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Abstract
The interaction of three potent antifilarial compounds (4C, 4F, and 3F) with filarial proteins thioredoxin, glutathione s-transferase
and cyclophilin were investigated using molecular docking and density functional theory (DFT) studies. Molecular docking was
performed using YASARA tool, Hex 8.0.0 Cuda tool and PatchDock server and docked complex were visualized by Discovery
Studio 3.0. The predicted binding energy of antifilarial compounds 4C (−247.6, −243.8, −256.8 kcal mol−1), 4F (−242.6, −246.4,
−232.4 kcal mol−1) and 3F (−272.4, −248.5, −277.7 kcal mol−1) with filarial protein 4FYU, 5D73, and 1A33, respectively.
Docking results were strongly supported by molecular dynamics data and molecular mechanics-generalized born surface area
(MM-GBSA) calculations. The optimized geometries of all three compounds were used for calculating the energies of the frontier
molecular orbitals highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The
lowest HOMO–LUMO energy gap in compound 3F suggested that it is the most bioactive molecule among all these three
compounds, which is in accordance with the docking results of these compounds. The interaction energies between ligand and
protein are mainly due to hydrogen bonds, hydrophobic interactions, and van der Waals interactions which give the stability to
the complex. The structural information and docking studies of different filarial proteins with antifilarials obtained from this study
could aid in screening and designing new antifilarial or selective inhibitors for chemotherapy against filariasis.
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Introduction

Molecular docking is a computational technique providing
important information for protein–ligand docking and
structure-based rational drug design [1–3]. Moreover, the ef-
fective screening of potential drug candidates by docking
studies at an early stage provides large cost savings at a later
stage of the overall drug discovery process [4]. In the finishing
decade of 1970, molecular docking was introduced which
made straightforward method for protein–ligand docking

(PLD) and structure-based drug design (SBDD) [5]. It has
been used in drug designing since 1980s [6]. Docking pro-
grams are generally based on different algorithms and are
developed to study the protein–ligand and protein–protein in-
teraction. In structural molecular biology and pharmaceutical
research, molecular docking plays an important role. Various
reports and research papers on protein–protein and protein–
ligand molecular docking have been published in the past
years [7–11]. Molecular docking is used to study the different
types of interaction between various small molecules such as
drugs, novel active compounds, and protein at the atomic lev-
el. This virtual screening also helps in explicating elementary
biochemical processes and comportment portrayal of many
small molecules within the active site of target protein [12].
For an efficient docking it is necessary to find out the position
of active binding site in the target protein while for the un-
known active binding sites, cavity detection programs or on-
line servers such as GRID [13, 14], POCKET [15], Surf Net
[16, 17], PASS [18] and MMC [19] is utilized to identify
putative active binding sites within target proteins. Emil
Fischer in 1894 [20], proposed lock and key theory, where
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ligand acts as key which fits into the active cavity of proteins
behaving as a lock. Daniel Koshland in 1958, proposed a step
further theory called as induced-fit theory [21, 22]. As per this
hypothesis, a conformational change by the dynamic site stash
is accomplished when a substrate come in the region of the
objective protein and an arrangement or regulation of the dy-
namic site is produced.

Computer-based molecular docking can facilitate the early
stages of drug discovery through systematic prescreening of
ligand (i.e., small molecules) for shape and energetic compat-
ibility with a receptor (i.e., protein) prior to test assessment.
The structure of the intermolecular buildings framed between
at least two atoms were predicted by molecular docking stud-
ies [23]. It is a key device in basic atomic science and drug
design. Later on computational density functional theory
(DFT) has become an effective tool in the investigation of
molecular structure and also used to enumerate different
chemical reactivity descriptors of the reported complexes.
The aim of the present work is to describe and characterize
the molecular structure, and theoretical properties of methyl-
1(4-methyl-phenyl)-9H-pyrido(3,4-b) indole-3-carboxylate
(4C), methyl-1(2-chloro-phenyl)-9H-pyrido(3,4-b) indole-3-
carboxylate (4F) and methyl-1(2-chloro-phenyl)-1,2,3,4-
tetrahydro-9H-pyrido(3,4-b) indole-3-carboxylate (3F).
Numerous reports are available in the literature concerning
the structures and DFT studies [24, 25]. On the basis of above
reports and characterization of molecular interaction in silico,
the present work was completed to ponder the biochemical
nature and the binding of different filarial proteins i.e.,
4FYU, 5D73, and 1A33 with potent antifilarial compounds
4C, 4F, and 3F. The investigation was also supported by an-
alyzing the drug likeness potential of 4C, 4F, and 3F
compounds.

Wuchereria bancrofti (filarial parasite) contains thioredoxin
glutathione reductase (TGR) which plays a chief role in the
maintenance of cellular redox status. It is a homo dimeric flavor
protein. The prosthetic group is flavin adenine dinucleotide
(FAD) and the binding domain is nicotinamide adenine dinucle-
otide phosphate (NADPH) in each dimeric subunit. Each subunit
of TGR contains a glutaredoxin (Grx) domain fused to
thioredoxin reductase (TR) domain. The glutathione reductase
(GR) domain and thioredoxin reductase (TR) domain are analo-
gous. Both the TR and GF enzyme belong to the same family.
The filarial worm Wuchereria bancrofti has lost the genes
encoding of TR and GR enzymes. By RNA interference silenc-
ing of TGRgene, parasites are killed. This confirms that TGR act
as potential drug target for the treatment of elephantiasis [26].

Cyclophilins are ubiquitous proteins, found in various organ-
isms such as bacteria, mammals, and plants [27]. They possess
peptidylprolylisomerase (PPIase) activity and act as catalysts in
many protein-folding events, predominantly in the folding of
proline-rich proteins [28, 29]. Cyclophilins has also strong affin-
ity to bind with immunosuppressive drug cyclosporin A (CsA)

[30]. Sequence of different amino acid and structural compari-
sons of the cyclophilins allow grouping of different isoforms
depending on their cellular location. Cyclophilin A being the
copious one is present in cytosol while Cyclophilin B is present
in endoplasmic reticulum [31] and other isoform of cyclophilins
are present in the mitochondrion [32]. Cyclophilins are found in
human filarial nematode Brugia malayi and are also present in
other filarial parasites i.e., Onchocerca volvulus. B. malayi is a
medically important digenetic endoparasite found in tropical
countries. The primary and secondary hosts are mosquitoes and
humans, respectively, and infection mostly occurs in lower lym-
phatic vessels which is transmitted via mosquito vectors during
larval stage (i.e., worms are not mature). Chronic debilitating
filarial disease symptoms may be the next consequence, includ-
ing elephantiasis [33]. Benzodiazepine andγ–amino butyric acid
(GABA) receptors interact with centrally acting agents. They are
potent anthelmintic agents [34–37]. It is well reported that 3-
carboxy-β-carbolines exhibit a high order of affinity for benzo-
diazepine receptors [38, 39]. On the basis of above reported
literature, we have designed and synthesized a small library of
45 compounds and evaluated them for micro and
macrofilaricidal activities against L. cariniiin cotton rats
(Sigmodonhispidus) and, A. viteae and B. Malayi in
Mastomyscoucha [40, 41]. From the library of compounds, we
choose three most active compounds i.e., methyl-1(4-methyl-
phenyl)-9H-pyrido(3,4-b) indole -3-carboxylate (4C), methyl-
1(2-chloro- phenyl)-9H-pyrido(3,4-b) indole-3-carboxylate (4F)
and methyl-1(2-chloro-phenyl)-1,2,3,4-tetrahydro-9H-
pyrido(3,4-b) indole-3-carboxylate (3F), for study. These com-
pounds flourished as potent macrofilaricidal activity against
A. viteae (Fig. 1). In order to understand the interaction of active
antifilarial compounds 4C, 4F, and 3F with filarial proteins viz.
thioredoxin, glutathione s-transferase and cyclophilin, we per-
formed the docking studies using YASARA (Yet Another
Scientific Artificial Reality Application) tool, HexCuda 8.0.0,
and PatchDock server.

In the present paper, molecular docking and quantum
chemistry (DFT) are employed to discuss the charge distribu-
tion and frontier orbital energy of these three potent antifilarial
compounds (4C, 4F, and 3F). This study may provide the
theoretical information for designing and synthesis of novel
antifilarial compounds in future.

Materials and methods

Structure retrieval and verification

The three dimensional (3D) structures of target proteins were
taken from Protein Data Bank (http://www.rcsb.org/pdb/
home/home.do) and ligands were designed using
ChemDraw Ultra 7.0. The geometries and energies of these
ligands were optimized using the Gaussian09W software, and
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Discovery Studio 3.0 was used for SDF to PDB format
conversion. The latter was also used to retrieve and optimize
3D structures of thioredoxin (PDB ID: 4FYU), glutathione s-
transferase (PDB ID: 5D73) and cyclophilin (PDB ID: 1A33).
Thioredoxin (Resolution: 2.00 Å, R-Value: 0.218), glutathi-
one s-transferase (Resolution: 2.33 Å, R-Value: 0.258) and
cyclophilin (Resolution: 2.15 Å, R-Value: 0.211) proteins of
filarial worms were obtained from PDB server and were rec-
ognized as targets (Fig. 2). PDB advance BLAST analysis was
used for selecting proteins and their assembly. BLAST facil-
itates the utilization of the protein assemblies by query cover-
age and scoring to maximum. Protein validation was done by
RAMPAGE and PDBSum server [42].

Binding site identification and active site residues
analysis

MetaPocket 2.0 server was used to search noticeable active
binding sites of thioredoxin, glutathione s-transferase and
cyclophilin proteins [43]. To compare docking results and to
scrutinize active binding lees best 5 key binding pockets were
salvaged [42]. MetaPocket, server was used to identify active
binding sites of selected receptors. http://projects.biotec.tu-
dresden.de/metapocket/ is the free link which facilitates
MetaPocket 2.0. The small molecules/ligands bind with the
protein surface voids and receptacles. Thus, the starting point
for PLD and SBDD is to identify these nooks. Therefore, to

Fig. 1 Structures of ligands

Fig. 2 Secondary structures of
targeted filarial proteins 4FYU,
5D73, and 1A33
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find out drug candidates in PLD/SBDD or high-throughput
screening (HTS) processes, it is very important to identify
the appropriate ligand binding site residues [44].

Ligand collection and optimization

To extend our research, we chose 3 compounds from the pool
of 45 compounds (Fig. 1) showing the best micro and

macrofilaricidal activities and studied their interaction with
4FYU, 5D73 and 1A33. The structures of 4C, 4F, and 3F
ligands were collected based on earlier published research
paper [45]. Further the collected ligands were designed using
ChemDraw Ultra 7.0 tool and optimized in terms of geometry
and energy using the Gaussian software and finally converted
in PDB format using Discovery Studio 3.0 (Fig. 3). Discovery
Studio 3.0 is a suite of software for simulating small molecule

Fig. 3 Retrieved ligands structure (4C, 4F, and 3F)

Table 1 Top 5 prominent residue sites identified to Metapocket for 4FYU, 5D73, and 1A33

PDB
ID

Site 1 residues Site 2 residues Site 3 residues Site 4 residues Site 5 residues

4FYU Arg126, Ala133, Pro134, Pro135,
Gln136, Thr137, Ala127,
Asn124, Met110, Lys123,
Leu111, Gly125, Pro109,
Glu104, Gly107, Val105,
Ala106, Tyr103, Gly131,
Lys132, Ile108

Tyr53, Glu54, Asp57, Glu55,
Asp58, Asp85, Val56, Phe61,
Asp59, Glu62,

Lys27, Tyr87

Asp3, Leu24, Lys27, Val30,
Ser116, Leu4, Leu5,
Ile114, Gly20, Ala25,
Ala6, Ser21, Asn26,
Lys28, Asp117, Gly118,
Asp22, Asn7, Ala2

Pro41, Gln44,
Phe45, Arg126,
Lys132, Ile48,
Ser130, Pro134,
Pro109, Ala133,
Arg43, Gly131,
Pro40

Phe52, Val113, Asp128,
Val129, Leu111, Gly125,
Thr122, Ile121, Val56,
ASP

58, Phe61, Val29, Ala31,
Lys28, Gln60, Leu49, Tyr53,
Lys12, Ala13, Asn76,

Val79, His88, Lys80, Lys11,
Asp14, Gly15

5D73 Phe47, Gln49, Leu50, Pro51,
Val61, Gln62, Ser63, Gly48,
Gly64, Leu13, Arg95, Pro16,
Leu67, Val153, Cys91, Tyr7,
Gly12, Glu156, Val94, Phe8,
Trp38, His98, Glu157, Lys42,
Ile160, Ile10, Thr99, Tyr106,
Gly204, Asn203,

Thr102, Asp96, Lys103, Arg11,
Val202, Arg68, Asp88, Glu92,
Tyr149, Ala65

Lys189, Glu190, Lys193, Pro186,
Gly187, Leu188, Tyr191,
Val22, Gln194, Arg195,
Arg32, Ile200, Ala198, Arg11,
Glu15, Phe155, Asp159,
Glu183, Cys192, Asn196,

Ile163, Lys199, Gln208, Val202,
Pro201, His179, Gln162,
Arg197

Leu13, Pro16, Ser63,
Leu67, Gly64, Arg95,
Val153, Cys91, Gly12,
His98, Glu157, Val94,
Glu156, Ile160, Thr99,
Thr102

Asn75, Leu76,
Asn77, Gly78,
Gly79, Ser148

Ile117, Leu121, Leu125,
Asp165, His167, Cys168,
Leu169, Pro122, Phe172,
Lys171,

Asp170, Lys118

1A33 Thr79, Lys80, Thr84, Gly85,
Ser53, Gly86, Lys55, Arg66,
Gln74, Gly83, Asn113,
Lys114, Gln122, Ala112,
His65, Glu87, Ile52, Phe71,
Met72, Phe124, Leu133,
His137, Ser121, Gly120,
Gly54, Met93, Thr118,
Met111, Gly92, Gly91,

Asp82, Lys161, Arg163, Asn159 ,
Asn162, Ile68, Gly81

Pro56, His58, Lys60, Phe78,
Lys55, Leu57, Gly61, Ser62,
Thr63, Asp77, Gly81, His65,
Asp82, Thr79, Lys80, Arg163

Asp96, Phe99, Asn113,
Gly115, Pro116, Asn135,
Ile136

Arg66, Met72,
Gln74, Phe124,
His137, Ala112,
Asn113, Leu133

Thr63, Phe64 , His65, Arg163,
Pro164, Ala166, Asp167,
Val168, Leu165, Val169,
Gly81
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and macromolecule system. Discovery Studio 3.0 provides
software application covering the following area, ligand

design, pharmacophore modeling, structure-based design,
macromolecule design and validation. Discovery Studio 3.0

Table 2 Docking calculations obtained from Hex 8.0.0 generated data

Ligand Receptor Interacted residues Site no. and residues involved in interaction
with Metapocket results

Common residues Residues involved
hydrogen bonding and
bond length

4C 4FYU Pro41, Arg126, Pro134, Ala133,
Gly131, Lys132, Ser130,
Gln44, Ile48, Phe45

Binding site 1: Arg126, Ala133, Pro134, Pro135,
Gln136, Thr137, Ala127, Asn124, Met110, Lys123,
Leu111, Gly125, Pro109, Glu104, Gly107, Val105,
Ala106, Tyr103, Gly131, Lys132, Ile108

Binding site 4: Pro41, Gln44, Phe45, Arg126, Lys132,
Ile48, Ser130, Pro134, Pro109, Ala133, Arg43,
Gly131, Pro40

Pro41, Arg126, Pro134,
Ala133, Gly131, Lys132,
Srr130, Gln44, Ile48, Phe45

N7;Arg126:NH2
2.91832Å,

N11;Lys132:NZ
2.27513Å, O17;Phe45:N
2.86338Å,
O17; Gln44:O
1.3916Å

4C 5D73 Leu13, Glu157, Val153, Pro16,
Ser63, His98, Gly64, Gln62,
Arg95, Thr99

Binding site 1: Phe47, Gln49, Leu50, Pro51, Val61,
Gln62, Ser63, Gly48, Gly64, Leu13, Arg95, Pro16,
Leu67, Val153, Cys91, Tyr7, Gly12, Glu156,
Val94, Phe8, Trp38, His98, Glu157, Lys42, Ile160,
Ile10, Thr99, Tyr106, Gly204, Asn203, Thr102,
Asp96, Lys103, Arg11, Val202, Arg68, Asp88,
Glu92, Tyr149, Ala65

Leu13, Glu157, Val153, Ser63,
His98, Gly64, Gln62,
Arg95, Thr99

N;Arg95:NE
3.07528Å, N11;Ser63:OG
1.55282Å,

O17;Gln62:NE2
2.46304Å

4C 1A33 Gln122, Gly85, Gly86, Gly120,
Thr79, Ser53, Glu87, Gly92,
Met93, Thr118, Lys114

Binding site 1: Thr79, Lys80, Thr84, Gly85, Ser53,
Gly86, Lys55, Arg66, Gln74, Gly83, Asn113,
Lys114, Gln122, Ala112, His65, Glu87, Ile52,
Phe71, Met72, Phe124, Leu133, His137, Ser121,
Gly120, Gly54, Met93, Thr118, Met111, Gly92,
Gly91, Asp82, Lys161, Arg163, Asn159, Asn162,
Ile68, Gly81

Gln122, Gly85, Gly86, Gly120,
Thr79, Ser53, Glu87,
Thr118, Lys114

N7;Gly86:O
3.12641Å, O17;Met93:SD
1.15369Å

4F 4FYU Glu54, Tyr53, Glu62, Lys12,
Tyr87, Lys27, Asp59,
Asp58,

Asp57, Asp85

Binding site 2: Tyr53, Glu54, Asp57, Glu55, Asp58,
Asp85, Val56, Phe61, Asp59, Glu62,

Lys27, Tyr87

Glu54, Tyr53, Glu62, Lys12,
Tyr87, Lys27, Asp59,
Asp58,

Asp57, Asp85

CL23;Lys27:NZ
2.03184Å,

O17;Asp57:OD1
3.11667Å, O17; Asp58:O
2.79579Å

4F 5D73 Tyr7, Leu13, Thr102, Gly204,
His98, Tyr106, Ile10, Phe8,
Gln49

Binding site 1: Phe47, Gln49, Leu50, Pro51, Val61,
Gln62, Ser63, Gly48, Gly64, Leu13, Arg95, Pro16,
Leu67, Val153, Cys91, Tyr7, Gly12, Glu156,
Val94, Phe8, Trp38, His98, Glu157, Lys42, Ile160,
Ile10, Thr99, Tyr106, Gly204, Asn203, Thr102,
Asp96, Lys103, Arg11, Val202, Arg68, Asp88,
Glu92, Tyr149, Ala65

Tyr7, Leu13, Thr102, Gly204,
His98, Tyr106, Ile10, Phe8,
Gln49

CL23;Tyr106:OH
1.22077Å

4F 1A33 Thr79, Thr84, Lys80, Gly85,
Lys114, Met93, Gly92,
Gly86, Ile52, Ser53

Binding site 1: Thr79, Lys80, Thr84, Gly85, Ser53,
Gly86, Lys55, Arg66, Gln74, Gly83, Asn113,
Lys114, Gln122, Ala112, His65, Glu87, Ile52,
Phe71, Met72, Phe124, Leu133, His137, Ser121,
Gly120, Gly54, Met93, Thr118, Met111, Gly92,
Gly91, Asp82, Lys161, Arg163, Asn159, Asn162,
Ile68, Gly81

Thr79, Thr84, Lys80, Gly85,
Lys114, Met93, Gly92,
Gly86, Ile52, Ser53

No H-bonding

3F 4FYU Asp85, Tyr53, Glu54, Val56,
Asp58, Asp59, Asp57,
Phe61, Lys27, Glu62

Binding site 2: Tyr53, Glu54, Asp57, Glu55, Asp58,
Asp85, Val56, Phe61, Asp59, Glu62, Lys27, Tyr87

Asp85, Tyr53, Glu54, Val56,
Asp58, Asp59, Asp57,
Phe61, Lys27, Glu62

O20;Tyr53:OH2.70324Å,
CL28;Asp57:N

2.80419Å, CL28;
Asp58:O

3.12164Å
3F 5D73 Cys192, Gln208, Ile163, Arg11,

His179, Gln162, Glu183,
Asp159, Arg195, Asn196,
Ile200

Binding site 2: Lys189, Glu190, Lys193, Pro186,
Gly187, Leu188, Tyr191, Val22, Gln194, Arg195,
Arg32, Ile200, Ala198, Arg11, Glu15, Phe155,
Asp159, Glu183, Cys192, Asn196, Ile163, Lys199,
Gln208, Val202, Pro201, His179, Gln162 , Arg197

Cys192, Gln208, Ile163, Arg11,
His179, Gln162, Glu183,
Asp159, Arg195, Asn196,
Ile200

No-H bonding

3F 1A33 Thr79, Gly85, Gly86, Ser53,
Ile52, Gly92, Lys80,
Gly120, Asn119, Thr118,
Met93, Lys114, Gln122

Binding site 1: Thr79, Lys80, Thr84, Gly85, Ser53,
Gly86, Lys55, Arg66, Gln74, Gly83, Asn113,
Lys114, Gln122, Ala112, His65, Glu87, Ile52,
Phe71, Met72, Phe124, Leu133, His137, Ser121,
Gly120, Gly54, Met93, Thr118, Met111, Gly92,
Gly91, Asp82, Lys161, Arg163, Asn159, Asn162,
Ile68, Gly81

Thr79, Gly85, Gly86, Ser53,
Ile52, Gly92, Lys80,
Gly120, Asn119, Thr118,
Mrt93, Lys114, Gln122

O20;Gln122:NE2,
2.67742Å
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Table 3 Docking calculation obtained from PatchDock server

Ligand receptor Interacted residues Site no. and residues involved in interaction
with Metapocket results

Common residues Residues involved
hydrogen bonding
and bond length

4C 4FYU Val29, Val113, Phe61, Phe52,
Glu55, Val56, Asp58, Gln60,
Lys28

Binding site 2: Tyr53, Glu54, Asp57, Glu55,
Asp58, Asp85, Val56, Phe61, Asp59, Glu62,
Lys27, Tyr87

Binding site 5: Phe52, Val113, Asp128, Val129,
Leu111, Gly125, Thr122, Ile121, Val56, Asp58,
Phe61, Val29, Ala31, Lys28, Gln60, Leu49,
Tyr53, Lys12, Ala13, Asn76, Val79, His88,
Lys80, Lys11, Asp14,

Gly15

Val29, Val113, Phe61,
Phe52, Glu55, Val56,
Asp58, Gln60, Lys28

No-H bonding

4C 5D73 His98, Arg95, Tyr106, Tyr7, Thr102,
Gln107, Lys103, Thr99, Leu13

Binding site 1: Phe47, Gln49, Leu50, Pro51,
Val61, Gln62, Ser63, Gly48, Gly64, Leu13,

Arg95, Pro16, Leu67, Val153, Cys91, Tyr7,
Gly12, Glu156, Val94, Phe8, Trp38, His98,
Glu157, Lys42, Ile160, Ile10, Thr99, Tyr106,
Gly204, Asn203, Thr102, Asp96, Lys103,
Arg11, Val202, Arg68, Asp88, Glu92, Tyr149,
Ala65

His98, Arg95, Tyr106, Tyr7,
Thr102, Lys103, Thr99,
Leu13

O24;Tyr106:OH
2.79259Å

4C 1A33 Lys80, Thr79, Gly85, Gly86, Thr84,
Gln122, Lys114, Thr118, Met93,
Gly92, Ile52, Ser53

Binding sit1: Thr79, Lys80, Thr84, Gly85, Ser53,
Gly86, Lys55, Arg66, Gln74, Gly83, Asn113,
Lys114, Gln122, Ala112, His65, Glu87, Ile52,
Phe71, Met72, Phe124, Leu133, His137, Ser121,
Gly120, Gly54, Met93, Thr118, Met111, Gly92,
Gly91, Asp82, Lys161, Arg163, Asn159,
Asn162, Ile68, Gly81

Lys80, Thr79, Gly85, Gly86,
Thr84, Gln122, Lys114,
Thr118, Met93, Gly92,
Ile52, Ser53

O;Gly86:CH2
2.15837Å

4F 4FYU Lys12, Asp85, Tyr53, Glu54, Asp57,
Asp58, Asp59, Gln60, Lys27,
Tyr87, Glu62

Binding site 2: Tyr53, Glu54, Asp57, Glu55,
Asp58, Asp85, Val56, Phe61, Asp59, Glu62,
Lys27

Asp85, Tyr53, Glu54,
Asp57, Asp58, Asp59,
Lys27, Glu62

O1;Asp58:N
2.30533Å,

O23;Asp59:OD2
2.03566Å

4F 5D73 His74, Gln24, Lys146, Leu76, Ile147,
Glu145, Asn75

Binding site 4: Asn75, Leu76, Asn77, Gly78,
Gly79, Ser148

Leu76, Asn75 No-H bonding

4F 1A33 Thr79, Gly86, Gly85, Glu87,
Gln122, Ala112, Asn113, Lys114,
Met93, Thr118, Asn117, Gly92,
Ser53

Binding sit1: Thr79, Lys80, Thr84, Gly85, Ser53,
Gly86, Lys55, Arg66, Gln74, Gly83, Asn113,
Lys114, Gln122, Ala112, His65, Glu87, Ile52,
Phe71, Met72, Phe124, Leu133, His137, Ser121,
Gly120, Gly54, Met93, Thr118, Met111, Gly92,
Gly91, Asp82, Lys161, Arg163, Asn159,
Asn162, Ile68, Gly81

Thr79, Gly86, Gly85, Glu87,
Gln122, Ala112, Asn113,
Lys114, Met93, Thr118,
Gly92, Ser53

O;Gly85:O
2.06617Å,

Cl24;Thr118:O-
G1

2.82898Å

3F 4FYU Glu54, Val56, Asp57, Asp58,
Asp59, Lys27, Glu62, Phe61,
Tyr53, Asp85

Binding site 2: Tyr53, Glu54, Asp57, Glu55,
Asp58, Asp85, Val56, Phe61, Asp59, Glu62,
Lys27

Glu54, Val56, Asp57,
Asp58, Asp59, Lys27,
Glu62, Phe61, Tyr53,
Asp85

Cl24;Tyr53:OH
1.54713Å

3F 5D73 Trp38, Gln49, Leu13, Ile10, Tyr7,
Phe8, Tyr106

Binding site 1: Phe47, Gln49, Leu50, Pro51,
Val61, Gln62, Ser63, Gly48, Gly64, Leu13,

Arg95, Pro16, Leu67, Val153, Cys91, Tyr7,
Gly12, Glu156, Val94, Phe8, Trp38, His98,
Glu157, Lys42, Ile160, Ile10, Thr99, Tyr106,
Gly204, Asn203, Thr102, Asp96, Lys103,
Arg11, Val202, Arg68, Asp88, Glu92, Tyr149,
Ala65

Trp38, Gln49, Leu13, Ile10,
Tyr7, Phe8, Tyr106

Cl24;Tyr7:OH
3.16445Å

3F 1A33 Lys114, Met93, Ile52, Gly92, Ser53,
Glu87, Thr79, Gly86, Gly85,
Gln122, Thr118, Asn113

Binding sit1: Thr79, Lys80, Thr84, Gly85, Ser53,
Gly86, Lys55, Arg66, Gln74, Gly83, Asn113,
Lys114, Gln122, Ala112, His65, Glu87, Ile52,
Phe71, Met72, Phe124, Leu133, His137, Ser121,
Gly120, Gly54, Met93, Thr118, Met111, Gly92,
Gly91, Asp82, Lys161, Arg163, Asn159,
Asn162, Ile68, Gly81

Lys114, Met93, Ile52, Gly92,
Ser53, Glu87, Thr79,
Gly86, Gly85, Gln122,
Thr118, Asn113

O;Gly85:O
2.39052Å,

O;Gly86:O
2.03453Å
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Table 4 Docking calculation obtained from YASARA tool

Ligand Receptor Interacted residues Site no. and residues involved in interaction with
Metapocket results

Common residues Residues involved
hydrogen bonding
and bond length

4C 4FYU Arg126, Ala133, Pro134, Thr137,
Gly125, Val105, Ala106,
Lys132, Ile108

Binding site 1: Arg126, Ala133, Pro134, Pro135, Gln136,
Thr137, Ala127, Asn124, Met110, Lys123, Leu111,
Gly125, Pro109, Glu104, Gly107, Val105, Ala106,
Tyr103, Gly131, Lys132, Ile108

Arg126, Ala133, Pro134,
Thr137, Gly125,
Val105, Ala106,
Lys132, Ile108

O23;Ala133:NH
1.67921Å

4C 5D73 Ala35, Pro9, Phe8, Gly204, Ile10,
Tyr106, Tyr7, Gly12, His98,
Leu13, Thr102

Binding site 1: Phe47, Gln49, Leu50, Pro51, Val61,
Gln62, Ser63, Gly48, Gly64, Leu13, Arg95, Pro16,
Leu67, Val153, Cys91, Tyr7, Gly12, Glu156, Val94,
Phe8, Trp38, His98, Glu157, Lys42, Ile160, Ile10,
Thr99, Tyr106, Gly204, Asn203, Thr102, Asp96,
Lys103, Arg11, Val202, Arg68, Asp88, Glu92, Tyr149,
Ala65

Phe8, Gly204, Ile10,
Tyr106, Tyr7, Gly12,
His98, Leu13, Thr102

No –H bonding

4C 1A33 Asn113, Ala112, His137, Leu133,
His132, Phe71, Ile68, Asn162,
Met72, Arg66, Gln74, Phe124

Binding sit1: Thr79, Lys80, Thr84, Gly85, Ser53,
Gly86, Lys55, Arg66, Gln74, Gly83, Asn113, Lys114,
Gln122, Ala112, His65, Glu87, Ile52, Phe71, Met72,
Phe124, Leu133, His137, Ser121, Gly120, Gly54,
Met93, Thr118, Met111, Gly92, Gly91, Asp82,
Lys161, Arg163, Asn159, Asn162, Ile68, Gly81

Asn113, Ala112, His137,
Leu133, Phe71, Ile68,
Asn162, Met72,
Arg66, Gln74, Phe124

No-H bonding

4F 4FYU Pro135, Gln136, Ala127, Asn124,
Met110, Asp57, Glu55, Asp58,
Asp85, Val56, Phe61

Binding site 1: Arg126, Ala133, Pro134, Pro135, Gln136,
Thr137, Ala127, Asn124, Met110, Lys123, Leu111,
Gly125, Pro109, Glu104, Gly107, Val105, Ala106,
Tyr103, Gly131, Lys132, Ile108

Binding site:2 Tyr53, Glu54, Asp57, Glu55, Asp58,
Asp85, Val56 ,Phe61, Asp59, Glu62, Lys27, Tyr87

Pro135, Gln136, Ala127,
Asn124, Met110,
Asp58, Asp85, Val56,
Phe61

Cl;Gln136:H
2.10131Å,
Cl;Asp58:OD
3.14711Å

4F 5D73 Phe8, Pro9, Thr102, His98,
Gly12, Leu13, Tyr106, Tyr7,
Ile10, Gly204

Binding site 1: Phe47, Gln49, Leu50, Pro51, Val61,
Gln62, Ser63, Gly48, Gly64, Leu13, Arg95, Pro16,
Leu67, Val153, Cys91, Tyr7, Gly12, Glu156, Val94,
Phe8, Trp38, His98, Glu157, Lys42, Ile160, Ile10,
Thr99, Tyr106, Gly204, Asn203, Thr102, Asp96,
Lys103, Arg11, Val202, Arg68, Asp88, Glu92, Tyr149,
Ala65

Phe8, Pro9, Thr102,
His98, Gly12, Leu13,
Tyr106, Tyr7, Ile10,
Gly204

O23;Tyr7:H
2.33931Å

4F 1A33 Phe124, Phe71, His137, Met72,
Leu133, Ile136, Lys114,
Gly115, Gln74, Ala112,
Arg66, Asn113

Binding sit1: Thr79, Lys80, Thr84, Gly85, Ser53,
Gly86, Lys55, Arg66, Gln74, Gly83, Asn113, Lys114,
Gln122, Ala112, His65, Glu87, Ile52, Phe71, Met72,
Phe124, Leu133, His137, Ser121, Gly120, Gly54,
Met93, Thr118, Met111, Gly92, Gly91, Asp82,
Lys161, Arg163, Asn159, Asn162, Ile68, Gly81

Phe124, Phe71, His137,
Met72, Leu133,
Lys114, Gln74,
Ala112, Arg66,
Asn113

O23;Arg66:H
2.17567Å

3F 4FYU Lys123, Leu111, Pro109, Glu104,
Phe45, Pro134, Ala133, Arg43,
Gly131

Binding site 1: Arg126, Ala133, Pro134, Pro135, Gln136,
Thr137, Ala127, Asn124, Met110, Lys123, Leu111,
Gly125, Pro109, Glu104, Gly107, Val105, Ala106,
Tyr103, Gly131, Lys132, Ile108

Binding site:4 Pro41, Gln44, Phe45, Arg126, Lys132,
Ile48, Ser130, Pro134, Pro10, Ala133, Arg43, Gly131,
Pro40

Lys123, Leu111, Pro109,
Glu104, Phe45,
Pro134, Ala133,
Arg43, Gly131

No-H bonding

3F 5D73 Leu13, Lys42, Gln49, Gly48,
Ala35, Pro9, Tyr106, Ile10,
Gly204, Phe8, Tyr7, Trp38

Binding site 1: Phe47, Gln49, Leu50, Pro51, Val61,
Gln62, Ser63, Gly48, Gly64, Leu13, Arg95, Pro16,
Leu67, Val153, Cys91, Tyr7, Gly12, Glu156, Val94,
Phe8, Trp38, His98, Glu157, Lys42, Ile160, Ile10,
Thr99, Tyr106, Gly204, Asn203, Thr102, Asp96,
Lys103, Arg11, Val202, Arg68, Asp88, Glu92, Tyr149,
Ala65

Leu13, Lys42, Gln49,
Gly48, Tyr106, Ile10,
Gly204, Phe8, Tyr7,
Trp38

O1;Trp38:HE1
2.22219Å

3F 1A33 His137, Met72, Leu133, Arg66,
Asn162, Ile68, Phe71, His132,
Phe124

Binding sit1: Thr79, Lys80, Thr84, Gly85, Ser53,
Gly86, Lys55, Arg66, Gln74, Gly83, Asn113, Lys114,
Gln122, Ala112, His65, Glu87, Ile52, Phe71, Met72,
Phe124, Leu133, His137, Ser121, Gly120, Gly54,
Met93, Thr118, Met111, Gly92, Gly91, Asp82,
Lys161, Arg163, Asn159, Asn162, Ile68, Gly81

His137, Met72, Leu133,
Arg66, Asn162, Ile68,
Phe71, Phe124

No-H bonding
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(Accelrys Software, Inc.) was used for visualization of
protein/ligand or docked complexes.

Ligand verification

All active compounds (4C, 4F, 3F) with potent macrofilaricidal
activity (90-100%) against Acanthochelinema vitae at 50 mg/kg
× 5days by interaperitoneal route from our earlier publication
were selected for molecular docking studies [45].

Drug likeness, adsorption, distribution, metabolism,
excretion, and toxicity prediction

Lipinski filter (http://www.scfbio-iitd.res.in/software/
drugdesign/lipinski.jsp), was used for prediction of drug
likeness of thioredoxin, glutathione s-transferase and
cyclophilin proteins. According to Lipinski filter, an orally
active drug should comply with minimum of four of the five
laid down criteria for drug likeness. These four factors are
molecular mass, cLogP, hydrogen donor and acceptor and
molar refractive index [46]. The link http://lmmd.ecust.edu.
cn:8000/ provides admet SAR facility, was used to test the
ligands 4C, 4F, and 3F for evaluating their absorption,
distribution, metabolism, excretion and toxicity (ADMET)
[47]. The link http://fafdrugs4.mti.univ-paris-diderot.fr/

provides FAF-Drugs 4 facility, was used to predict extra
ADMET properties of 4C, 4F, and 3F.

Molecular docking study and envisioning

YASARA, an AutoDock-based tool for molecular docking and
virtual screening was used for analyzing dissociation constant
(Kd) and comparative binding energy of the docked molecular
complexes [48, 49]. Hex 8.0.0 Cuda and PatchDock serverswere
used formolecular docking. HexServer (http://hexserver.loria.fr/)
is a handy and speedy online tool which generates a graded
record of up to 1000 docking calculations. It also offers an
expedient way to perform comprehensive graphics processor
unit hastened fast Fourier transform-based rigid body docking
calculations with no necessity of operator [50].

PatchDock server is a geometry built molecular docking
algorithm [51], which was used for docking analysis of
thioredoxin, glutathione s-transferase and cyclophilin pro-
teins. It was used to upload the PDB files of target proteins
and ligand for docking evaluation. The same was also used to
analyze approximate interface area (AI area) and geometric
shape complementarity score (GSC score). It was operated
by managing the RMSD to 4.0. [42]. PatchDock is laced with
flexible constraints for the ease of docking of variety of bind-
ing entities [52].

Table 5 Common site obtained from YASARA tool, PatchDock server, and Hex 8.0.0 tool

Ligand Receptor Interacted residues and site no. using
YASARA

Interacted residues and site no. using
PatchDock

Interacted residues and site no. using
Hex

Common
site

4C 4FYU Arg126, Ala133, Pro134, Thr137, Gly125,
Val105, Ala106, Lys132, Ile108 Site No.1

Val29, Val113, Phe61, Phe52, Glu55, Val56,
Asp58, Gln60, Lys28 Site No.2 and Site
No.5

Pro41, Arg126, Pro134, Ala133, Gly131,
Lys132, Ser130, Gln44, Ile48, Phe45 Site
No.1

Site No.1
promi-
nent

4C 5D73 Ala35, Pro9, Phe8, Gly204, Ile10, Tyr106,
Tyr7, Gly12, His98, Leu13, Thr102 Site
No.1

His98, Arg95, Tyr106, Tyr7, Thr102,
Gln107, Lys103, Thr99, Leu13 Site No.1

Leu13, Glu157, Val153, Pro16, Ser63,
His98, Gly64, Gln62, Arg95, Thr99 Site
No.1

Site No.1
promi-
nent

4C 1A33 Asn113, Ala112, His137, Leu133, His132,
Phe71, Ile68, Asn162, Met72, Arg66,
Gln74, Phe124 Site No.1

Lys80, Thr79, Gly85, Gly86, Thr84, Gln122,
Lys114, Thr118, Met93, Gly92, Ile52,
Ser53 Site No.1

Gln122, Gly85, Gly86, Gly120, Thr79,
Ser53, Glu87, Gly92, Met93, Thr118,
Lys114 Site No.1

Site No.1
promi-
nent

4F 4FYU Pro135, Gln136, Ala127, Asn124, Met110,
Asp57, Glu55, Asp58, Asp85, Val56,
Phe61 Site No.1 and Site No.2

Lys12, Asp85, Tyr53, Glu54, Asp57, Asp58,
Asp59, Gln60, Lys27, Tyr87, Glu62 Site
No.2

Glu54, Tyr53, Glu62, Lys12, Tyr87, Lys27,
Asp59, Asp58, Asp57, Asp85 Site No.2

Site No.2
promi-
nent

4F 5D73 Phe8, Pro9, Thr102, His98, Gly12, Leu13,
Tyr106, Tyr7, Ile10, Gly204 Site No.1

His74, Gln24, Lys146, Leu76, Ile147,
Glu145, Asn75 Site No.4

Tyr7, Leu13, Thr102, Gly204, His98,
Tyr106, Ile10, Phe8, Gln49 Site No.1

Site No.1
promi-
nent

4F 1A33 Phe124, Phe71, His137, Met72, Leu133,
Ile136, Lys114, Gly115, Gln74, Ala112,
Arg66, Asn113 Site No.1

Thr79, Gly86, Gly85, Glu87, Gln122,
Ala112, Asn113, Lys114, Met93, Thr118,
Asn117, Gly92, Ser53 Site No.1

Thr79, Thr84, Lys80, Gly85, Lys114,
Met93, Gly92, Gly86, Ile52, Ser53 Site
No.1

Site No.1
promi-
nent

3F 4FYU Lys123, Leu111, Pro109, Glu104, Phe45,
Pro134 Ala133, Arg43, Gly131 Site No.1
and Site No.4

Glu54, Val56, Asp57, Asp58, Asp59, Lys27,
Glu62, Phe61, Tyr53, Asp85 Site No.2

Asp85, Tyr53, Glu54, Val56, Asp58,
Asp59, Asp57, Phe61, Lys27, Glu62

Site No.2

Site No.2
promi-
nent

3F 5D73 Leu13, Lys42, Gln49, Gly48, Ala35, Pro9,
Tyr106, Ile10, Gly204, Phe8, Tyr7, Trp38

Site No.1

Trp38, Gln49, Leu13, Ile10, Tyr7, Phe8,
Tyr106 Site No.1

Cys192, Gln208, Ile163, Arg11, His179,
Gln162, Glu183, Asp159, Arg195,
Asn196, Ile200 Site No.2

Site No.1
promi-
nent

3F 1A33 His137, Met72, Leu133, Arg66, Asn162,
Ile68, Phe71, His132, Phe124 Site No.1

Lys114, Met93, Ile52, Gly92, Ser53, Glu87,
Thr79, Gly86, Gly85, Gln122, Thr118,
Asn113 Site No.1

Thr79, Gly85, Gly86, Ser53, Ile52, Gly92,
Lys80, Gly120, Asn119, Thr118, Met93,
Lys114, Gln122 Site No.1

Site No. 1
promi-
nent
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Chemistry

Three different ligands were selected for docking analysis.
The structure of ligands (Fig. 1), i.e.,methyl-1(4-methyl- phe-
nyl)-9H-pyrido(3,4-b) indole -3-carboxylate (4C) and methyl-
1(2- chloro- phenyl)-9H-pyrido(3,4-b) indole -3-carboxylate
(4F) and methyl-1(2- chloro- phenyl)-1,2,3,4-tetrahydro-9H-
pyrido(3,4-b) indole -3-carboxylate (3F) were drawn by using
ChemDraw Ultra 7.0, Cambridge Soft Corp. (http://www.
cambridgesoft.Com), USA. Discovery Studio 3.0, Accelrys

Inc. (www.accelrys.com), USA was used to convert the 2-D
structures to enhanced 3D structures. All the three compounds
have been reported as new lead molecules in antifilarial che-
motherapy [45].

Molecular docking

The crystal structures of thioredoxin, glutathione s-transferase
and cyclophilin were obtained from the protein data bank
(PDB ID: 4FYU, 5D73, 1A33). Molecular docking was

Fig. 4 Docked complexes visualized by Discovery Studio 3.0 showing interactions of 4C, 4F, and 3F with the target proteins, 4FYU, 5D73 and 1A33
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conducted in order to determine the interaction of 4C, 4F, and
3F compounds with target proteins viz. thioredoxin,

glutathione s-transferase and cyclophilin [53]. Molecular
docking was performed by using YASARA tool, Hex 8.0.0

Fig. 4 (continued)
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Fig. 4 (continued)
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with Cuda version tool and PatchDock server. The Hex 8.0.0
is a simple and easy protein docking and molecular

superposition program for docking calculations. It improves
the quality of analysis and reduces the docking time of the

Fig. 4 (continued)
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predicted docked complexes [54]. Prediction of protein–ligand
and protein–protein docked complexes was done by PatchDock
server [51]. Random starting positions, orientations and torsions
were employed for all ligands. Protein–ligand docking
results were clustered into groups with root-mean-square
deviation <2.0 Å. Visualization and analysis of molecu-
lar structures and different protein–ligand and protein–
protein interfaces were performed by using Discovery
Studio 3.0, AccelrysInc [26].

Molecular dynamics simulations

For authenticating whether the results obtained by docking
(YASARA) are robust or coincidental. The docked structures
of 5D73 receptor with compounds 4C, 4F, and 3F were sub-
jected to the molecular dynamics (MD) simulations for 50 ns
in aqueous environment and Molecular mechanics Poisson–
Boltzmann surface area (MM-PBSA), molecular mechanics
generalized born surface area (MM-GBSA) can effectively
deal with the conformational change upon ligand binding.
The 4C, 4F, and 3F compounds were prepared by
AMBER’s Xleap module and the partial charges to the com-
pounds were derived by generation of the electrostatic

potentials employing the restrained electrostatic potential
fitting method (RESP) with 6-31G(d) basis set utilizing the
Hartree-Fock level [55–57] in GAUSSIAN [58]. MD simula-
tions performed with periodic boundary conditions employing
the AMBER suite (AMBER 14 version) with parm99SB
along with gaff.dat force field [59, 60]. The complexes were
enclosed in a periodic water box with chloride counter ions,
and the resulting trajectory is then post processed by removing
the solvent and the periodicity, and calculating the average
free energy over a series of static frames. About 200 frames
of complex, extracted from the last 20 ns of the stable molec-
ular dynamics simulation trajectories for compounds 4C, 4F,
and 3F, were used to analyze the binding free energy of the
complex using molecular mechanics-generalized born surface
area methodology [61–63]. The structures after MDwere gen-
erated and analyzed using LigPlot. To our best knowledge,
this work represents one of the most extensive studies of
MM/PBSA or MM/GBSA for molecular docking.

Density functional theory

In the present study, the Gaussian09 software was used to
optimize the structure and energy of 4C, 4F, and 3F

Fig. 4 (continued)
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molecules. Computational calculations were done at the
B3LYP/6-31+G (d) basis set level using the Gaussian
software. The optimized geometry was then used as in-
put file for calculating the energies of the frontier mo-
lecular orbitals highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO).

Results and discussion

The PDB Sum server was used to study target protein mole-
cule stereochemistry. The complete physical configuration
and structural patterns of proteins were determined by various
parameters considered by the server. The server also search
and evaluate suitable voids in protein for better binding. It

Fig. 5 2D model of docked complexes as visualized by Discovery Studio 3.0 showing interactions of 4C, 4F, and 3F with the target proteins, 4FYU,
5D73, and 1A33
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showed compliant regions of filarial proteins exposed for
docking with ligands [64].

Docking properties of thioredoxin, glutathione s-
transferase and cyclophilin were characterized with the
claimed enzymes. The result showed formation of H-
bond between thioredoxin, glutathione s-transferase,
cyclophilin and amino acids residues situated in the ma-
jor binding sites 1, 2, 3, 4, and 5 of protein. Protein–
ligand communication was found boosted up by ionic
interactions, hydrophobic interactions and van der
Waals forces along with hydrogen bonds [65].

Docking analysis of 4C, 4F, and 3F compounds

The ligand structures (4C, 4F, and 3F) were salvaged from
PubChem database and then YASARA tool, PatchDock serv-
er, and Hex 8.0.0 Cuda tool were used to examine docking.
Docking of 4C compound with the filarial proteins 4FYU
discovered the absence of H-bonding between 4C and amino
acid residues traced in the noticeable binding sites 1, 2, 3, 4,
and 5 (Table 1). Conformational shift of active sites in the
target proteins was observed when ligand 4C was docked
and indicating diminished catalytic activity. Pro41, Arg126,

Fig. 5 (continued)
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Pro134, Ala133, Gly131, Lys132, Ser130, Gln44, Ile48, and Phe45

were found as the most accepted amino acid residues existing
at the outstanding binding sites 1 and 4. May be the detection
and alignment of 4C molecules was supported by the favor-
able arena provided by all preceding amino acid residues.
Leu13, Glu157, Val153, Pro16, Ser63, His98, Gly64, Gln62,
Arg95, and Thr99 were detected as commonly appeared amino
acid residues of filarial protein 5D73 existing at the outstand-
ing binding site 1 while Gln122, Gly85, Gly86, Gly120, Thr79,
Ser53, Glu87, Gly92, Met93, Thr118, and Lys114 were found as
frequently occurring amino acid residues of filarial proteins
1A33 located at the binding site 1. All these amino acid resi-
dues including alanine are believed to be capable in the for-
mation of H-bonds, ionic bonds, van derWalls forces, charged
interactions and hydrophobic interactions. GSC score and AI

area of the docked complexes made easy to analyze their
binding potency. Complying docking results for ligand–
protein complexes were interpreted from the energetics data
obtained. The range of binding energy was found to be
−232.4 kcal mol−1 to −277.7 kcal mol−1 (Tables 2, 3, 4, 5)
of the docked complexes, which signify the robust docking of
the considered active antifilarial compounds with good poten-
cy against filarial proteins. After then, Discovery Studio 3.0
was used to envision docked complexes (Figs. 4 and 5) and to
expose different interactions ligand–protein docking compris-
ing herein.

Out of these target proteins, 5D73 and 1A33 were the best
targets of selected compounds 4C, 4F, and 3F. From Table 5,
it is clear that most of the interacting amino acid residues of
filarial proteins were present prominent active site 1 residues.

Fig. 5 (continued)
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The residues His98, Leu13 of 5D73, and Lys114 of 1A33 were
common amino acids in all results obtained from all three
docking software, Hex, PatchDock, and YASARA tool.

MD simulation

In the practice of virtual screening to estimate the quality of
molecular dynamics simulations, energetic and structural
properties were examined during the whole MD simulation
of every complex. The average RMSD value for the 5D73
system is 2.75 Å. indicating no dynamical collapse. For

systems with more than 4000 atoms, low potential energy
and RMSD values indicate that the MD simulation process
is stable and reliable. The binding free energy values of com-
pounds 4C, 4F, and 3F with 5D73 were found to be 7.6
kcal/mol, 7.3 kcal/mol, and 7.0 kcal/mol, respectively. The
formation of more stable complex of 5D73 with studied
antifilarial compounds may be inferred due to presence of
their hydrophobic interactions with amino acid residues of
protein. The amino acid residues involved in hydrophobic
interactions with 4C (Tyr7, Phe8, Ile10, Gly12, Leu13, Tyr106,
and Gly204), with 4F (Tyr7, Phe8, Ile10, Gly12, Leu13, Tyr106,

Fig. 5 (continued)
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and Gly204) and with 3F (Tyr7, Phe8, Ile10, Leu13, Trp38,
Leu50, and Gly204) are shown in Fig. 6. Additionally, Tyr7

and Trp38 were found to provide further stability to 4F, 3F-
5D73 complex by formation of hydrogen bonds (Fig. 6).
Binding affinities of receptor with all the ligands (4C, 4F,
and 3F) were calculated by post processing the ensembles of
structures extracted from MD trajectories using MM-GBSA
and MM-PBSA calculations (implemented in the AMBER 14
program). The observed binding energy for 4C using MM-
GBSA was −29.3 ± 1.5 kcal/mol, and using the MM-PBSA
method, the binding energy was −7.1 ± 0.3 kcal/mol. For
compounds 4F and 3F, the binding energies were −37.1 ±
2.1 kcal/mol (MM-GBSA) and −7.2 ± 0.2 kcal/mol (MM-
PBSA), −43.1 ± 1.6 kcal/mol (MM-GBSA), and −9.1± 0.7
kcal/mol (MM-PBSA), respectively. Thus, it is evident from
the MM-PB/GBSA studies that the compound 3F shows bet-
ter binding affinity as compared to compounds 4C and 4F.

DFT calculation

DFT studies of these three ligands were carried out using the
hybrid functional DFT/B3LYP/6-31G(d) method using the
Gaussian software for better precision and calculation speed
[66, 67]. The geometries of these ligands were optimized in
the ground electronic state, and their energy minimization was
done. The optimized geometries were then used for

calculating the energies of the frontier molecular orbitals
(HOMO and LUMO). Owing to the importance of frontier
molecular orbitals (HOMO and LUMO) and their properties,
in order to predict the reactivity and charge delocalization
within these molecules, Gauss-View 5.0 was employed for
visualization and constructing the shape of their frontier mo-
lecular orbitals (Fig. 7) [68, 69]. It is very well documented
that molecules having small and large HOMO–LUMO gaps
correspond to more and less reactive species [69, 70]. The
HOMO–LUMO gaps of these present compounds are shown
in Fig. 7. The lowest HOMO–LUMO gap obtained in the case
of 3F suggested that it is the most bioactive molecule among
all these three compounds, which is in accordance with the
docking results of these compounds. Also, the electron density
in the case of compound 3F is localized over one side of ring
in the case of HOMO (differently from 4C and 4F), while in
the case of LUMO, it is localized mostly over all the molecule,
revealing delocalization of electrons from HOMO to LUMO.

According to DFT studies, order of activity 3F>4C>4F,
which matches with the docking results (3F>4C>4F).

Testing of drug likeness of 4C, 4F, and 3F

Lipinski filter revealed for the drug likeness of 4C, 4F, and 3F
ligands. AdmetSAR was employed to predict pharmacokinet-
ic properties of the ligands (Table 6). Together Lipinski filter

Fig. 5 (continued)
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and admetSAR play crucial role to drug design and prediction
for their binding ability. The evaluated data obtained for 4C,
4F, and 3F compounds supports for their implementation as
antifilarial drugs in living systems. cLogP value calculated for
4C, 4F, and 3F compounds were 1.9111460, 1.697250, and
1.144460, respectively. Thus, all these 3 compounds passed
drug ability test because negative cLogP value favors hydro-
philicity and bioavailability of a compound. Akin score were
obtained for all the 3 compounds on the basis of the Lipinski
filter and admetSAR parameters. FAF-Drugs4 was used to
evaluate pharmacokinetic properties (ADMET) of 4C, 4F,
and 3F compounds. The results were in compliance with
Lipinski's rule of five.

Conclusions

A successful study of the interaction of potent
antifilarial compounds 4C, 4F, and 3F with filarial pro-
teins were carried out using molecular docking and DFT
calculations. In overall docking scores, compound 3F
was found to be the most superior to compounds 4F
and 4C. The compound 3F binds with amino acids
Gly85, Gly86, and Gln120 of proteins 1A33 through H-
bond interactions. The predicted binding energy of
antifilarial compounds 4C (−247.6, −243.8, −256.8 kcal
mol−1), 4F (−242.6, −246.4, −232.4 kcal mol−1) and 3F
(−272.4, −248.5, −277.7 kcal mol−1) with filarial protein
4FYU, 5D73, and 1A33, respectively. His98, Leu13, and
Lys114 are common amino acids present at prominent
binding site 1. MD simulations have been proved to
be a remarkable approach for identifying protein–
ligand stability, structural transformations, binding ener-
gies change in complexes, etc. MM-PB/GBSA studies
confirmed that the compound 3F shows better binding
affinity as compared to compounds 4C and 4F. The
lower HOMO–LUMO energy gap obtained in the case
of 3F suggested that it is the most bioactive molecule
among all these three compounds. The interaction ener-
gies are mainly due to hydrogen bonds, hydrophobic
interactions, and van der Waals interactions which pro-
vide stability to the complex. Hence, it could be found
that compounds having identical parent structure with
different functional groups could modulate the biologi-
cal activity of filarial protein and could be considered
better candidates as antifilarial agents.

�Fig. 6 5D73 active site residues interacting with 4C, 4F, and 3F after MD
simulations, red residues showing H-bonding between residue and mol-
ecule docked, red are the hydrophobic interaction between the hydropho-
bic residues of the active site amino acid of the 5D73
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Fig. 7 Frontier molecular orbital diagrams for HOMO and LUMO for a 4C, b 4F, and c 3F calculated at the B3LYP/6-31G(d) level

Table 6 The drug likeness of 4C,
4F, and 3F Molecules/ligands

a) Lipinski filter analysis

Lipinski filters 4C 4F 3F

Mass 301.0 324.5 327.5

Hydrogen bond donor 1 1 2

Hydrogen bond acceptors 3 3 3

cLogP 1.911460 1.697250 1.144460

Molar refractivity 78.222702 77.119698 77.417397

b) admetSAR analysis (parameters)

Absorption

Blood–brain barrier BBB+ BBB+ BBB+

Human intestinal
absorption

HIA+ HIA+ HIA+

Caco-2 permeability Caco2+ Caco2+ Caco2+

P-glycoprotein substrate Nonsubstrate Nonsubstrate Nonsubstrate

AMES toxicity Non-AMES toxic Non-AMES toxic Non-AMES toxic

Carcinogens Noncarcinogens Noncarcinogens Noncarcinogens

Acute oral toxicity III III III

Rat acute toxicity 2.3058 LD50, mol/kg 2.1121 LD50, mol/kg 2.4061 LD50, mol/kg

CYP45 substrate and
inhibitor

Nonsubstrate,
noninhibitor

Nonsubstrate,
noninhibitor

Nonsubstrate,
noninhibitor

hERG Weak inhibitor Weak inhibitor Weak inhibitor
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