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Abstract 
Aminocoumarin derivatives such as Novobiocin, Coumermycin, and Clorobiocin have several issues: poor oral bioavailability, 
low solubility, and toxicity. The Food and Drug Administration (FDA) withdrew Novobiocin sodium from the market for 
safety and efficacy issues in 2009. Adding selective moieties to the aminocoumarin skeleton may make it possible to design 
effective aminocoumarin analogues that will solve the issues of the aminocoumarin derivatives. Based on the drug design 
criterion, we designed several aminocoumarin analogues by adding alicyclic and aliphatic moieties at the modifiable positions 
of the aminocoumarin skeleton, trifluoroethylamine as bioisosteres of the amide bond of the aminocoumarin skeleton, and 
added fluorine to the metabolic sites of the aminocoumarin skeleton. After docking, it was understood that the designed 
aminocoumarin analogues effectively blocked the active site's amino acids such as Asn54, Asp81, and Arg84 of the DNA 
gyrase of Staphylococcus aureus. 
Moreover, molecular dynamics data suggested that the designed analogue-3 had good stability compared to Novobiocin. In 
addition, the designed analogues-2 and 3 followed Lipinski's rule of five, which predicts that they will contain an excellent 
oral bioavailability profile. Furthermore, the solubility and toxicity analysis indicated that the designed analogues had good 
solubility and less toxicity. 
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Introduction 

The aminocoumarin's skeleton is 3-amino-4,7-
dihydroxycoumarin [1]. Examples of aminocoumarin 
antibiotics are (1) Novobiocin, (2) Coumermycin, (3) 
Clorobiocin, [2]. The aminocoumarin derivatives are 
produced from many Streptomyces species, such as 
Novobiocin from Streptomyces niveus [3]. 
Aminocoumarin targets the DNA gyrase of 
bacteria.[4] DNA gyrase is a type II topoisomerase 
found in eukaryotic and prokaryotic cells. It consists 
of two subunits: GyrA and GyrB. The two subunits 
form an A2B2 hetero-tetramer in prokaryotic and a 
homodimer in eukaryotic. During the DNA 
replication process, DNA gyrase produces negative 
supercoiling by cleaving and rejoining the two strands 
of replicated two DNA strands. For this catalytic 
activity of the DNA gyrase, it requires ATP binding 
[5, 6]. The N-terminal sub-domain of the DNA gyrase 
B is the ATP binding site that is targeted by 
aminocoumarin derivatives [7]. Asn54, Asp81, and 
Arg84 are the vital amino acids of the ATP binding 
site in the N-terminal domain of DNA gyrase B 
of Staphylococcus aureus which are selectively blocked 

by aminocoumarin derivatives [8]. However, the 
aminocoumarin derivatives have poor oral 
bioavailability, toxicity, and solubility issues [9]. We 
designed several analogues of aminocoumarin 
according to the drug design criterion to predict such 
derivatives, which may solve the aminocoumarin 
derivative's issues. We used the DNA gyrase 
of Staphylococcus aureus as a target for the designed 
analogues. Staphylococcus aureus causes bacteremia, 
endocarditis, osteoarticular, skin, soft tissue 
infections, etc. [10]. 
 

Methods and Materials 

Designing and optimization of ligands 

We sketched the 2D structure of the aminocoumarin 
analogues on the ChemDraw Professional 16.0 
Drawer. The designed aminocoumarin analogues 
were optimized in GaussView with DFT, employing 
Becke's exchange functional combining Lee, Yang, 
and Parr's (LYP) correlation functional [11, 12]. The 
STO-3G basis set was used. The STO-3G basis set is a 
minimal (1s,2s,2P) basis and can be applied to large 
organic molecules [13]. 
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Protein Selection 

The Protein Data Bank (PDB) is a worldwide source 
of experimentally determined 3D structures of 
proteins, and their complexes with ligands. 
Experimentally determined 3D structure of DNA 
gyrase B 24KDa of Staphylococcus aureus complexes 
with Novobiocin were retrieved from the RCSB 
Protein Data Bank in PDB file format. The PDB ID 
of the respective protein is 4URO. DNA gyrase B 
24kDa of Staphylococcus aureus consists of four chains: 
A, B, C, and D. The A chain was chosen for research. 

Protein Preparation  

 Swiss-PDB Viewer was used to prepare the three-
dimensional structure of the ATP binding domain of 
DNA gyrase B of Staphylococcus aureus (PDB 
ID:4URO). The protein preparation workflow 
includes adding missing hydrogen atoms, removing 
co-crystallized water molecules (non-structural), 
determining the most likely protonation state, 
optimizing the protein's hydrogen bond 
network, etc. The computations were done through 
vacue with the GROMOS96 43B1 parameter set 
without a reaction field. GROMOS is an acronym for 
the GROningen Molecular Simulation computer 
program package, used for the dynamic modeling of 
macromolecules. 

Molecular docking  

Molecular docking was performed to predict non-
covalent bond interaction between macromolecules 
(protein) and a small molecule (ligand). Predicting the 
non-covalent bond interaction of a small molecule to 
a macromolecule is important for finding drug-like 
candidates.[14] We used AutoDock Tools (ADT) of 
the MGL software package of AutodockVina for the 
conversion of the PDB file format of the ligands into 
the PDBQT file format as well as proteins. All 
docking methods use a scoring function for ranking 
the various candidate binding modes. The AutoDock 
scoring function was based on AMBER (i.e., a 
molecular mechanic force field), and the scoring 
functions were calibrated using Gasteiger charges. 
The binding affinity of the ligands to the protein was 
calculated in kcal/mole [15]. 

Molecular dynamics simulation 

Molecular dynamics was run for Validation of 
docking studies. For molecular dynamics simulation 
purposes, we used NAMD. The structure produced 
static information by using NAMD was viewed with 
VMD (i.e., a molecular graphics software).[16] NAMD 
works with AMBER and CHARMM force fields. 

CHARMM General Force Field is an organic force 
field that simulates drug-like molecules in a biological 
environment [17]. The Transferable Intermolecular 
Potential 3 Points (TIP3P) water model was used by 
adding Cl- and Na+, where the total solvent 
molecules, 10480 atoms, had a 1.012 gm/cm3 
density. A periodic boundary condition was employed 
to perform the simulation, where the used box size 
was 46.0×48.6×53.6. The molecular dynamics 
trajectories were saved 100 picoseconds for analysis. 

Pharmacokinetic parameters study 

Undesirable pharmacokinetics and toxicity of the 
compounds are the main culprits for the failure of 
drug candidates at the clinical trials stage. Hence, a 
compound's absorption, distribution, metabolism, 
excretion, and toxicity (ADMET) should be calculated 
as early as possible to find the compound with 
expected pharmacokinetic properties [18]. There are 
many servers to predict ADMET, such as Swiss 
ADME, admet SAR, ADMET lab, etc. The Swiss 
ADME is a charge-free web tool for predicting drug-
likeness, pharmacokinetics, and medicinal chemistry 
friendliness [19]. The ADMET lab web platform is 
designed based on the Django framework in Python 
ADMET evaluation of chemicals based on a 
comprehensively collected ADMET database of 
288,967 entries [20]. We used Swiss ADME and 
ADMET lab 2.0 servers for pharmacokinetics 
parameters prediction. At first, we generated the 
SMILES of the designed analogues by the” Online 
SMILES Translator and Structure File Generator 
NCI/CADD,” which is developed by the Nationals 
Institute of Health (NIH), then submitted the 
generated smiles into the Swiss ADME, and ADMET 
lab 2.0 servers for pharmacokinetic parameters 
prediction. 
 

Results and Discussions 

Strategies of the designed analogues 
 

 
Figure 1: Aminocoumarin skeleton 

 

 
The Figure 1. is the aminocoumarin derivatives 
scaffold where R1, R2, and R3 are the main modifiable 
positions. Moreover, the 5th and 6th positions are 
metabolic sites that could be blocked for reducing 
toxicity. 
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Table 1: The added moieties at the modified positions and metabolic sites for designing aminocoumarin analogues. 

 
 
The Amine group at position 3 of the aminocoumarin 
skeleton forms amide bond in the Novobiocin, 
Coumermycin, and Clorobiocin. Predicting the good 
solubility and oral-bioavailability profile of designed 
analogues requires the modification of the basic 
fragments. For this reason, we changed the amide 
bond by its bioisosteres trifluoroethylamine in the 
designed three analogues, which were shown in Table 
1. The electron-withdrawing effect of the CF3 in the 
trifluoroethylamine declines the basicity of the amine. 
Moreover, it produces non-basic amine, enabling a 
good noncovalent bond with the targeted enzyme 
[21]. The metabolic instability of any compound is an 
issue. Methyl and methoxy groups in the benzene ring 
are identified as the metabolically liable sites. The 
oxidation reaction occurs at metabolic sites by the 
liver enzymes cytochrome P450, etc. Metabolically 
liable sites could be blocked by substituting them with 
Fluorine. For instance, the methyl group is 
substituted by CF to inhibit the oxidation [22]. We 

added Fluorine at the 5th and 6th positions to the 
aminocoumarin skeleton as a metabolic site blocker 
for designing analogues shown in Table 1. Moreover, 
we added alicyclic, aliphatic moieties that contained 
sp3 hybridized carbon atoms at R1, R2, and R3 
positions of the aminocoumarin skeleton for 
designing analogues shown in Table 1. The sp3 
hybridized containing organic fragments are 
saturated. The saturation links with the solubility of a 
compound. The higher the degree of saturation of a 
compound, the higher the degree of solubility. The 
solubility of a compound is measured by the Fsp3 
formula, Where Fsp3 is the number of sp3 hybridized 
carbon/total carbon atoms [23]. 

Optimization of designed analogues 

Since the conformational features of molecules 
significantly impact their physical and chemical 
properties, all of the designed analogues were sub-
jected to complete geometry optimization using DFT.

 

 
Figure 2: The optimized structures of designed analogues. 

 
The designed analogues of aminocoumarin were 
optimized in the gas phase at B3LYP/STO-3G level in 

Gaussian 09. The optimized structure of designed 
aminocoumarin analogues is shown in Figure 2.
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Table 2: The electronic energy (in Hartree) and dipole moment (Debye) of the designed analogues calculated 
through Gaussian 09W. 

Compounds Electronic Energy (Hartree) Dipole Moment (Debye) 
Analogue-1 -1677.753506 2.7754837 
Analogue-2 -1610.338155 1.375769 
Analogue-3 -1695.342940 4.413761 

 
According to Table 2. data, the highest electronic 
energy obtained Analogue -2, and the most elevated 
dipole moment (i.e., represent polarity in nature) was 

shown in Analogue-3. The highest dipole moment 
value of Analogue-3 predicts that it will be more 
soluble.

 

Molecular docking analysis 

Table 3: Binding affinity (kcal/mol) and nonbonding interaction of Novobiocin and designed analogues. 
Compoun

ds 
 
 
 

Binding 
affinity 
(kcal/m

ol) 
 

Hydrophobic bonds Electrostatic bonds Hydrogen and Halogen bonds 
Bondi

ng 
types 

Interacti
ng 

Amino 
acids 

Distance(
Å) 

Bondi
ng 

types 

Interacti
ng 

Amino 
acids 

Distance(
Å) 

Bonding 
types 

Interacti
ng 

Amino 
acids 

Distance(
Å) 

Novobioci
n 
 

-7.2    Pi-
cation 

Arg84 4.42758 Conventio
nal 

Hydrogen 
bond 

Asn54 2.19733 

Analogue-
1 
 
 
 

-7.1 Amide 
Pi-

stacked 

Asn54 5.50015    Conventio
nal 

Hydrogen 
bond 

Arg84 2.91847 

Halogen 
bond 

Asp81 3.01531 

Analogue-
2 
 

-7.4       Conventio
nal 

Hydrogen 
bond 

Arg84 2.96409 

Halogen 
bond 

Asn54 3.4048 

Halogen 
bond 

Asp81 3.03626 

Analogue-
3 

-7.7    Pi-
Cation 

Arg84 3.98805 Conventio
nal 

Hydrogen 
bond 

Asn54 2.21785 

Halogen 
bond 

Asp81 3.14878 

 
We performed side-specific rigid docking of all 
designed analogues into the binding site amino acids 
Asn54, Asp81, and Arg84 of DNA gyrase of 
Staphylococcus aureus using Auto dock vina at identical 
optimized docking conditions. The binding affinity of 
Novobiocin and designed aminocoumarin analogues 
ranged from -7.1 kcal/mol to -7.7 kcal/mol shown in 
Table 3. According to Table 3 data, Analogue-1 had a 
lower binding affinity than novobiocin, and 
Analogue-2 and Analogue-3 showed the highest 
binding affinity compared to novobiocin. Novobiocin 
showed pi-cation interaction with Arg84 and 

conventional hydrogen bond interaction with Asn54. 
It was seen that Novobiocin skipped to bind one 
active site amino acid: Asp81. The analogue-1 showed 
hydrophobic amide-pi-stacked interaction with the 
Asn54. It also formed conventional hydrogen bond 
interaction with Arg84 and halogen bond interaction 
with Asp81. Analogue-2 formed a conventional 
hydrogen bond with Arg84 and halogen bond 
interactions with Asn54 and Asp81. Analogue-3 
formed electrostatic pi-cation interaction with Arg84 
and conventional hydrogen and Halogen bond 
interactions with Asn54 and Asp81, respectively.
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Figure 3(a): The binding orientation map of important amino acids for analogue-1. 

 
The Figure 3(a) showed that Analogue-1 formed 
Hydrogen bond interaction (green), Halogen bond 

interaction (Cyan), amide-pi-stacked interaction 
(pink).

 

 
Figure 3(b): The binding orientation map of important amino acids for analogue-2. 

 
The Figure 3(b) showed that Analogue-2 formed Hydrogen bond interaction (green color), Halogen bond 
interaction (Cyan). 
 

 
Figure 3(c): The binding orientation map of important amino acids for analogue-3. 

 
The Figure 3(c) showed that Analogue-3 formed 
Hydrogen bond interaction (green color), Halogen 

bond interaction (Cyan), and Pi-cation interaction 
(orange).
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Molecular Dynamics simulation 

 
Figure 4: The time series of the RMSD of Novobiocin and Analogue-3 during Molecular Dynamics simulation. 

To understand the binding mechanism, structural behavior, and flexibility of Analogue-3, we performed molecular dynamics 
(MD) simulations for 100 picoseconds. Novobiocin was also subjected to MD simulation as a reference compound. The atomic 
RMSD for both Novobiocin and the analpgue-3 were calculated and plotted in a time-dependent manner shown in Figure 4. It 
was seen in Figure 4 that Novobiocin was stable till 30 picoseconds then Novobiocin showed high fluctuation. But analogue-3 

showed its stability up to 90 picoseconds. 
 

Drug likeness analysis 

Table 4: Drug-likeness analysis of designed analogues and Novobiocin 
Compounds Lipskinˈs rule of five Used server 

 Molecular mass < or 
= 500 Dalton 

(C Log P) 
< or = 5 

Number of hydrogen 
bond donors < or = 5 

Number of hydrogen 
bond acceptors < or = 10 

Novobiocin 612.62 2.69 5 11 SwissADME 
Analogue-1 439.37 2.01 4 11 SwissADME 
Analogue-2 426.35 2.37 3 10 SwissADME 
Analogue-3 471.45 2.27 4 10 SwissADME 

 
Oral drug-like compounds follow Lipskin's rule of 
five: molecular weight not more than 500 g/mol, 
hydrogen bond acceptor (H-bond acceptor) not more 
than 10, hydrogen bond donors (H-bond donors) not 
more than 5, and calculated LogP not more than 5. 
[24] Any drug that meets Lipskin's rule of five is 

considered to have good oral bioavailability. [25] 
According to the Table 4 data, the predicted values of 
H-bond donors, H-bond acceptor, Molecular weight, 
and ClogP of Analogue-2 and Analogue-3 followed 
Lipskin's rule of five.

  

Selected pharmacokinetics parameter study 

Table 5: Pharmacokinetic parameters of novobiocin and designed analogues. 
Parameters Novobiocin Analogue-1 Analogue-2 Analogue-3 

Blood-brain barrier 
penetration 

No No No No 

GI absorption low High High High 
CYP12A inhibitor No No No No 

CYP2C19 inhibitor No No No No 
CYP2C9 inhibitor No No No No 

 
Several pharmacokinetics parameters such as 
gastrointestinal absorption (GI absorption), Blood-
brain barrier (BBB) penetration, CYP1A2 inhibitor, 
CYP2C19 inhibitor, and CYP2C9 Inhibitor, which 
values were predicted for designed analogues as well 

as Novobiocin via SwissADME shown in Table 5. 
According to Table 5 data, the designed analogues 
will be showed less toxicity high GI absorption. 

Solubility analysis 
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Carbon bond saturation is represented by Fraction 
sp3 (Fsp3). The Fsp3 formula is- Fsp3=number of sp3 
hybridized carbon ÷ total carbon count. The 

saturation of carbon bonds is connected with 
solubility [26].

 
Table 6: Fsp3 value of Novobiocin and designed analogues 

Compounds Fsp3 value Used server 
Novobiocin 0.387 ADMETlab 2.0 
Analogue-1 0.526 ADMETlab 2.0 
Analogue-2 0.556 ADMETlab 2.0 
Analogue-3 0.591 ADMETlab 2.0 

 
The predicted Fsp3 values of the design analogues 
shown in Table 6 indicated that the designed 
analogues will be more saturated and more soluble 
than Novobiocin. 
 

Conclusion 

Molecular interaction analysis of the docking 
simulation exposed that analogue-3 will be a potent 
inhibitor of DNA gyrase B of Staphylococcus 
aureus because it effectively blocked the active site 
amino acids by non-bond interaction such as 
conventional hydrogen bond interaction with the 
Asn54, halogen bond interaction with the Asp81, and 
pi-cation interaction with the Arg84. After MD data 
analysis, it was seen that Analogue-3 had the more 
stability than Novobiocin. Drug likeness analysis 
suggested that the analogue-3 followed all the 
parameter of Lipskin’s rule of five. Moreover, the 
design analogues contained a good predicted value of 
pharmacokinetic parameters. Finally, it was predicted 
that the designing of aminocoumarin analogues by 
converting amide bond of the aminocoumarin 
skeleton into its bioisosteres trifluoroethylamine, 
blocked the metabolic sites: the 5th and 6th positions 
of the aminocoumarin skeleton by fluorine, and 
tagged saturated aliphatic, alicyclic organic fragments 
to the aminocoumarin skeleton, will be an excellent 
approach to solve aminocoumarin derivatives issues. 
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