
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Fig 3.23: Root mean square deviation of protein fit to backbone.
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Fig 3.24: Root mean deviation ofprotein fit to ligand.
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I 
Conclusion and future Enhancement

Malaria is a mosquito bome disease transmitted by the protozoan parasite

Plasmodium which infects the human and insect host alternately. It remains a globally

prevalent infectious disease that leads to significant morbidity and mortality as malarial

parasites becomes increasingly resistant to several anti-malarial drugs. In the present study,

pharmacophore modeling, molecular docking, QSAR and simulation studies have been

performed. The aims of this study is to generate pharmacophore model, to identifl

interaction patterns between the enzyme and ligands at the molecular level for desigr of new

potent DHODH inhibitors, to explore important molecular properties and to identiry the

stability of proteinfligand complex. So the main purpose of this study is to identify new

classes of anti-malarial and develop them as drugs with varied mode of action to overcome

resistance problem.

Ligand based pharmacophore modeling was carried on 4l compounds along with 2

standard compounds. A pharmacophore tiangle was identified with distances between HBA

and HBD range from 4.0 to 4.99, between HBA and Ar/HY range from 3.70 to 4.75 and

between Arl[IY and HBA range from 3.1 to 4.6.Identified pharmacophore feature shows that

every candidate compound must have 5 hydrophobic volumes, 2 HBA and I HBD. It is the

novel pharmacophore model identified for anti-malarial inhibitors and this model can be

further tested on the other classes therefore a more universal pharmacophore model can be

presented.

Molecular docking is used to study how a ligand is interacting with its biological

target. Lead compound was identified from the dataset on the basis of having strong binding

interaction and lower IC50 value. Three analogues were designed from this lead compound

and one analogue have the potential to be the next possible anti-malarial agents as it has

Elucidating the binding and inhibition mechanism ofanti-malarial drugs by molecular modeling and simulation
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lower binding affinity and strong binding interaction. So it is proposed for clinical trials in

order to have a better drug to treat malaria.

Quantitative structure activity relationships are the most important applications of

chemo metrics, attempts to find a consistent relationship between biological activity and

molecular properties. Thus, QSAR models can be used to predict the activity of new

compounds. QSAR studies was done on 26 compounds of anti-malarial agents (l{-(4-

acylamino/ Arylpropionylamino -3-benzoylphenyl)-[5-(4-nitrophenyl)-2-furyl] acrylic acid

amides) where the statistical analysis of data suggested that biological activity of compound

was directly related to six molecular properties i.e. critical volume, molar refractivity, total

energy, heat of formation, Esorrao and Eruvo. while one descriptor i.e. Log P showed no

conelation with the activity as the regression value was lower than 0.6. The six descriptors

may be evaluated for other classes ofcompounds to get a broad-spectrum view.

The static view of protein ligand interactions is unrealistic so the dynamic behavior of

pfDHODH bound with triazolopyrimidine based inhibitor DSM2 was carried out by bio-

molecular simulation packages i.e. GROMACS 4.5.4. The simulation showed stable

trajectory indicating a stable equilibrium after energy minimization. The RMSD reach a

plateau after a few nanoseconds indicating that it will reach a stable equilibrium after energy

minimization although it is more variable indicative of its mobility within the binding pocket.

Thus it is proposed to conduct a complete laboratory synthesis of triazolopyrimidine inhibitor

and begin clinical trials so that bioactivity of the drug can be reliably outlined.
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