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Abstract
Visceral leishmaniasis (VL) is a neglected tropical disease that mainly affects the poor population of the Indian, African, and 
South American subcontinent. The increasing resistance to antimonial and miltefosine and frequent toxicity of amphotericin 
B drives an urgent need to develop an anti-leishmanial drug with excellent efficacy and safety profile. In this study, three 
sequential docking protocols (HTVS, SP, and XP) were performed to screen the secondary metabolites (n = 6519) from the 
actinomycetes source against five key proteins involved in the metabolic pathway of Leishmania donovani. Those proteins 
were adenine phosphoribosyltransferase (PDB ID: 1QB7), trypanothione reductase (PDB ID: 2JK6), N-myristoyl transferase 
(PDB ID: 2WUU), pteridine reductase (PDB ID: 2XOX), and MAP kinase (PDB ID: 4QNY). Although the binding energy 
of top ligands was predicted using the MM-GBSA module of the Schrödinger suite. SP and XP docking mode resulted in 
55 multi-targeted ligands against L donovani. MM-GBSA analysis selected the top 18 ligands with good-binding affinity 
and the binding-free energy for four proteins, as mentioned earlier, when compared with the miltefosine, paromomycin, and 
a reference ligand selected for each target. Finally, molecular dynamics simulation, post-MD-binding-free energy (MM-
PBSA), and principal component analysis (PCA) proposed three best ligands (Adenosine pentaphosphate, Atetra P, and 
GDP-4-keto-6-deoxymannose) qualifying the above screening parameters and confirmed as a potential drug candidate to 
fight against Leishmania donovani parasites.

Keywords  Secondary metabolites · Leishmania donovani · Visceral leishmaniasis infection · Actinomycetes · HTVS ·  
MM-PBSA · PCA

Introduction

Leishmaniasis is a severe infection that affects 0.3 million 
people living in 97 countries and three territories worldwide 
(Diseases 2017). There are three forms of leishmaniasis; 
namely, visceral leishmaniasis (VL), mucocutaneous leish-
maniasis (MCL), and cutaneous leishmaniasis (CL). Among 
these three forms of leishmaniasis, VL or Kala-azar is the 
most intense and fetal form of leishmaniasis worldwide. If 
left untreated, it causes inevitable mortality within 2 years 
after the onset of the disease (Pandey et al. 2015). As per 
the 2020 WHO report, more than 79% of global cases of 
VL were reported from only six countries, namely India, 

Brazil, Ethiopia, Kenya, Eritrea, and Sudan. In India, VL 
cases abruptly declined by 97% from 1992 to 2020. Death 
cases have also decreased in the last 20 years, from 1419 
deaths in 1992 to 37 in 2020 (Ruiz-Postigo et al. 2020; Gill 
et al. 2021).

The causative agent of visceral leishmaniasis is the proto-
zoan parasite, mainly Leishmania donovani and L. infantum 
in the Old World and New World, respectively (Pandey et al. 
2016). VL spreads by biting of the hitherto infected female 
sand-fly vector of the genus Phlebotomine. The Leishmania 
parasite spends most of its life in the female sand-fly, but it 
replicates in the mononuclear phagocytes (Killick-Kendrick 
1990). Symptoms of VL include swelling of visceral organs 
like the spleen and liver, followed by pancytopenia, fever, 
cachexia, and epistaxis.

Only a few anti-leishmanial drugs have been approved to 
treat VL, but these drugs are associated with severe toxicity, 
resistance, and high cost, which do not fulfill the objective 
of anti-leishmanial drug discovery. Pentavalent antimonial 
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was introduced in the early 1940s as a primary treatment 
option against VL (Prajapati and Pandey 2017). However, 
it has a long injection schedule of 4 weeks that causes pain. 
In India's Bihar state, around 1/3rd of VL patients have 
developed high resistance against this drug, and 7–10% of 
patients face the life-threatening cardiotoxicity problem. 
Amphotericin B (first-line parenteral treatment) was intro-
duced as a replacement option against antimonial drugs. It 
has shown good efficacy, but rigors and chill during infusion 
and nephrotoxicity were the major hindrances to the success 
of this drug (Sundar et al. 2004). Miltefosine (alkyl phospho-
lipids) was the first oral drug introduced to treat VL, origi-
nally deliberated as an antitumor agent. Nevertheless, it has 
shown a relapse rate of 7–10 and 20% among the patients at 
a follow-up period of 6 and 12 months, respectively, in the 
clinical trials conducted in India and Nepal (Sundar et al. 
2012). Paromomycin, an aminoglycoside antibiotic isolated 
from Streptomyces rimosus, inhibits protein synthesis and is 
effective against Leishmania infection, and has shown a cure 
rate of 94.6% (Sundar et al. 2007). The major drawbacks 
of this drug are the requirement of intramuscular injections 
for three weeks, serum transaminase monitoring, and unsafe 
for pregnant women. Therefore, there is a need to develop 
a new anti-leishmanial drug with good efficacy and safety. 
This study applied a computational biology approach to find-
ing new anti-leishmanial compounds with good efficacy and 
negligible toxicity.

Here, we screened the library of actinomycetes second-
ary metabolites-based novel inhibitors targeting five key 
leishmania metabolic pathways enzymes. The first enzyme 
selected was adenine phosphoribosyltransferase (PDB ID-
1QB7), which converts the salvage adenine into adenosine-
5-monophosphate (Phillips et al. 1999). However, the pro-
mastigotes form of L. donovani does not require APRT for 
adenine salvage (Hwang and Ullman 1997) but APRT has 
a crucial role in the amastigote form (Looker et al. 1983). 
Owing to the absence of de novo biosynthetic pathway for 
purines in Leishmania parasites, they scavenge purines from 
their host (Hassan and Coombs 1988). Therefore, it can be 
selected as a novel target for developing the anti-leishmanial 
drug.

Trypanothione reductase (PDB ID-2JK6) is the second 
enzyme used for this study, as it maintains the reduced intra-
cellular environment of the Leishmania parasite (Tovar et al. 
1998). In humans, instead of TR-trypanothione, glutathione 
reductase-glutathione is present. Moreover, its presence in 
the parasite antioxidant system makes it a novel drug target 
for drug discovery against Leishmania parasite (Pandey et al. 
2015). Hence, the specific inhibitors of this enzyme can be 
used to develop the anti-leishmanial drug.

N-myristoyltransferase (PDB ID-2WUU), the third 
enzyme included in this study, lapidates the N-terminal spe-
cific target proteins through post-translational modification 

and act as a potential drug target against Leishmania (Tate 
et al. 2014). It plays a vital role in various cellular processes, 
including vesicular protein trafficking, signal transduction, 
and promotes membrane binding. This novel enzyme has the 
potential to develop a new drug, and it is necessary for cell 
viability (Brannigan et al. 2010).

The fourth enzyme is Pteridine reductase (PDB ID-
2XOX), an NADPH-dependent short-chain reductase, 
involved in the salvage of pterin and antifolate resistance 
(Nare et al. 1997). In Leishmania, the PTR1 gene has shown 
resistance towards methotrexate, but dihydrofolate reduc-
tase can inhibit it (Kumar et al. 2008). Hence, it acts as a 
metabolic by-pass of dihydrofolate reductase thymidylate 
synthase. Therefore, for the production of anti-leishmanial 
drugs, dihydrofolate, and pterin can be used as a target. Deg-
radation of PTR1 in Leishmania is an excellent approach for 
new drug development.

Map kinase (MAPK) (PDB ID-4QNY) is the fifth enzyme 
that has serine and threonine protein kinases and autophos-
phorylation activity and is highly conserved in eukaryotes 
(Soares-Silva et al. 2016). This enzyme is involved in sig-
nal transduction cascades and regulates cellular activities 
such as cell proliferation, differentiation, mortality, stress 
response, and apoptosis (Soares-Silva et al. 2016; Kaur et al. 
2017). Generally, this type of intracellular signaling path-
way in the host is targeted by pathogens to inhibit immune 
responses (Soares-Silva et al. 2016).

Owing to the essential physiological role in Leishmania 
metabolism, all these proteins were included as a drug target 
and subjected to the computational study. Actinobacteria is 
one of the largest taxonomic units of the bacterial domain, 
and are filamentous, gram-positive bacteria that possess anti-
microbial and anti-protozoan activity (Ventura et al. 2007). 
Actinomycetes are cosmopolitan, but mainly they thrive in 
the soil. About 45% of the bioactive secondary metabolites 
(produced by the microorganisms) come from the actinomy-
cetes (Bérdy 2005). Secondary metabolites are not directly 
involved in the growth or development process, but survive 
interspecies competition, provide defensive mechanisms 
against stress, and facilitate reproductive processes prove 
as a potential source to cure many diseases. Hence, for the 
development of the new anti-leishmanial drug, we have 
highlighted the binding interaction of actinomycetes sec-
ondary metabolite against five key enzymes of L. donovani, 
which has already been discussed in the above section.

This study starts with the literature search to find actino-
mycetes secondary metabolites with potent anti-leishmanial 
activity. We have selected StreptomeDB 3.0, which is an 
updated compendium of Streptomycetes natural product 
library (Moumbock et al. 2021). Further, molecular docking 
and MM-GBSA screening against the aforementioned target 
proteins were performed to evaluate their binding interaction 
and energy. Finally, a molecular dynamics simulation study 
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was performed to check the stability of the protein–ligand 
complex (Fig. 1).

Materials and methods

This study warrants the search for new anti-leishmanial com-
pounds of actinomycetes origin against five key enzymes of 
Leishmania donovani metabolic pathways. All secondary 
metabolites were obtained from StreptomeDB, a library of 
natural compounds obtained from the Streptomycetes, while 
proteins were retrieved for the protein data bank. The whole 
process was performed in a sequential manner, as described 
below.

Procurement of actinomycetes secondary 
metabolites library

A literature survey was conducted using the PubMed data-
base (https://​www.​ncbi.​nlm.​nih.​gov/​pubmed/) in search of 

secondary metabolic compounds. We got a library named 
StreptomeDB 3.0; this is the third version of the strep-
tomeDB library. This StreptomeDB 3.0 library was pub-
lished in Nucleic Acid Research on 13 October 2020. This 
library was initially released in 2012 with 2444 compounds 
from 1985 organisms (including strains). In the latest release 
of 2020, there are 6524 secondary metabolites isolated from 
3302 organisms/strains (Moumbock et al. 2021). Strep-
tomeDB was initially released in 2012 with 2444 compounds 
from 1985 organisms, including strains (Lucas et al. 2012).

Miltefosine, Paromomycin was included as a positive 
control for all the leishmanial proteins. At the same time, 
specific inhibitors for all selected targets were also included 
for comparison purposes.

Ligand preparation

The ligands obtained from the database must be prepared 
before going for the molecular docking studies. A sum of 
6524 ligands was obtained from the database are subject 

Fig. 1   Schematic representation of workflow and hypothesis of bio-
informatic (in-silico) approach used in virtual screening of actino-
mycetes derived secondary metabolites. HTVS High-throughput 
Virtual Screening, SP Special Precision, XP Extra Precision, APRT 

Adenosine phosphoribosyl transferase, TR Trypanothione reductase, 
NMT N-Myristoyl Transferase, PTR Pteridine reductase, MAPK MAP 
Kinase

https://www.ncbi.nlm.nih.gov/pubmed/
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to the LigPrep (Chander et al. 2017; Schrödinger Release 
2017a, b-4: LigPrep) module of the Schrodinger suite. The 
motive behind the ligand preparation is to generate a low 
energy structure with correct chirality in 3D form. Each pos-
sible tautomer and ionization states for the input ligand was 
generated using the Epic, while the Sterioizer module of the 
Schrodinger suite was used to retain the correct chirality. All 
the torsional bond of the ligand was set free, and one stere-
oisomer was prepared for each ligand. Finally, the prepared 
ligands were optimized by using the OPLS_2005 force field.

ADME prediction for the prepared ligands

ADME stands for the absorption, distribution, metabolism, 
and elimination from the body. These parameters determine 
the drugability of the ligand from the pharmaceutical per-
spective. In detail, these parameters determine the absorp-
tion of drugs within our body, followed by distribution to 
different body parts, the role of the drug in host metabolism, 
and finally, elimination from the body. Therefore, the ligand 
output (n = 6524) of LigPrep was used for the ADME predic-
tion using the QikProp module (Pandey and Prajapati 2017; 
Schrödinger Release 2017a, b-4: QikProp) of the Schrod-
inger suite. Only ligands passing on the ADME parameters 
were selected to perform molecular docking experiments.

Protein preparation

The protein selected for the docking study must be prepared 
to fill missing side chains and loops followed by the hydro-
gen bond assignment. All five proteins, namely Adenine 
phosphoribosyltransferase (PDB ID: 1QB7), trypanothione 
reductase (PDB ID: 2JK6), N-myristoyl transferase (PDB 
ID: 2WUU), pteridine reductase (PDB ID: 2XOX), and 
MAP kinase (PDB ID: 4QNY), were subjected to the pro-
tein preparation using protein preparation wizard (Madhavi 
Sastry et al. 2013; Ahluwalia et al. 2017) module of Schrod-
inger suite. Protein preparation involves the removal of water 
molecules and co-crystallized ligand, cofactors, and metal 
ions with missing atoms. After pre-processing, the protein 
molecules were subjected to the restrained minimization 
using Optimized Potential for Liquid Simulation (OPLS-
2005) force field.

Binding site prediction and grid generation

In order to perform the binding energy prediction of the 
secondary metabolite against the five target proteins, it was 
necessary to determine the active site of all five proteins. 
Binding site residue for four proteins, trypanothione reduc-
tase (Pandey et al 2016, 2017a; c), adenine phosphoribo-
syltransferase (Phillips et al. 1999), N-myristoyl transferase 
(Brannigan et al. 2010), and pteridine reductase (Barrack 
et al. 2011), were obtained from work published elsewhere. 
Although the active site residues for MAP kinase were 
obtained from the interaction of ligand (Wernimont et al. 
2014), which is already present in the PDB file obtained 
from the protein data bank.

The grid generation module of Glide was used to locate 
the Grid position in all five proteins. The grid for all the 
targets was generated using amino acid residues surround-
ing the active site.

Docking analysis

To screen the compounds with the highest binding energy 
against target proteins, three sequential docking methods, 
namely, high-throughput virtual screening (HTVS), stand-
ard precision (SP), and extra precision (XP) were used. The 
main difference between these three modes is the algorithm 
used to predict the binding affinity. HTVS and SP use the 
self-same scoring function while XP reduces the thorough-
ness of the endmost torsional refinement, and sampling 
also minimizes the number of intermediate conformations 
throughout the docking. Scoring function XP performs more 
extensive sampling than SP. XP takes a little longer than SP 
because it removes the false positive binders. Initially, 6524 
secondary metabolites from Streptomycetes and their refer-
ence ligands were screened by the HTVS module against all 
5 proteins. The top 20% ligands of the HTVS output were 
selected and subjected to the SP module of docking. Among 
the top 20% output of SP docking, those ligands with higher 
binding affinity for all five proteins were screened out and 
subjected to the XP docking model to remove the false posi-
tive ligands. After XP docking, top ligands with good scores 
were selected as top hits against all five proteins.

Table 1   Target positive 
controls used in the study for 
comparative analysis

S. no. Protein target Positive control PubChem CID Reference

1 Trypanothione reductase Phenothiazine 7108 (Chan et al. 1998)
2 Mitogen-activated protein kinases PD 169316 4712 (Reddy et al. 2017)
3 N-Myristoyl transferase DDD100097 58561169 (Corpas-Lopez et al. 2018)
4 Pteridine reductase Thianthrene 7109 (Kaur et al. 2012)
5 Adenine phosphoribosyl transferase Allopurinol 135401907 (Marr and Berens 1977)
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Molecular mechanics, the generalized born model, 
and solvent accessibility

After the docking experiment, top hits were subjected to the 
MM-GBSA module of the Prime tool to calculate ligand-
binding energies and strain energies. The “pv.maegz” file 
of the protein and ligand complex obtained by XP docking 
is required by MM-GBSA, which results in ligand ranking 
based on the predicted binding energies, i.e. MM-GBSA 
dG binds. The study has been completed by creating a flex-
ible active site of protein with a distance of 5 Å that could 
be adjusted depending on the input ligand. Prime uses the 
VSGB 2.0 solvation model, a revolutionary model for high-
resolution protein modeling, and the OPLS_2005 force field 
to determine scores (Naik et al. 2021; Singh et al. 2022). If 
the calculated binding energy shows a more negative effect, 
then it indicates a stronger binding affinity. The combined 
grid file of all five proteins and ligands was imported into 
the prime MM-GBSA module to determine the relative bind-
ing energies of all top selected ligands with the receptor 
molecule.

Molecular dynamics simulation

Molecular dynamics (MD) simulation method is used 
to determine the ligand and receptor binding and physi-
cal movement of atoms or molecules. To perform the 
molecular dynamics simulation study, WebGRO for 

Macromolecular Simulations (https://​simlab.​uams.​edu/) 
(Balasubramaniam and Williams 2020). GROMACS 
software package was used to rapidly calculate the bond-
ing and non-bonding interactions. The top three ligands 
with good docking and MM-GBSA score, and less toxic-
ity were selected to perform the molecular dynamics. For 
the simulation process GROMOS96, 43a1 force field was 
used. This force field describes how the molecules/atoms 
interact with each other within the system. After selecting 
the force field, the triclinic solvent box and SPC water 
model were selected (Bekker et al. 1993; Oostenbrink 
et al. 2004). Using the periodic boundary conditions, the 
distance between the protein–ligand complex and solvent 
box was adjusted, and then to neutralize the system, coun-
ter ions like Na+ and Cl– were added. Then the energy 
minimization step was executed with the help of the steep-
est descent algorithm, the maximum force of 5000 was 
provided to confirm whether the steric clashes were pre-
sent or not between the protein–ligand complexes within 
the solvent system. Next, the equilibration process was 
performed using the NVT and NPT ensembles. To keep 
the system at stable environment, temperature and pressure 
was maintained at 300 K and 1 ATM, respectively. In the 
final step, molecular dynamics simulations were accom-
plished for 100 ns. Molecular dynamics simulation was 
carried out for all the selected complexes, and the entire 
simulation process was later examined by calculating the 
structural deviations, RMSD, RMSF, Radius of gyration 

Table 3   Predicted ADME properties of potential secondary metabolites of Streptomyces sp 

S.No Potential secondary metabolites Donor
HB

Accpt
HB

QPlog
Po/w

QPlogS QPlog
HERG

QPlog
BB

QPP
Caco

QPP
MDCK

QPlog
Kp

QPlog
Khsa

1 Adenosine pentaphosphate 4.00 28.10  – 3.88 1.10 5.38  – 7.33 0.00 0.00  – 10.65  – 4.13
2 Arcticoside 7.00 21.75  – 2.69  – 1.88  – 5.52  – 3.90 6.89 2.28  – 5.78  – 1.70
3 Atetra P 4.00 24.10  – 3.01 0.57 4.20  – 5.62 0.00 0.00  – 9.30  – 3.33
4 Carminomycinol 5.00 11.80 0.42  – 3.09  – 6.22  – 2.80 3.16 1.09  – 7.68  – 0.25
5 dTDP-6-deoxy-D-allose 5.00 21.70  – 2.22  – 1.54  – 1.30  – 3.99 0.25 0.11  – 6.83  – 2.15
6 GDP-4-keto-6-deoxymannose 7.00 25.70  – 4.30  – 1.06  – 1.44  – 5.23 0.02 0.01  – 8.74  – 2.49
7 Gobichelin B 5.25 16.60  – 1.66  – 1.37  – 2.03  – 6.02 0.03 0.02  – 9.13  – 1.65
8 Guanosine pentaphosphate 4.00 26.90  – 3.27 0.76 7.38  – 7.87 0.00 0.00  – 11.77  – 4.08
9 Guanosine tetraphosphate 4.00 22.90  – 2.47  – 0.03 5.87  – 6.65 0.00 0.00  – 10.77  – 3.32
10 Histomodulin 4.00 15.20 0.30  – 3.70  – 5.49  – 3.87 4.67 1.50  – 6.20  – 0.58
11 JBIR-133 3.00 5.00 2.09  – 3.41  – 1.52  – 1.94 3.27 1.65  – 4.80  – 0.48
12 N-acetylglucosamine 7.00 25.90  – 4.97  – 0.44  – 0.19  – 6.00 0.01 0.00  – 9.46  – 2.86
13 Nikkomycin pseudo-J 10.50 20.55  – 6.02  – 0.63 0.22  – 6.03 0.00 0.00  – 11.87  – 2.35
14 Quercetin glucoside 7.00 13.75  – 1.24  – 2.89  – 5.82  – 3.86 3.46 1.08  – 6.37  – 0.92
15 Sharkquinone 1.00 4.00 2.33  – 4.11  – 4.94  – 1.66 82.84 33.50  – 4.34 0.27
16 Solphenazine F 6.00 19.00  – 0.92  – 2.50  – 5.82  – 2.40 85.80 34.80  – 3.55  – 1.27
17 N,N',N'-tris(2,3-

Dihydroxybenzoyl)-O-L-seryl-
O-L-seryl-L-serine

4.50 13.70 2.30  – 6.20  – 6.21  – 7.72 0.02 0.01  – 7.87  – 0.20

18 Naquihexcin A 5.00 22.75 0.04  – 3.30  – 3.76  – 4.65 0.26 0.08  – 7.16  – 1.04

https://simlab.uams.edu/
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(Rg), SASA, and hydrogen bonding. RMSD is the measure 
of average deviation in a backbone atom when superim-
posed. RMSF denotes the average deviation in amino acid 
residues during the entire period of dynamics, whereas Rg 
tells about the compactness of the complex. The output 
molecular dynamics results were visualized with the help 
of PyMOL and XMgrace software. Molecular mechanics 
Poisson-Boltzmann surface area (MM-PBSA) was used 
to estimate post-MD-binding energy. The MM-PBSA 
method is commonly used to calculate the binding-free 
energy of a biomolecular interaction and is often used 
as a scoring function in computer-aided drug discovery. 
The MM-PBSA was calculated using the g_mmpbsa tool, 
which is part of the open-source drug discovery consor-
tium and was developed by Rashmi Kumari (Kumari et al. 
2014). G_mmpbsa calculates molecular mechanics energy, 

polar solvation energy, non-polar solvation energy, and 
residue-wise energy contribution using the APBS and 
GROMACS libraries. For one step binding energy cal-
culation, g_mmpbsa requires the molecular dynamics 
simulation output files (xtc, tpr, and index file) and the 
input parameter file for polar and non-polar solvation ener-
gies (pbsa.mdp). The MmPbSaStat.py (python script) and 
the output files from one step binding energy calculation 
(energy_MM.xvg, polar, and apolar.xvg) are required for 
average binding free energy calculation. Principal com-
ponent analysis (PCA) is a dimensionality reduction tech-
nique and has been used for many decades at least to inter-
pret large datasets with minimal information loss (Jolliffe 
et al. 2016). PCA was computed using the GROMACS 
command line and the MD simulation output files, whereas 
the results were analyzed using XMgrace.

Fig. 2    Ligand interaction diagram of Adenosine phosphoribosyl transferase with different proteins A Adenosine phosphoribosyl transferase, B 
MAP Kinase, C Pteridine reductase, and D Trypanothione reductase
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Results

Ligand library construction, preparation, and ADME 
analysis

This study starts with the literature survey to identify 
the secondary metabolites of actinomycetes origin or a 
natural product library from actinomycetes. We selected 
StreptomeDB 3.0, that contains nearly 6524 compounds 
from 3302 organisms/strains. Library also contains NMR 
data, MS data, and ADMET properties of most of the com-
pounds present in the library. These ligands were subjected 
to the LigPrep module to obtain an energy-minimized 
structure in 3D form. At the end of ligand preparation, 
obtained ligands were subjected to the QikProp module for 
the ADME evaluation. The ADME parameters including 
this study were molecular weight (range 130–725 Da), the 
number of Hydrogen bond donors (range 0–6) and acceptor 
(02–20), octanol–water partition coefficient (– 2 to 6.5), 

and rule of five (max 4). All these parameters were con-
sidered for the ligand evaluation for further study. Milte-
fosine (PubChem CID: 3599), Paromomycin (PubChem 
CID:165580) were used as the reference ligands against 
all the protein targets. Target positive controls specific for 
each target were summarized in Table 1 along with their 
PubChem CID and references. Prediction of principle 
drug characteristic value of potential secondary metabo-
lites from Steptomyces sp are compiled in Table 2, along 
with PubChem CID, organism from secondary metabolites 
isolated, molecular weight, SASA, FOSA, FISA, PISA, 
WPSA, and volume. Table for ADME properties predic-
tion of potential secondary metabolites from Streptomy-
cetes are summarized in Table 3 with complete details.

Molecular docking study

The output ligands of LigPrep and QikProp, along with 
reference ligands, were subjected to docking in three 

Fig. 3   Interaction of Atetra P with A Adenosine phosphoribosyl transferase, B MAP Kinase, C Pteridine reductase, and D Trypanothione reduc-
tase
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consecutive modes (HTVS, SP, and XP), and different num-
bers of ligands were obtained as output in the case of dif-
ferent proteins. A total 20% of the HTVS output of respec-
tive proteins were selected and subjected to the SP mode 
of docking with the same protein, and their docking score 
was obtained. In the next step, selected ligands along with 
three reference ligands were subjected to the XP mode of 
docking to remove the false positive binder. The output was 
obtained in excel format, and only good binder ligands, i.e., 
having more negative docking scores, were selected as the 
final ligands. The docking score of ligands after XP docking 
with the Adenine phosphoribosyl transferase, Trypanothione 
reductase, N-Myristoyl transferase, Pteridine reductase, and 
Map Kinase, ranging from (– 15.82 to – 0.76), (– 15.86 to 
– 3.01), (– 11.81 to – 1.59), (– 13.16 to – 3.34), and (– 12.95 
to – 4.35) Kcal/mol, respectively. After that, results were 
narrowed down to search ligands that interact with more 
than one target protein. We found 55 multi-targeted ligands 
that interact with more than one protein target. Three ligands 

target four proteins, 15 ligands target three, and 37 with two 
protein targets. In Table 4, we have summarized the top 18 
ligands targeting three and four leishmanial proteins, along 
with the docking score of ligands and their positive control. 
All selected ligands have higher docking scores against five 
proteins representing the high binding affinity for respective 
proteins compared to specific reference ligands. The docking 
score of multi-targeted ligands with the Adenine phospho-
ribosyl transferase, Trypanothione reductase, N-Myristoyl 
transferase, Pteridine reductase, and Map Kinase, ranging 
from (– 15.82 to – 7.68), (– 12.37 to – 7.11), (– 9.32 to 
– 4.74), (– 13.16 to – 6.79), and (– 12.95 to – 8.73) Kcal/
mol, whereas the docking score for specific target positive 
control were – 3.67, – 4.37, – 3.04, – 3.74, and – 4.40 kcal/
mol, respectively. The docking score of another positive 
control, Miltefosine, was also lower than selected ligands 
(except for N-Myristoyl transferase, which has the highest 
docking score of – 11.27 kcal/mol), showing good inter-
action between protein and ligand. The docking scores of 

Fig. 4   GDP-4-keto-6-deoxymannose interacting with A Adenosine phosphoribosyl transferase, B MAP Kinase, C Pteridine reductase, and D 
Trypanothione reductase
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Fig. 5   Graphical representation of Root-mean square deviation of 
complex A Adenosine pentaphosphate and MAP kinase, B Adenosine 
pentaphosphate and Trypanothione reductase, C Atetra P and MAP 

kinase, D Atetra P and Trypanothione reductase, E GDP-4-keto-6-de-
oxymannose and MAP kinase, F GDP-4-keto-6-deoxymannose and 
Trypanothione reductase
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Fig. 6   Graphical representation of Root-mean square fluctuation of 
complex A Adenosine pentaphosphate and MAP kinase, B Adenosine 
pentaphosphate and Trypanothione reductase, C Atetra P and MAP 

kinase, D Atetra P and Trypanothione reductase, E GDP-4-keto-6-de-
oxymannose and MAP kinase, F GDP-4-keto-6-deoxymannose and 
Trypanothione reductase
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Paromomycin (another positive control) are better than a 
few ligands, but most of the ligands have a better docking 
score than Paromomycin (Table 4). The best three ligands 
(Adenosine pentaphosphate, Atetra P, and GDP-4-keto-
6-deoxymannose) interacted with the maximum number of 
targets (Adenine phosphoribosyl transferase, Map Kinase, 
Pteridine reductase, and Trypanothione reductase). Ligand 
interaction diagram and interacting residues for Adenosine 
pentaphosphate, Atetra P, and GDP-4-keto-6-deoxymannose 
with Adenine phosphoribosyl transferase, Map Kinase, Pter-
idine reductase, and Trypanothione reductase were shown in 
Figs. 2, 3, and 4, respectively.

Miltefosine was designated owing to its large success 
rate as an oral agent in the Indian subcontinent (> 94% 
cure rate), whereas in Guatemala, miltefosine treatment 
failed miserably with a cure rate of only 53% (Soto et al. 
2004). Miltefosine, an alkylphosphocholine, was initially 
investigated for cancer and linked to cancer treatment, 
and accredited for the treatment of leishmaniasis in India 
(Glantz-Gashai et al. 2017). Li et al., by obstructing the 
function of molecular chaperones HSP90, miltefosine has 
been studied as a powerful and extensive HSP90 inhibitor 
with anticancer activity (Li et al. 2021). As an injectable 
drug paromomycin has also been approved for the treat-
ment of leishmaniasis in the Indian subcontinent (Jhingran 
et al. 2009).

Identification of potential multi‑targeted inhibitors 
against Leishmania donovani crucial proteins 
and their functions

Adenosine pentaphosphate, Atetra P, and GDP-4-keto-
6-deoxymannose were the top three ligands, and during 
molecular docking studies, interacted with these four targets: 
Adenine phosphoribosyl transferase (APRT), Map Kinase 
(MAPK), Pteridine reductase (PTR1), and Trypanothione 
reductase (TR).

Adenosine pentaphosphate

Adenosine pentaphosphate, a structural analog of adenosine 
5' diphosphate, may inhibit platelet aggregation and shape 
change during the human platelet response (Lienhard and 
Secemski 1973). Some studies claim that this nucleotide 
polyphosphate is vasoactive in nature, but there is no evi-
dence to support this claim (Lienhard and Secemski 1973; 
Jiménez et al. 1998).

Adenosine pentaphosphate interacts through a strong 
hydrogen bond with binding pocket residues of APRT 
(Arg37, Asp80 & 146, Thr151, Gly152, Thr154, Glu127, 
Ala124 and 125), MAPK (Lys51, Glu70, Asp105, Met107, 

Gln113, Asn154, Asp167), PTR1 (Thr12, Lys16, Arg17, 
His38, Arg39, Ser40 and 185), TR (chain A: Asp432 and 
Ser464; chain B: Lys61, Gln68, Glu75 and 436); Pi−cation 
interaction with APRT (Lys186), and TR (chain B: Lys61); 
whereas Pi−Pi stacking interaction with APRT (Tyr117), 
and PTR1 (Hie36).

Atetra P

Atetra P is a vasodilator that has been discovered and iden-
tified in the human body. They are mostly present in myo-
cardial tissues, which control microcirculations in the heart 
(Burnstock and Pelleg 2015). Ap4 has also been proposed 
as a metabolite that facilitates cell signaling in mammals in 
some studies (Kimura et al. 2018). Additionally, this com-
pound has been shown to significantly reduce platelet aggre-
gation (Agarwal 1996).

Atetra P interacts through strong hydrogen bond with 
binding pocket residues of APRT (Arg37, Glu120, Ala124, 
Val148, Val149, Ala150, Thr151, Gly152, and Thr154), 
MAPK (Gly33, Lys51, Asp105 and 110, Asn154, and 
Asp167), PTR1 (Thr12, Lys16, Agr17, His38, and Ser40), 
and TR (chain A: Leu399, Gly459, Glu466 and 467, and 
Cys469); and Pi−Pi stacking interaction with Hie36 of 
PTR1.

GDP‑4‑keto‑6‑deoxymannose

GDP-4-keto-6-deoxymannose is a natural substance that 
regulates the formation of GDP-fucose. Fucose-containing 
glycans serve important roles in mammalian blood transfu-
sion reactions, selectin-mediated leukocyte−endothelial 
adhesion, host−microbe interactions, and various onco-
genic events, such as Notch receptor signaling. Salvage 
and de novo processes in mammalian cells are known to 
be involved in GDP synthesis. GMD acts as an enzyme 
intermediate during the fucose production process (Sul-
livan et al. 1998). Fucosylation of eukaryotic glycans by 
humans has been linked to a number of oncogenic signal-
ing pathways, including selectin-mediated leukocyte adhe-
sion to endothelial cells and host−microbe interactions 
(Nakayama et al. 2003).

GDP-4-keto-6-deoxymannose interacts through a strong 
hydrogen bond only with the binding pocket residues of 
APRT (Glu120 and 123, Ala124 and 125, Glu 127, and 
Asp146), MAPK (Ser31, Met107, Asp149, Ala153, 
Asn154, and Asp167), PTR1 (Arg17 and 39, Ser40, 
Ala110, Ser111, Asn147, and Gln186), and TR (chain A: 
Glu466 and 467; chain B: Lys61, Pro336, and Asn340).
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Prime MM‑GBSA analysis to determine the binding 
energy

In order to validate the binding affinity of top ligands 
received from XP docking against five proteins, binding 
energy was evaluated using the Prime MM-GBSA module 
of the Schrödinger suite. The docked posed of proteins and 
ligands were initially minimized using the Prime tool (inte-
grated tool of Schrödinger software), followed by binding-
free energy calculation using the OPLS-2005 force field. The 
∆G scores obtained for the ligands ranged from (– 133.46 
to – 20.17), (– 141.34 to – 32.46), (– 133.89 to – 13.95), 
(– 130.81 to – 14.21), and (– 101.38 to – 14.48) Kcal/mol 
against Adenine phosphoribosyl transferase, Trypanothione 
reductase, N-Myristoyl transferase, Pteridine reductase, and 
Map Kinase, respectively. Binding free energy of multi-tar-
geted ligand ranging from (– 99.81 to – 31.85), (– 117.58 to 
– 63.41), (– 53.34 to – 46.08), and (– 93.01 to – 46.44) Kcal/
mol against Adenine phosphoribosyl transferase, Trypan-
othione reductase, N-Myristoyl transferase, Pteridine reduc-
tase, and Map Kinase, respectively. The score obtained for 
the reference ligands are also comparable. Considering the 
overall docking score and ∆G score, we found that proteins, 
namely Trypanothione reductase and MAP Kinase, have 
good docking and binding free energy scores with three 
ligands, namely Adenosine pentaphosphate, Atetra P, and 
GDP-4-keto-6-deoxymannose. Therefore, this ligand com-
plex with Trypanothione reductase and Map Kinase was 
selected for the molecular dynamics simulation study to 
determine its complex stability.

Molecular dynamics simulation study

The top hits compounds from the virtual screening and MM-
GBSA studies were investigated once again to evaluate the 
consistency of ligand binding to the active sites of the tar-
get proteins, which was confirmed via molecular dynam-
ics. Three compounds (Adenosine pentaphosphate, Atetra 
P, and GDP-4-keto-6-deoxymannose) in complex with Map 
Kinase and Trypanothione reductase were subjected to 
100 ns dynamics using GROMOS96 43a1 forcefield through 
WebGRO.

In combination with Map Kinase and Trypanothione 
reductase, the average RMSD score of Adenosine 

pentaphosphate was 0.59 and 0.36 nm, Atetra P was 0.61 
and 0.35 nm, and the ligand GDP-4-keto-6-deoxymannose 
was 0.79 and 0.31 nm, respectively. The RMSD of the AP-
MAPK complex constantly grows up to 45 ns, but after that 
it stabilises with little deviations. Similarly, the RMSD of 
the AP-TR complex consistently increases up to 30 ns, but 
after that it gets stabilized with minimal deviations (Fig. 5).

The average RMS fluctuation score of Adenosine pen-
taphosphate, Atetra P, and the ligand GDP-4-keto-6-deox-
ymannose in conjunction with Map Kinase was 0.23, 0.19, 
and 0.27 nm, respectively. The average RMS fluctuation 
score for Adenosine pentaphosphate was 0.18 nm, Atetra P 
was 0.18 nm, and the ligand GDP-4-keto-6-deoxymannose 
was 0.19 nm with Trypanothione reductase, respectively 
(Fig. 6). All complexes had less variation based on average 
RMSF scores. The RMS fluctuation of ligands in compound 
with Trypanothione reductase is lower than that of ligands 
in complex with MAP Kinase.

The average number of hydrogen bond formation between 
protein–ligand complex, during the molecular dynamics 
period of 100 ns was 3.05 and 6.17 for Adenosine pen-
taphosphate, 4.00 and 3.87 for Atetra P, and 4.19 and 7.52 
for the ligand GDP-4-keto-6-deoxymannose, in complex 
with Map Kinase and Trypanothione reductase, respectively. 
In case of MAP Kinase, the number of H-bond was consist-
ent throughout the dynamics, except GDP-MAPK that shows 
H-bond breaking and formation throughout the period, but 
in last 50 ns the number of H-bonds were maximum. Simi-
larly, for Trypanothione reductase the number of H-bonds 
were consistently higher for AP and GDP, whereas ATETRA 
shows fluctuation in number of H-bond formation and break-
ing throughout the period (Fig. 7).

The surface area accessible to the solvent is estimated 
using the Solvent Accessible Surface Area (SASA) of 
protein–ligand complexes to determine the interaction of 
the protein–ligand complex with the solvent molecules. 
The ligands in complex with MAP Kinase and Trypan-
othione reductase were estimated with an average SASA 
score of 292.42 and 353.59 nm2 for Adenosine pentaphos-
phate, 295.48 and 354.59 nm2 for Atetra P, and 290.14 and 
363.52 nm2 for GDP-4-keto-6-deoxymannose, respectively. 
As the dynamics time goes on, the SAS area of all the com-
plexes decreases till it reaches 100 ns, showing structural 
uniformity (Fig.  8). The SASA of ligands docked with 
MAPK is less than 300 nm2, whereas the SASA of ligands 
in complex with TR is higher than 300 nm2. This may be 
because of larger size of Leishmania donovani’s TR than the 
MAPK, which accesses more solvents to bind with the TR.

Radius of gyration (Rg) was calculated to estimate the 
compactness of the structures (protein–ligand complexes) 
throughout the dynamics period. The average Rg score for 
Adenosine pentaphosphate was 2.51 and 2.53 nm, for Atetra 
P 2.49 and 2.56 nm, and for GDP-4-keto-6-deoxymannose 

Fig. 7   Illustration of the formation and breaking of hydrogen bonds 
over the course of a 100-ns molecular dynamics simulation. The fol-
lowing combinations: A Adenosine pentaphosphate and MAP kinase; 
B Adenosine pentaphosphate and Trypanothione reductase; C Atetra 
P and MAP kinase; D Atetra P and Trypanothione reductase; E 
GDP-4-keto-6-deoxymannose and MAP kinase; F GDP-4-keto-6-de-
oxymannose and Trypanothione reductase. Due to the larger size of 
Trypanothione reductase compared to MAP kinase, bond formation 
was higher for this enzyme

◂
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was 2.50 and 2.59 nm with MAP Kinase and Trypanothione 
reductase, respectively (Fig. 9). The estimated Rg score for 
all the complexes are initially higher, but as the dynamics 
time goes up the Rg scores getting lower, and the average 
Rg scores for the structures are nearly same and lies between 
2.49 and 2.59 nm this shows the structures getting towards 
compactness.

Finally, the final frame (frame number 1001) of the 
dynamics was retrieved from the allframes.pdb file to 
examine the protein–ligand hydrogen bond interaction after 
molecular dynamics. Adenosine pentaphosphate forms 
the post-MD hydrogen bond with MAPK (Ile27, Gly28, 
Ala29, Gly30, Asp110, Gln113, Asp149, and Ala153), and 
TR (Lys61, Gln68, Asp432, and Glu436). Atetra P forms 
the H-bond with MAPK (Ala29, Ser31, Arg66, Glu108, 
Gln113, Ala153, and Asp167), TR (Tyr110, Asn340, 
Met400, Thr463, Ser464, Glu467, and Ser470). Whereas 
GDP-4-keto-6-deoxymannose interacts with strong hydro-
gen bond with MAPK (Gly33, Lys51, Met107, and Ala153), 
and TR (Gln439, Gly459, His461, Glu466, Ser470, and 
Arg472) (Fig. 10).

All these MD results (RMSD, RMSF, H-bonding, SASA, 
Rg) shows the specificity our ligands in in-silico studies.

Post-MD binding was calculated for all three potential 
compounds complexed with each L donovani therapeutic tar-
gets using the g_mmpbsa standalone tool. Binding energy is 
the sum of different energies like van der waal energy, elec-
trostatic energy, polar solvation energy, and SASA energy. 
Binding energy for Adenosine pentaphosphate with MAPK 
and TR was estimated – 173.77 and – 192.82 kJ/mol, respec-
tively. For Atetra P in complex with MAPK and TR, bind-
ing energy was – 193.57 and – 13.57 kJ/mol; whereas, for 
GDP-4-keto-6-deoxymannose the binding energy for MAPK 
and TR was estimated to be – 138.44 and – 194.75 kJ/mol 
(Table 5).

Principal component analysis (PCA) was also calculated 
for each of the complexes to analyze all the variables in 
a single/double dimension that helps in understanding the 
result with minimum data loss for larger set of data. The 2D 
graph was plotted for projection of eigenvector 1 vs eigen-
vector 3 for all the complexes (Fig. 11).

Discussion

Leishmaniasis is a communicable disease of tropical 
neglected regions. The principal cause of this disease 
is poverty or lack of basic human needs (Prajapati et al. 
2012). Leishmania parasite has developed resistance 
towards various drugs (Prajapati and Pandey 2017). How-
ever, the treatment currently relies upon highly toxic and 
non-selective drugs like Antimonial, Miltefosine, Paro-
momycin, and Amphotericin B. Actinomycetes are lavish 
producers of secondary metabolites due to their active 
biological activity, chemical structure, and emergence 
(Abdelmohsen et al. 2015). In this study, we have identi-
fied a library of crucial secondary metabolites from Step-
tomycetes species of actinomycetes, which show a more 
significant binding interaction with the target proteins of 
Leishmania. In order to develop a new anti-Leishmanial 
drug, we have determined the relative binding affinity 
of Actinomycetes derived secondary metabolites against 
the five leishmanial proteins; namely Adenine phos-
phoribosyl transferase (PDB ID-1QB7), Trypanothione 
reductase (PDB ID-2JK6), N-Myristoyltransferase (PDB 
ID- 2WUU), Pteridine reductase (PDB ID-2XOX) and 
Map Kinase (4QNY). The estimation of binding affini-
ties is accomplished by the computational approach 
of molecular docking, consisting of three consecutive 
methods: HTVS, SP, and XP. HTVS and SP method uses 
the self-same scoring functions, so the final conclusion 
drawn through XP docking method and 18 ligands were 
finalized as good binder against all five proteins. The 
docking score obtained from these 18 ligands against 
all five proteins is comparable with the other reported 
works (Pandey et al. 2017b). The highest docking score of 
– 12.95, – 12.60, – 13.16, and – 11.99 and binding energy 
of – 86.04, – 77.62, – 75.68, and – 88.82 was obtained 
for the Adenosine pentaphosphate against MAP Kinase, 
Adenine phosphoribosyl transferase, Pteridine reductase, 
and Trypanothione reductase, respectively. Other top two 
ligand Atetra P and GDP-4-keto-6-deoxymannose also 
shows good docking and binding energy scores as com-
pared to positive controls (miltefosine, paromomycin, and 
specific inhibitor for each target).

Following binding affinity and binding energy pre-
diction against five target proteins, molecular dynamics 
simulation of highest binding affinity ligands (Adeno-
sine pentaphosphate, Atetra P, and GDP-4-keto-6-deox-
ymannose) was obtained against Map Kinase and Tryp-
anothione reductase. The average RMSD value obtained 
for Map Kinase (4QNY) and Trypanothione reductase 

Fig. 8   Solvent accessibility surface area during the 100  ns of the 
molecular dynamics simulation is graphically illustrated. A Adeno-
sine pentaphosphate and MAP kinase, B Adenosine pentaphosphate 
and Trypanothione reductase, C Atetra P and MAP kinase, D Atetra 
P and Trypanothione reductase, E GDP-4-keto-6-deoxymannose and 
MAP kinase, F GDP-4-keto-6-deoxymannose and Trypanothione 
reductase. SAS area for larger complexes is higher as in case of Tryp-
anothione reductase
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(PDB ID-2JK6) against Adenosine pentaphosphate were 
0.46 and 0.40 nm, respectively. Average RMSD for Atetra 
P with Map Kinase and Trypanothione reductase were 
0.54 and 0.37  nm, respectively. GDP-4-keto-6-deox-
ymannose shows average RMSD of 0.60 and 0.30 nm 
against protein targets Map Kinase and Trypanothione 
reductase, respectively. This RMSD value is comparable 
with the other recently reported literature. From all these 

aforementioned discussions, we can say that the com-
pound Adenosine pentaphosphate, Atetra P, and GDP-
4-keto-6-deoxymannose can be used as a potent inhibitor 
for the treatment of visceral leishmaniasis in the Indian 
Subcontinents. Our high-throughput virtual screening 
study demonstrates that the suggested compounds are 
superior to currently marketed medications.

Conclusion

This study identifies multi-targeted anti-leishmanial com-
pounds derived from actinomycetes. These compounds 
have a high affinity for proteins involved in Leishmania 

Fig. 9   Graphical representation of Radius of gyration (Rg) of com-
plex A Adenosine pentaphosphate and MAP kinase, B Adenosine 
pentaphosphate and Trypanothione reductase, C Atetra P and MAP 
kinase, D Atetra P and Trypanothione reductase, E GDP-4-keto-6-de-
oxymannose and MAP kinase, F GDP-4-keto-6-deoxymannose and 
Trypanothione reductase

◂

Fig. 10   Following a molecular dynamics simulation, a schematic 
representation of the hydrogen bond interaction between potential 
compounds and the therapeutic targets of Leishmania donovani is 
shown. Diagram was prepared by extracting the 1001 frame using the 
allframes.pdb file A Adenosine pentaphosphate and MAP kinase, B 

Adenosine pentaphosphate and Trypanothione reductase, C Atetra P 
and MAP kinase, D Atetra P and Trypanothione reductase, E GDP-
4-keto-6-deoxymannose and MAP kinase, F GDP-4-keto-6-deoxy-
mannose and Trypanothione reductase



	 3 Biotech (2022) 12: 235

1 3

235  Page 20 of 22

donovani metabolic pathways. A high-throughput virtual 
screening approach was used to screen the actinomycetes 
secondary metabolite library. The MM-GBSA method 
was used to calculate free binding energy by integrating 
contributions from gas-phase energy (MM), electrostatic 
solvation energy (GB), and non-electrostatic solvation 
energy (SA). The QikProp application was used to evalu-
ate ADME properties and principal drug-characteristics 
values to check the compounds' drug-like properties. 
To determine the ligand−receptor binding and physical 
movement of atoms or molecules in physiological condi-
tions, the MD simulation method was used. We identified 
three compounds (Adenosine pentaphosphate, Atetra P, 
and GDP-4-keto-6-deoxymannose) from the actinomyces 
natural product library that have the potential to inhibit 
vital proteins of Leishmania donovani for the treatment 
of visceral leishmaniasis infection.
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