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Communicated by Ramaswamy H. Sarma

ABSTRACT
DNA gyrase enzyme has vital role in bacterial survival and can be considered as a potential drug tar-
get. Owing to the appearance of resistance to gyrase-targeted drugs, especially fluoroquinolone,
screening new compounds which bind more efficiently to the mutant binding pocket is essential.
Hence, in this work, using Smina Autodock and through structure-based virtual screening of
StreptomeDB, several natural products were discovered based on the SimocyclinoneD8 (SD8) binding
pocket of GyrA subunit of DNA gyrase. After evaluation of binding affinity, binding modes, critical
interactions and physicochemical and pharmaceutical properties, three lead compounds were selected
for further analysis. Afterward 60ns molecular dynamics simulations were performed and binding free
energies were calculated by the molecular mechanics/Poisson–Boltzmann surface area method. Also,
interaction of the selected lead compounds with the mutated GyrA protein was evaluated. Results
indicated that all of the selected compounds could bind to the both wild-type and mutated GyrA
with the binding affinities remarkably higher than SimocyclinoneD8. Interestingly, we noticed that the
selected compounds comprised angucycline moiety in their structure which could sufficiently interact
with GyrA and block the DNA binding pocket of DNA gyrase, in silico. In conclusion, three DNA gyrase
inhibitors were identified successfully which were highly capable of impeding DNA gyrase and can be
considered as potential drug candidates for treatment of fluoroquinolone-resistant strains.

Abbreviations: BBB: blood–brain barrier; CADD: computer-aided drug design; CNS: central nervous
system; CTD: C-terminal domain; CYP450: cytochrome p450; DOPE: discrete optimized potential energy;
HBD: hydrogen bond donor; HBA: hydrogen bond acceptor; LBSV: ligand-based virtual screening; MD:
molecular dynamics; MM/PBSA: molecular mechanics/Poisson–Boltzmann surface area; MW,: molecular
weight; NPT: constant number of particles, pressure and temperature; NTD: N-terminal domain; NVT:
constant number of particles, volume and temperature; PAINS: pan assay interference; PDB: protein
data bank; PDBQT: protein data bank, partial charge and atom type; PSA: polar surface area; RB: rotat-
able bonds; RMSD: root mean square deviation; RMSF: root mean square fluctuations; SBVS: structure-
based virtual screening; SD8: SimocyclinoneD8; SDF: structure data format; SPC: simple point charge;
DEele: electrostatic contribution; DEMM: energy of the molecular mechanics; DEvdw: Van der Waals
contributions; DGnonpol: non-polar contributions; DGpol: polar solvation contribution
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1. Introduction

Streptomyces is a genus of Gram-positive bacteria, belongs to
the phylum Actinobacteria that live as saprophytes in the soil
and known as resource of bioactive metabolites with vast
biological activities such as antibacterial, herbicide, anti-
cancer and enzyme inhibitor. Among these metabolites, anti-
biotic compounds are the majority part which can rescue
humans lives (Narayana, Prabhakar, Vijayalakshmi,

Venkateswarlu, & Krishna, 2008). It is well documented that
at least half of the all known antibiotics are extracted from
Streptomyces. Stefan Gunther and colleagues have gathered
comprehensive information of the compounds produced by
Streptomyces in a free database known as StreptomeDB. In
this database, Streptomyces spp. and their produced com-
pounds, as well as the biological activity, physicochemical
properties and synthesis route of these natural compounds

CONTACT Hamzeh Rahimi rahimi.h1981@gmail.com Molecular Medicine Department, Biotechnology Research Center, Pasteur Institute of Iran, No. 69,
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have been reported (Klementz et al., 2015; Lucas et al.,
2012). Like other antibiotics, most compounds which target
DNA gyrase enzymes are isolated from Streptomyces spp.
DNA gyrase, also known as DNA topoisomerase II, is an ATP-
dependent enzyme which is involved in processes such as
DNA replication, transcription and chromosome segregation
(Khan et al., 2018). Since DNA gyrase plays a critical role in
bacterial cells survival, this enzyme can be an ideal thera-
peutic target for designing new antibacterial agents. DNA
gyrase of Escherichia coli is truly characterized and made up
of two subunits, GyrA and GyrB (A and B) with molecular
weights of 97 and 90 KDa, respectively. The active form of
the enzyme consists of an A2B2 heterotetramer complex.
The A subunit is composed of two domains: a 59 kDa
(GyrA59) N-terminal domain (NTD), also known as G seg-
ment, at the DNA gate which contains the functional parts
involved in the binding to the DNA segment, cleaving and
resealing it, another domain is a 38 kDa C-terminal domain
(GyrA-CTD) which is significant for substrate diagnosis, cellu-
lar targeting and interactions with other proteins. The B sub-
unit is also composed of two domains: the 43 kDa N-terminal
domain (NTD) and the C-terminal domain which are known
as ATPase and TOPRIM domain, respectively. Thus, it seems
that the A subunit is involved in the interaction with DNA,
while the B subunit contains the ATPase active site. (Collin,
Karkare, & Maxwell, 2011; Khan et al., 2018) . Currently, sev-
eral DNA gyrase inhibitors have been found and synthesized.
These inhibitors are classified based on their chemical struc-
tures including aminocoumarins and fluoroquinolones. They
accomplish their antibacterial activity through two main
mechanisms; the first mechanism involves inhibition of
gyrase enzymatic activity via competition with ATP, while the
latter one comprises stabilization of the covalent
DNA–gyrase complex or gyrase poisoning. Only DNA gyrase
inhibitors from 6-fluoroquinolones class are used in clinical
phase. Despite existing potential DNA gyrase inhibitors, they
are not very clinically successful owing to toxicity and solu-
bility problems. Recently, the incidence of antibiotic-resistant
pathogens, especially resistance to fluoroquinolone, have
been increased dramatically (Drlica & Malik, 2003; Maxwell,
1997). In exploration for novel antibacterial drugs, natural
products still remain as promising potential sources.
Simocyclinone D8 (SD8) is a novel natural product which is
isolated from Streptomyces antibioticus Tu6040. SD8 is a
member of a new class of angucyclinone antibiotics that
have been reported as a potent DNA gyrase inhibitor
(Oppegard et al., 2009). The crystal structure of DNA
gyrase–SD8 complex have been solved which demonstrated
that SD8 binds to the NTD of GyrA and interfere with the
binding of DNA. Furthermore, recent studies have shown
that SD8 also bind to GyrB NTD and prevents ATPase activity
(Hearnshaw, Edwards, Stevenson, Lawson, & Maxwell, 2014;
Sadiq et al., 2010). Therefore, it can be considered as a con-
venient template for developing new therapeutic drugs.

In order to overcome the bacterial resistance mechanisms,
identification of a new drug with a validated target is of
paramount importance (Sherer et al., 2011). DNA gyrase
enzyme can be an attractive target due to its functional role

in prokaryote cells and absence in human being. Finding an
effective antibacterial agent through experimental techni-
ques is very expensive and time-consuming, also needs com-
plicated systems for controlling the risk of infection.
Nowadays, computer-aided drug discovery (CADD)
approaches are widely being applied in designing and devel-
opment of new drugs. Also, studying the structure and pre-
dicting the activity of drugs can be accomplished by using
CADD (Al-Nadaf, Salah, & Taha, 2018). Virtual screening is a
common computational technique for identification of new
drugs from massive databases. In general, there are two
basic approaches for virtual screening including ligand-based
virtual screening (LBVS) and structure-based virtual screening
(SBVS). In the LBVS technique, it is required to employ at
least one previously known active ligand that binds to the
target protein, while the SBVS technique only needs the
three-dimensional structure of the target protein and identi-
fying its potential binding pockets to select compounds
which interact strongly with these binding sites (Shiri,
Pirhadi, & Ghasemi, 2018; Shiri, Pirhadi, & Rahmani, 2018).

In the current study, a well-established set of computa-
tional methods were used to identify novel natural com-
pounds in order to inhibit DNA gyrase activity in the
bacterial cells. First, molecular docking was performed with
2400 natural compounds extracted from the StreptomeDB.
Subsequently, several potential lead compounds against
DNA gyrase based on SD8 binding pocket were chosen,
and their inhibitory characteristics and strength were eval-
uated and discussed. In order to improve potency and
selectivity of the lead compounds, physicochemical and
pharmaceutical properties were analyzed. Lastly, to ensure
the stability of the selected lead compounds in the dynamic
environment, their behaviors in the binding pocket were
assessed by molecular dynamics (MDs) simulations. In con-
clusion, in silico investigation indicated that the selected
compounds could bind to the GyrA-binding interfaces of
DNA gyrase and can be considered as novel potential bac-
terial DNA gyrase inhibitors.

2. Materials and methods

Docking and Virtual screening have been proven as import-
ant techniques in the drug discovery which are widely uti-
lized to search huge libraries and discover suitable ligands
with correct conformation into their receptors (Shiri, Pirhadi,
& Ghasemi, 2018). Recently, many studies have shown that
the combination of docking and MD studies has been suc-
cessfully employed in rational drug design (Jagadeb, Rath, &
Sonawane, 2018; Malathi, Anbarasu, & Ramaiah, 2019; Rejwan
Ali, Sadoqi, Boutajangout, & Mezei, 2019; Samorlu, Yelekçi, &
Ibrahim Uba, 2019). In this study, in order to identify novel
DNA gyrase inhibitors, different methods should be
employed for virtual screening and the hit compounds
should be carefully filtered to ensure their potency, selectiv-
ity and safety. Figure 1 summarizes the procedure used in
this study in a workflow chart.
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2.1. Receptor structure information and preparation

The crystallographic structure of E. coli DNA gyrase A sub-
unit in complex with SD8 (PDB entry: 4CKL) was used for
molecular docking studies (Hearnshaw et al., 2014). Also
Mycobacterium tuberculosis DNA gyrase in complex with
DNA (PDB ID: 5BTF) was used for structural alignment ana-
lysis. Protein structures were prepared by removing water
molecules using AutoDock Tools 4.2 (Morris et al., 2009). In
the next step, atoms were adjusted to the AutoDock atom
types. Also, bond orders were assigned, and hydrogen
atoms and Gasteiger-Marsili charges were added to the
crystal structure. Finally, the prepared receptor structure
was saved in the PDBQT format for conducting molecu-
lar docking.

2.2. Binding pocket selection and generation of grid
box for docking studies

SD8-binding site (inferred from the crystallographic structure
of GyrA–SD8 complex) was selected as the binding pocket
for virtual screening. In order to determine the key residues
involved in the binding regions, the crystal structure of GyrA
in complex with SD8 was analyzed using PDBsum web tool
and LigPlotþ software (Laskowski, 2008; Laskowski &
Swindells, 2011). Accordingly, K42, V44, H45, R91, L98, N169,
G170, S171, S172, H78, H80, G81 and D82 residues were
taken as the reference amino acids for virtual screening. Grid
box prediction for docking studies was generated using
AutoDock Tools 4.2 into X¼ 34Å, Y¼ 36Å, Z¼ 32Å grid
points, and the grid spacing was 1 Å.

2.3. Bioactive library selection and preparation

The StreptomeDB database was utilized in the current study
which is known as the largest database of natural products
obtained from Streptomyces spp. and consists of 2400 unique
compounds. By using AutoDock version 4.2, each compound
of the library was prepared as follows: non-polar hydrogen
bonds were merged, Gasteiger-Marsili charges were added,
atoms were adjusted to the AutoDock atom types, and the
rotatable bonds were assigned. Then, compounds were
saved in the PDBQT format. Finally, compounds were con-
verted to the Structure Data Format (SDF) using Open Babel
software (the open source chemistry toolbox) (O’Boyle et al.,
2011) for docking with the receptor.

2.4. Virtual screening and molecular docking studies

In this work, structure-based virtual screening approach was
used to find potential compounds to inhibit DNA gyrase
enzyme. 2400 secondary metabolites produced by
Streptomyces spp. of StreptomeDB library were docked in the
selected binding pocket using Smina AutoDock (Koes,
Baumgartner, & Camacho, 2013). Smina is a version of
AutoDock Vina which focuses on the improvement of scoring
and energy minimization (http://smina.sf.net). Subsequently,
Docking results were ranked based on the binding affinity
and then were clustered based on the structural similarities
and physicochemical properties by ChemMine Web Tools
(http://chemmine.ucr.edu/). Tanimoto Coefficient is generally
used as the similarity measure in ChemMine Tools (Backman,
Cao, & Girke, 2011). The potential hit compounds were
chosen against the binding pocket of GyrA of DNA gyrase.

Figure 1. Graphical representation of the procedure used in this study to identify novel DNA gyrase inhibitors.
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2.5. Hit compounds optimization

It is well documented that some of the chemical and natural
compounds may interact nonspecifically with multitudinous
biological proteins and make false positive responses in
high-throughput screening process (Dahlin et al., 2015).
These compounds are known as promiscuous compounds or
PAINS (pan assay interference) compounds. Therefore, these
compounds should be removed during the drug design pro-
cess. In this regard, the PAINS compounds were removed
using false positive remover software (http://cbligand.org/
PAINS/search_struct.php).

Assessment of the compounds’ physiochemical and
pharmacokinetics properties is not only an essential step in
the early stages of rational drug discovery but also plays a
very important role in further getting approval process.
Pharmacokinetics properties of compounds are strongly
related to their chemical structures. In this study, several
important physiochemical parameters including molecular
weight (MW), LogP, LogS, number of hydrogen bond donors
(HBD), number of hydrogen bond acceptors (HBA), polar sur-
face area (PSA) and number of rotatable bonds (Rb) of the
hit compounds were evaluated by using OSIRIS Data Warrior
(Sander, Freyss, von Korff, & Rufener, 2015). Also, toxicity risk
parameters such as drug likeness, mutagenic and tumori-
genic properties of the selected lead compounds were pre-
dicted. The pharmacokinetic properties, known as ADME
(absorption, distribution, metabolism and excretion), were
predicted using pkCSM software (http://biosig.unimelb.edu.
au/pkcsm). This software is a freely available tool and pre-
dicts physically significant descriptors and pharmaceutically
relative properties including Caco2 permeability, skin perme-
ability, intestinal absorption in human, blood–brain barrier
(BBB) permeability and central nervous system (CNS) perme-
ability. Additionally, metabolism features of the compounds
are anticipated with descriptors like cytochrome p450
(CYP450) substrate/inhibitor. This software also predicts
excretion of the drug through kidneys with descriptors like
renal organic cation transport 2 (OCT2, which is a renal
uptake transporter) and total clearance of the drug.

2.6. MD simulations for protein–ligand complexes

Structural complexes of the candidate compounds with DNA
gyrase were introduced as starting inputs for MD simulations
which were done using Gromacs version 5 (Abraham et al.,
2015). Topology files of the complexes were prepared in two
sets: firstly, topology files of the ligands were produced for
Gromacs using the PRODRG server (Sch€uttelkopf & Van
Aalten, 2004). After that, pdb2gmx and the united-atom
GROMOS 96 43A1 force field were recruited for preparing
protein topology files. Then, the protein–ligand complexes
were solvated in a 10 Å solvent box filled with SPC (simple
point charge) water molecules. Total charge of the systems
was neutralized by adding proper number of Na and Cl ions.
Particle Mesh Ewald (PME) summation was used to obtain
the long range electrostatic interactions. The Linear
Constraint Solver (LINCS) algorithm was applied for covalent

bond constraints. Several energy minimization steps were
conducted to make the systems relaxed. Afterward, systems
were balanced at 300 K for 100 ps using NVT (constant
Number of particles, Volume and Temperature) following
another 100 ps using NPT (constant Number of particles,
Pressure and Temperature) ensembles. Finally, the balanced
systems were simulated for a period of 60 ns with 2 fs time
steps. Produced trajectories of the MD simulations were used
for further analysis.

2.7. Binding energy analysis using molecular
mechanics/Poisson–Boltzmann surface
area (MM-PBSA) approach

The interaction free energies of each DNA gyrase–compound
complex were assessed by using of the MM/PBSA method. In
fact, this method is a quantitative estimation of the binding
free energy which is widely employed to study biomolecular
complexes in the final steps of drug discovery process
(Kumari, Kumar, Consortium, & Lynn, 2014). In this study, the
last 1000 ps of the MD trajectories were used for the calcula-
tion of binding free energies. In order to determine binding
free energies, a set of equations was calculated as follow:

DGbind ¼ Gcomplex– Gprotein þ Gligandð Þ (1)

DGbind ¼ DEMM�TDS þ DGsol (2)

DEMM ¼ DEele þ DEvdw (3)

Gsol ¼ Gpol þ Gnonpol (4)

Gnonpol ¼ gDSASAþ b (5)

In Eq. (1), Gcomplex refers to the total free energy of the pro-
tein–ligand complex; Gprotein and Gligand denote total free
energies of the protein and ligand in solvent, respectively. In
order to calculate complete binding energy including the
desolvation of the ligand and the unbound protein, molecu-
lar Mechanics (MM) force-field parameters were used.
Therefore, in Eqs. (2) and (3), DEMM is the average molecular
mechanic’s potential energy in a vacuum, TDS is the solute
entropic contribution at temperature T (Kelvin) and Gsol

refers to the free energy of solvation. Equation (4) calculates
the solvation energy (Gsol) quantified by the sum of the elec-
trostatic (Gpol) and non-electrostatic (Gnonpol) solvation ener-
gies. The polar solvation energies were computed by solving
the Poisson-Boltzmann linear equation, and the nonpolar
solvation energies were calculated by computing solvent
accessible surface area (SASA). In Eq. (5), c is a coefficient of
surface tension, and b is a fitting parameter (Cheng, Li,
Wang, Zhang, & Zhai, 2018; Zhou, Wang, Deng, Tao, &
Li, 2018).

2.8. Generation of the mutated GyrA protein

Three dimensional structure of the mutated GyrA protein
(mGyrA) was predicted utilizing Modeller v9.15 software
(Webb & Sali, 2014). Subsequently, best-scored models were
selected and subjected to the GalaxyRefine web server for
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the refinement (Heo, Park, & Seok, 2013). Stereochemical
quality of the modeled protein was evaluated using
PROSESS, PROCHECK and ProSA (Berjanskii et al., 2010;
Laskowski, MacArthur, Moss, & Thornton, 1993; Wiederstein &
Sippl, 2007). Afterward, three selected lead compounds as
well as the reference compound (SD8) were docked to the
mGyrA protein using Smina Autodock. Finally, 60 ns MD sim-
ulations were performed with the previously described con-
ditions for all of the complexes.

2.9. Visual presentations

The structures of protein and protein–compound complexes
were visualized using PyMOL software (DeLano, 2002). Also,
the hydrophobic interactions and hydrogen bonds between
protein and compounds were analyzed using discovery stu-
dio software.

3. Results

3.1. Assessment of DNA gyrase–SD8 complex structure
and identification of binding pocket

Active form of DNA gyrase is a heterotetramer which con-
tains two GyrA and two GyrB subunits (A2B2 complex). Two
domains of GyrA (NTD and CTD) have efficient roles in the
trapping of DNA molecule around the enzyme. The ATPase
activity of enzyme is related to the NTD of GyrB, whereas the
CTD of GyrB plays an important role in the binding of DNA
to GyrA. Superimposition of E. coli GyrA–SD8 complex (PDB
ID: 4CKL) and Mycobacterium tuberculosis GyrA subunits in
complex with DNA (PDB ID: 5BTF) demonstrated that SD8
molecule has adequately occupied in the DNA-binding
pocket of GyrA (Figure 2(A)). According to the literature-
based information, the SD8 Small molecule consists of three
parts: (1) a chlorinated aminocoumarin (AC), (2) an angucyclic
polyketide (PK) and (3) tetraene linker and a D-olivose sugar
(Figure 2(B)). SD8 interacts with NTD of GyrA to inhibit DNA
binding. Surface electrostatic potential of the DNA gyrase
was evaluated by using PyMol (Figure 2(C)). Results displayed
that the AC part of SD8 is bound to a highly positive
charged surface of GyrA, while the PK part interacted with
hydrophobic pocket with a slightly negative charged surface.
More detailed study of the DNA gyrase–SD8 complex
showed that the AC part of SD8 interacted with K42, V44,
H45, R91, L98, N169, G170, S171 and S172 residues, whereas
the PK of SD8 was bound to H78, H80, G81 and D82 resi-
dues. Consequently, aforementioned residues were chosen as
binding pocket which were located in the NTD of GyrA, so
this selected binding pocket was used for further vir-
tual screening.

3.2. Structure-based virtual screening and identification
of potential inhibitors against GyrA NTD

For conducting structure-based virtual screening (SBVS), a
natural product library (StreptomeDB) containing 2400 com-
pounds was selected to screen for potential compounds

which may bind to the NTD-binding site of GyrA. Molecular
docking was performed recruiting the selected binding
pocket of GyrA NTD and StreptomeDB library using Smina
AutoDock program. Docking results were ranked based on
the binding affinity. The binding affinity threshold was set as
–10 kcal/mol. Based on the cutoff, 50 compounds with the
lowest docking energies and best conformations were
selected as hit compounds. They were clustered based on
the structure similarity using Tanimoto coefficient with cutoff
= 0.8. Finally, a library with 39 hit compounds was chosen
and employed for further steps.

3.3. Optimization of the hit compounds

Library of the hit compounds was initially filtered using false
positive remover software to remove the PINAS compounds.
These filters reduced the size of library to 18 compounds.

In the last decade, Lipinski’s rule of five (RO5) has been
one of the most important factors in the selection of hits
and leads. It is well documented that 90% of orally active
compounds follow RO5. The RO5 asserts following criteria for
an orally active compound: molecular weight < 500Da,
Xlogp (octanol–water partition coefficient) < 5, H-bond
acceptor < 10 and H-bond donors < 5 (Lipinski, Lombardo,
Dominy, & Feeney, 2012).

However, Silvio Roggo has reported some natural prod-
ucts which do not fallow the RO5 but prove to be potentially
successful drugs, so he has suggested that natural products
can be exempted from RO5 (Roggo, 2007). Hence, in this
study important pharmacokinetics properties of the selected
new hits were calculated by using OSIRIS Data Warrior soft-
ware. The majority of compounds possessed following physi-
cochemical properties; MW < 600, –5< LogS< 1.5, –10<
cLogP < 5, HBD < 20, HBA < 30, PSA< 500A� and RB < 15.
Finally, compounds with the highest binding affinity and the
lowest MW, LogS, cLogP, HBD, HBA, PSA and RB were
selected from the library as the potential lead compounds.
Detailed calculation of aforementioned parameters of the
selected lead compounds and SD8, as the reference com-
pound, are summarized in Table 1. As it can be deduced
from Table 1, Galtamycin and Quanolirone I had lower MW
than SD8. Also, MW of Vineomycin a1 was very close to the
MW of SD8. In parallel, number of HBA, HBD and Rb of
Galtamycin, Quanolirone I and Vineomycin a1 compounds
were lower than SD8. Additionally, toxicity assessment of
these compounds unveiled that Galtamycin and Quanolirone
I had no toxic behavior. Interestingly, their drug likeness
properties were considerably high and even more than the
reference compound, SD8. However, Vineomycin a1 was pre-
dicted to be slightly mutagenic (like SD8) and tumorigenic.
Also, drug likeness of Vineomycin a1 and SD8 was deter-
mined to be in the same degree.

In the next step, pharmacokinetic properties of the lead
compounds were appraised using pkCSM tool. According to
pkCSM software predictor, if a compound has a LogPapp >

0.90 and Logkp > –2.5, it will have high Caco-2 permeability
and relatively low skin permeability. In addition, a compound
with an intestinal absorption less than 30% is considered to
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be poorly absorbed. Based on this software, compounds with
LogBB > 0.3 are considered to be capable of crossing the
BBB, while molecules with LogBB < –1 are poorly distributed
to the brain. Also, compounds with a Logps > –2 are consid-
ered as penetrable to the CNS, while Logps < –3 is consid-
ered to be unable to penetrate the CNS (Pires, Blundell, &

Ascher, 2015). Details about the pharmacokinetic properties
of each lead compound are tabulated in Table 2. Caco-2 is a
simulated cell line derived from the large intestine and is
applied for evaluation of the drugs absorption. We observed
that the selected lead compounds were able to pass Caco-2
permeability filter, also they relatively had low skin

Figure 2. SD8 structure and evaluation of its binding pocket on GyrA: (A) structural alignment of E. coli GyrA (blue) in complex with SD8 (red) and Mycobacterium
tuberculosis GyrA subunits (gray) in complex with DNA molecule (yellow). (B) Representation of the 2D structure of SD8. (C) Surface electrostatic potential of GyrA
and close-up view of binding orientations of SD8 in the binding pocket of GyrA. Blue, red and white colors represent the positive, negative and hydrophobic
regions, respectively. SD8 molecule is colored in green.
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permeability. Drug absorption is an essential parameter for
oral drug delivery. The selected lead compounds showed
relatively higher absorption in the human intestinal absorp-
tion (HIA) than SD8. BBB permeability predicts whether a
drug is able to cross into the brain. It is a significant param-
eter for drugs that have the target site in the central nervous
system. We observed that the selected lead compounds had
capability to cross the BBB, while these compounds had not
capability to penetrate the CNS. Inside the cell, metabolism
of the xenobiotics is performed by cytochrome p450
(CYP450) enzymes which belong to the microsomal family of
enzymes. Therefore, numerous of drugs will be deactivated
by these enzymes, while some drugs can become actuated
by them. Therefore, it is of great importance to estimate
whether a drug is a potential inhibitor or substrate for
CYP450 enzymes. In our study, we found that the lead com-
pounds are neither substrate nor inhibitor for CYP450.

Additionally, analysis of OCT2 exhibited that the selected
compounds are not excreted through kidneys. Taken
together, the ADME properties of the selected lead com-
pounds were almost similar to the reference compound, SD8.

3.4. Molecular docking studies of SD8 and the selected
lead compounds in complex with GyrA

In this step, hit compounds and the reference compound
(SD8) complexes with GyrA were analyzed based on the
docking energy, number of hydrogen bonds and interacting
residues. The SD8 complex showed a binding affinity of
–10.004 kcal/mol, while the selected hit compounds com-
plexes displayed better binding affinity than SD8.

The binding affinity threshold was considered as –10 kcal/
mol. Based on the cutoff, three lead compounds were
chosen as the potential inhibitors. Among them, Galtamycin
showed the highest binding affinity (–13.828 kcal/mol), and
Quanolirone I and Vineomycin a1 followed it with the bind-
ing affinity of –12.126 and –11.893 kcal/mol, respectively.

Predicted binding modes of SD8, Galtamycin, Quanolirone
I and Vineomycin a1 docked into the binding pocket of GyrA
are shown in Figure 3(A). As it can be deduced from the

superimposition of the docked conformations of these com-
pounds, all of them were bound to the DNA binding pocket
of GyrA in almost similar location of SD8.

Moreover, hydrogen bonds and hydrophobic interactions
between GyrA and SD8 as well as the lead compounds were
analyzed using discovery studio program. SD8 was found to
form five hydrogen bonds with K42, H80, R91, N169 and
S172 residues of GyrA. The N atoms of K42, H80, R91, N169
and O atom of S172 interact with the O atom of SD8 with
the bond length of 3.26, 2.99, 2.17, 2.77 and 2.65 A˚, respect-
ively. In addition, H45, L98, S171 and G170 residues were
involved in the formation of hydrophobic contacts with SD8
(Figure 3(B)).

We noticed that the best scored compound, Galtamycin,
was stabilized within the binding pocket through forming
three hydrogen bonds and eleven hydrophobic interactions.
The O atom of S116 and the N atom of Q267 formed hydro-
gen bonds with the O atom of the Galtamycin, and the O
atom of Q94 interacted with the hydroxyl group of
Galtamycin with the bond length of 3.20, 2.93 and 2.39 A˚,
respectively (Figure 3(C)).

In the same manner, Quanolirone I formed four hydrogen
bonds as well as seven hydrophobic interactions with
important residues of GyrA. The N atoms of Q94 and Q267
formed hydrogen bonds with the O atom of Quanolirone I,
and the O atoms of S171 and G40 formed hydrogen bonds
with the hydroxyl group of Quanolirone I with the bond
length of 2.99, 3.12, 3.08 and 1.95 A˚, respectively
(Figure 3(D)).

Vineomycin a1 was also stabilized by four hydrogen
bonds and eight hydrophobic interactions and fitted well
into the GyrA binding pocket. The N atoms of R46, R47 and
N165 interacted with the O atom of Vineomycin a1 by form-
ing hydrogen bonds. R46 residue with the bond length of
3.05 A˚, R47 with two bond lengths of 3.45 A˚, 2.80 A˚, and
N165 with the bond length of 3.06 A˚ were involved in the
interaction with Vineomycin a1. Besides, the O atom of A33
formed a hydrogen bond with the hydroxyl group of
Vineomycin a1 with the bond length of 2.17 A˚ (Figure 3(E)).
Analysis of the docking results revealed that although the

Table 1. Evaluation of physicochemical properties and toxicity risk parameters of SD8 and the lead compounds using OSIRIS Data Warrior.

Compound name

Physicochemical properties Toxicity risks parameters

MW CLP CLS HBA HBD PSA RB DL MUT TUM

SD8 932 1.78 –5.18 19 8 306 11 1 Low No
Galtamycin 810 3.75 –8.16 16 7 240 7 3 NO NO
Quanolirone I 694 3.63 –7.72 13 6 201 5 3 NO NO
Vineomycin a1 934 2.38 –6.58 18 4 249 5 1 Low Low

MW, molecular weight (g/mol); CLP, cLogP (lipophilicity); CLS, cLogS (solubility); HBA, H-bond donors; HBD, H-bond acceptors; PSA, polar surface area (A2); RB,
rotatable bonds; DL, drug likeness; MUT, mutagenic; TUM, tumorigenic.

Table 2. Prediction of pharmacokinetic properties of SD8 and the lead compounds using pkCSM server.

Compound name Log Papp Log Kp HIA Log BB Log PS CYP/-S CYP/I R-OCT2

SD8 0.619 –2.735 38.621 –2.361 –3.999 NO NO NO
Galtamycin 0.494 –2.735 65.039 –2.735 –4.053 NO NO NO
Quanolirone I 0.383 –2.735 62.106 –1.727 –3.976 NO NO NO
Vancomycin a1 0.436 –2.735 67.521 –2.38 –4.183 NO NO NO

Log Papp, Caco2 permeability (Log Papp in 10–6 cm/s); Log Kp, Skin permeability; HIA, human intestinal absorption; Log BB, BBB permeability; Log PS, CNS per-
meability; CYP/-S, cytochrome/substrate; CYP/I, cytochrome/inhibitor; R-OCT2, renal OCT2 substrate.
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numbers of hydrogen bonds were considerable, hydrophobic
interactions were more frequent than other interactions.

3.5. Evaluation of MD simulations

To understand the structural details, conformational behav-
ior, stability and flexibility of the docked complexes, MD sim-
ulations were performed for ligand–GyrA complexes. Root
mean square deviation (RMSD) value with respect to the ini-
tial conformation was calculated to evaluate the conform-
ational changes and stability of all systems. The RMSD plots
for GyrA–SD8 complex as well as three GyrA–compound
complexes (Galtamycin, Quanolirone I and Vineomycin a1)
against the simulation period are illustrated in Figure 4(A). It
can be seen that the RMSD values for GyrA-SD8 was in the
range of 0.25 to 0.43 nm, while the RMSD value for
GyrA–Galtamycin was flactuated from 0.2 to 0.35 nm.
GyrA–Quanolirone I and GyrA–Vineomycin a1 displayed
almost similar patterns of RMSD changes in the range of

about 0.2 to 0.4 nm during 60 ns simulations. Therefore,
Galtamycin showed the least RMSD value compared to the
reference compound and other compound complexes which
confirmed its higher stability and less conformational
changes than other complexes. Also, it seems that the
selected hit compounds make more stable complexes with
GyrA than SD8 during MD simulations; however, the patterns
of changes in RMSD for these complexes were almost similar
to GyrA–SD8.

The radius of gyration (Rg) is assigned as an indicator of
protein structure compactness and also stability. Therefore,
Rg values of all complexes were computed during MD simu-
lations (Figure 4(B)). As it is evident in Figure 4(B),
GyrA–Galtamycin and GyrA–Vineomycin a1 complexes exhib-
ited similar Rg patterns until the end of the simulations. The
Rg of GyrA-Quanolirone I was very close to the values for
GyrA–Galtamycin and GyrA–Vineomycin a1, but it decreased
from 25,000 to 40,000 ps. Based on the results, GyrA–SD8
complex had the least Rg value which may indicates its

Figure 3. Structure of the selected lead compounds and detailed analysis of interactions between GyrA- binding pocket residues and these compounds: (A) super-
imposition of the docked conformations of SD8 (green), Galtamycin (orang), Quanolirone I (cyan) and Vineomycin a1 (blue). 2D diagrams of residues involved in
interactions between GyrA and (B) SD8, (C) Galtamycin, (D) Quanolirone I and (E) Vineomycin a1. The green, light green, pink, purple Orange and red spheres repre-
sent residues involved in the hydrophobic interactions, carbon hydrogen bond interactions, Pi-alkyl interactions, Pi–cation interactions and unfavorable acceptor–-
acceptor interactions, respectively.
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more compactness compared to the other complexes.
Generally, the patterns of changes in Rg values in all com-
plexes were almost similar.

Root mean square fluctuation (RMSF) is a measure for
obtaining information about average fluctuation of each

residue during the simulation which is comparable to X-ray
B-factors (Fuglebakk, Echave, & Reuter, 2012). Figure 4(C)
shows the RMSF plots for the reference and other compound
complexes. Analysis of RMSFs uncovered that all residues in
the complex structures fluctuated between 0.06 and 0.3 nm

Figure 4. Analysis of MD simulations results: (A) RMSD plots of the protein–compound complexes during 60 ns of simulations. (B) Rg plots of the protein–com-
pound complexes during MD simulations. (C) RMSF of backbone Ca atoms of the complexes versus residue number in the sequence. (D) Evaluation of protein-com-
pound interactions by calculating the number of hydrogen bonds as a function of time. In all plots, the colors indicate GyrA–SD8 (black), GyrA–Galtamycin (orang),
GyrA–Quanolirone I (green) and GyrA–Vineomycin a1 (red) complexes.
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in SD8 and Galtamycin, 0.08 and 0.42 nm in Quanolirone I
and 0.08 and 0.36 nm in Vineomycin a1. Although residues in
some complexes fluctuated more than the corresponding
residues in other complexes, overall patterns of RMSF in all
complexes were very similar to each other. Assessing the
RMSF of the binding pocket residues of GyrA showed less
fluctuation compared to other residues which suggest that
binding of the ligands leads to decreased flexibility of these
important residues. This shows that the lead compounds
may display great potential to inhibit the activity of GyrA.

In order to investigate the stability of hydrogen bonds
between protein–ligand complexes, numbers of H-bonds were
calculated during MD simulations. It is well documented that
the number of hydrogen bonds is an impactful property in
drug design because of their strong effect on the drug specifi-
city, absorption and metabolization (Williams & Ladbury,
2008). As Figure 4(D) illustrates, GyrA–SD8 complex possessed
0-6 hydrogen bonds, while GyrA–Galtamycin, GyrA–
Quanolirone I and GyrA–Vineomycin a1 complexes had 0-8
hydrogen bonds during MD simulations. During the last 20 ns,
the candidate complexes showed higher hydrogen bond num-
bers than the reference compound which suggested their
higher stability. However, in all of the complexes, four hydro-
gen bonds were observed in averages which were strongly sta-
ble during production phase of MD simulations.

3.6. Binding free energy calculations

In order to find more detailed data on the interactions
between GyrA and SD8, Galtamycin, Quanolirone I and
Vineomycin a1 compounds, binding free energies were calcu-
lated by the MM/PBSA method. The detailed analysis of bind-
ing free energies and energy components of the complexes
are listed in Table 3. The results showed that all the com-
pounds had negative binding energies. Interestingly,
Galtamycin exhibited the lowest binding energy of
–233.050 kJ/mol. Quanolirone I, SD8 and Vineomycin a1 fol-
lowed it with the binding affinities of –142.623, –78.346 and
–68.451 kJ/mol, respectively. According to the results, we
found that binding energies of Galtamycin and Quanolirone I
were noticeably better than SD8. In order to obtain a better
understanding of which interaction term had the most signifi-
cant impact on the calculated binding energy, four energy
components including van der Waals (DEvdw), electrostatic
(DEele), polar solvation energy (DGpol) and nonpolar interac-
tions (DGnonpol) were computed. The results are tabulated in
Table 3 showing that DEvdw and DEele were remarkably
involved in the formation of these complexes. In particular, it
was obvious that van der Waals interactions have highly

influenced the binding of GyrA to the selected compounds.
This is owing to the important non-covalent interactions con-
structed by these compounds. Subsequently, the non-polar
interaction energies (DEvdwþDGnonpol) and the polar inter-
action energies (DEeleþDGpol) were calculated. Analysis
of the results showed that the interaction between GyrA bind-
ing pocket and the selected compounds is mainly through
favorable non-polar interactions (–267.533 to
–426.712 kJ/mol).

3.7. Evaluation of the mutated GyrA–compounds
interactions

Literature-based information revealed that the S83L,D87N
double mutation in GyrA is observed in nearly all of the quin-
olone-resistant E. coli strains (J. Kim et al., 2012; Varughese
et al., 2018). Therefore, it is of great importance to investigate
whether the selected lead compounds are able to bind to this
mutant strain as well as the wild-type protein. However, 3D
structure of this mutant E. coli GyrA (mGyrA) has not yet been
determined experimentally. Therefore, protein structure of the
mGyrA, which contains S83L,D87N double mutation, was pre-
dicted and subsequently refined to evaluate interaction of the
selected compounds with this mutant protein. Quality assess-
ment of the final selected model demonstrated its suitable
quality for further computational studies. Ramachandran plot
analysis showed that 92.8%, 6.5%, 0.8% and 0.0% of the resi-
dues in the modeled mGyrA were located in the most favored,
additionally allowed, generously allowed and disallowed
regions, respectively.

Analysis of the docking results of mGyrA–compound com-
plexes uncovered that Vineomycin a1 could bind to the
mutated GyrA with the highest binding affinity (–15.002 kcal/
mol). Galtamycin and Quanolirone I followed it with the
binding affinity of –14.911 and –14.202 kcal/mol, respectively.
Intriguingly, the selected lead compound-mGyrA complexes
showed better binding affinities than the SD8 complex
(–10.501 kcal/mol) (Table 4). The mGyrA–compound com-
plexes were studied in detail and the most significant
involved residues were identified (Table 4). As it can be
deduced from the results, K42, H45, N87, R91, F96, S97, L98,
I112, S171, S172, Y266, Q267 and N269 were the most com-
mon interacting residues among all of the complexes.
Although, hydrogen bond forming amino acids were
observed considerably, hydrophobic interactions found to be
more frequent than the other interactions.

Detailed analysis of the binding free energies and energy
components of mGyrA–compound complexes after MD simula-
tions are summarized in Table 4. Galtamycin displayed the

Table 3. Evaluation of binding affinity (kcal/mol) and binding free energies (kJ/mol) of SD8 and lead compounds to GyrA binding pocket from MD simulations
using the MM/PBSA method.

Compound names Binding affinity (kcal/mol) DEvdw DEele DGpol DGnonpol DGbind

SD8 –10.004 –251.825 –122.913 312.100 –15.708 –78.346
Galtamycin –13.828 –332.404 –34.396 160.163 –26.413 –233.050
Quanolirone I –12.126 –394.638 –267.327 551.416 –32.074 –142.623
Vineomycin a1 –11.893 –373.288 –-233.858 567.603 –28.908 –68.451

Evdw, van der Waals contribution; DEele, electrostatic contribution; DGpol, polar solvation energy; DGnonpol, nonpolar solvation energy; DGbind, binding
energy; DGbind¼DEvdwþDEeleþDGpolþDGnonpol.

10 H. KALHOR ET AL.



lowest binding free energy of –247.290 kJ/mol. Vineomycin a1,
SD8 and Quanolirone I followed it with the binding free energy
of –178.321, –138.289 and –169.604 kJ/mol, respectively.
According to the results, we found that the binding energies of
mGyrA–compound complexes were noticeably better than the
wild-type GyrA–compound complexes. In particular, the bind-
ing energy of mGyrA–Vineomycin a1 complex was obviously
higher than the GyrA–Vineomycin a1 complex.

In order to monitor conformational changes of
mGyrA–compound complexes, RMSD values were plotted as
a function of time (Figure 5(A)). The RMSD value of the
mGyrA–SD8 complex was in the range of 0.28–0.41 nm, while
three mGyrA–compound complexes (Galtamycin,
Quanolirone I and Vineomycin a1) displayed RMSD changes
in the range of about 0.15–0.3, 0.15–0.44 and 0.17–0.36 nm,
respectively, during 60 ns MD simulations. The
mGyrA–Galtamycin complex showed the least RMSD value in
average, while this system exhibited the highest fluctuation

during the first 20,000 ps of the simulation. On the whole, all
of the complexes displayed almost similar patterns of
changes in the RMSD values, and an adequate level of stabil-
ity during MD simulations.

The number of hydrogen bonds of the mGyrA–compound
complexes was computed during the simulations (Figure
5(B)). Results disclosed that the mGyrA–Galtamycin and
mGyrA–Vineomycin a1 complexes possessed 0-11 and 0-10
hydrogen bonds, respectively, while the mGyrA–Quanolirone
I and mGyrA–SD8 complexes had 0-5 and 0-7 hydrogen
bonds, respectively, during MD simulations.

4. Discussion

It has been proven that bacterial infections cause many
human deaths all over the world, annually. Since bacterial
resistance to the current antibiotics is constantly increasing,

Table 4. Evaluation of the interacting residues and binding free energies (kJ/mol) in the mGyrA–compound complexes.

Compound names SD8 Galtamycin Quanolirone I Vineomycin a1

binding affinity (kcal/mol) –10.501 –14.911 –14.202 –15.002
HB-AAs S97, S172, N165 N87, S97 T88, S97 E94, F96, S172, Y266
NH-AAs L41, K42, H45, R91, F96, S97,

L98, L102, S171, S172, V268,
N269, A328

K42, H45, T88, F96, I112, S171,
S172, Y266, Q267, N269

H45, F96, N87, R91, I112, S171,
S172, Y266, Q267, N269

R91, M92, S97, L98, I112, G114,
G170, S171, Q267

DEvdw –207.189 –308.190 –334.191 –406.429
DEele –10.606 –20.606 –86.941 –85.042
DGpol 96.057 106.057 288.067 355.307
DGnonpol –16.551 –24.551 –36.539 –42.157
DGbind –138.289 –247.290 –169.604 –178.321

HB-AAs, hydrogen bonds forming amino acids; NH-AAs, non-bonded contacts forming amino acids; Evdw, van der Waals contribution; DEele, electrostatic contri-
bution; DGpol, polar solvation energy; DGnonpol, nonpolar solvation energy; DGbind, binding energy; DGbind¼DEvdwþDEeleþDGpolþDGnonpol.

Figure 5. Analysis of RMSD values and number of hydrogen bonds of mGyrA–compound complexes: (A) RMSD of the mGyrA–compound complexes during 60 ns
of simulations. (B) Evaluation of mGyrA–compound interactions by calculating the number of hydrogen bonds as a function of time. In all plots, the colors indicate
GyrA–SD8 (black), GyrA–Galtamycin (orang), GyrA–Quanolirone I (green) and GyrA–Vineomycin a1 (red) complexes.
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especially in hospitals and other health centers (Mulvey &
Simor, 2009; Newman, Frimpong, Donkor, Opintan, &
Asamoah-Adu, 2011), it is essential to find novel and more
effective drugs against these resistant pathogens. One of the
most attractive components which play a pivotal role in bac-
terial cells and can be targeted for development of potential
antimicrobial drugs is DNA gyrase (Heide, 2014).
Fluoroquinolones have been the most successful antibacterial
agents against DNA gyrase for many years and have been
used to treat an abundant variety of infections.
Unfortunately, the widespread use of these compounds has
been caused many pathogens to become resistant to them
(Ruiz, 2003). This type of resistance is correlated to the muta-
tions in GyrA83 and/or GyrA87 residues (Kim et al., 2008; Kim
et al., 2012; Pu, Zhang, Pan, Shen, & Zhang, 2013).
Aminocoumarins are another class of gyrase inhibitors which
have been widely utilized in the clinic. They can bind to
DNA gyrase with a high affinity and affect the fluoroquino-
lone-resistant strains because of their distinct binding site
from fluoroquinolones (Heide, 2014). Simocyclinones are also
DNA gyrase inhibitors which contain aminocoumarin groups.
To the best of our knowledge, simocyclinone D8 (SD8) has
been reported to be able to inhibit both the wild-type DNA
gyrase (II, I) and fluoroquinolones-resistant strains (Madurga,
S�anchez-C�espedes, Belda, Vila, & Giralt, 2008; Oppegard
et al., 2009; Sadiq, et al., 2010). Hence, finding of SD8 offered
a magnificent prospect of developing new efficient inhibi-
tors, particularly those which bind to the DNA binding site of
GyrA. Considering the unique properties of SD8, in this
study, SBVS approach and molecular docking studies were
implemented to discover novel compounds based on the
SD8-binding site of DNA gyrase. As it has been demonstrated
by previous studies, Streptomyces spp. play a significant role
in the construction of natural bioactive compounds (Lucas,
et al., 2012). Therefore, in this study we recruited a natural
library produced by Streptomyces spp. (StreptomeDB) for dis-
covering new potential drugs against DNA gyrase.

After screening the primary library and considering several
features, three potential lead compounds with affinities
higher than –10 kcal/mol were selected against binding
pocket of GyrA with following PubChem CID: 163726
(Galtamycin), 475707 (Quanolirone I) and 73213 (Vineomycin
a1). Binding affinity analysis showed that these compounds
had higher binding affinity than the other compounds exist
in the StreptomeDB library, and even SD8 as the refer-
ence compound.

Previous studies have demonstrated that K42, V44, H45,
H78, H80, G81, D82, R91, F96, L98, S116, N169, G170, S171
S172, Y266 and Q267 residues of GyrA play principal roles in
the binding to DNA. Also, the effects of these residues on
the interaction of GyrA with different chemical compounds
are remarkably higher than the other residues (Edwards
et al., 2009; Hearnshaw et al., 2014; Rahimi, Najafi, Eslami,
Negahdari, & Moghaddam, 2016). Accordingly, we found that
all of the selected lead compounds could efficiently bind to
the most of these residues simultaneously (Figure 3).
Additionally, our findings unveiled that some of the residues
of GyrA which are involved in the interaction with

Galtamycin (K42, H45, R91, L98), Quanolirone I (R91, F96, L98,
S171, S172) and Vineomycin a1 (K42, H45, H78, H80, S172)
were also contributed in the interaction of GyrA–SD8 com-
plex (K42, H45, HK80, R91, L98, N169, G170, S171 and S172
residues) . Therefore, these residues of GyrA could introduce
as hotspot residues and serve as potential targets for
drug design.

The most common protein–ligand atomic interactions
consist of hydrophobic interactions, hydrogen bonds,
p-stacking, salt bridges, amide stacking and p-cation interac-
tions. These interactions are well-known and widely used in
the analyzing steps of drug design process. Besides, it has
been reported that hydrophobic interactions are the key
force in drug–protein interactions (de Freitas & Schapira,
2017). Intriguingly, we found that the most significant inter-
actions between GyrA and the lead compounds, as well as
the reference compound were hydrophobic interactions. As
it can be seen in Figure 3, the Pi–alkyl and Pi–cation interac-
tions, which are classified as hydrophobic interactions, play
an active role in the binding of the selected compounds to
GyrA. In addition to hydrophobic interactions, hydrogen
bonds were also considerably involved in the formation of
GyrA–compounds complexes.

As it has mentioned previously, the structure of SD8 con-
sists of two moieties; a chlorinated aminocoumarin (AC) and
an angucyclic polyketide (PK). Polyketide compounds encom-
pass a major part of natural products utilized in the treat-
ment of various human infective diseases. Currently, three
types of Polyketide compounds are identified which the
most significant one is type II aromatic polyketide containing
polyphenolic ring. Natural products derived from type II poly-
ketide are categorized as a class of bacterial secondary
metabolites. Angucyclines are one of the well-characterized
produced metabolites of type II polyketide (Hertweck,
Luzhetskyy, Rebets, & Bechthold, 2007; Shen, 2003).
Interestingly, we found that both the selected lead com-
pounds and SD8 contain angucycline moiety (Figure 6).

On the whole, the angucycline moiety of Galtamycin
could efficiently interact with S116, A117, D87, N94 and Y86
residues (Figure 3(C)). This moiety of Quanolirone I could
interact with D87 and N94 residues (Figure 3(D)), and angu-
cycline moiety of Vineomycin a1 could make interaction with
P43, V44, R47 and H78 residues (Figure 3(E)). However, the

Figure 6. Comparison between the structure of lead compounds and SD8: rep-
resentation of 2D structures of SD8, Galtamycin, Quanolirone I and Vineomycin
a1. The angucycline moiety is shown in green color.
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angucycline moiety of SD8 could only interact with H80
(Figure 3(B)).

Several new inhibitors against DNA gyrase based on the
SD8 structure and its binding have been suggested in the
previous studies. For instance, Verghese and colleagues
designed several compounds by using flavone-based ana-
logues. They resulted that the bicyclic ring of flavone can
replace with the coumarin moiety of SD8 (Verghese et al.,
2013). In another attempt, Rahimi et al., rationally designed
several compounds carrying out structural similarity search.
They used the natural product SD8 to virtually screen ZINC
database, and ZINC28243125 has been reported as the best
inhibitor which contains coumarin region (Rahimi et al.,
2016). Here, for the first time, we employed a natural library
and based on the SBVS approach identified three potential
inhibitors of DNA gyrase with different chemical structures
(containing angucycline moiety) from the previously intro-
duced gyrase inhibitors (containing coumarin moiety).

RMSD and Rg values are widely used for the assessment
of macromolecules stability and rigidity, respectively
(Lobanov, Bogatyreva, & Galzitskaya, 2008; Simmerling,
Strockbine, & Roitberg, 2002). The stability of the protein–li-
gand complexes were compared within 60 ns of MD simula-
tions. RMSD values of the protein–ligand complexes
remained less than 0.4 nm throughout the simulation peri-
ods. Interestingly, the lead compound complexes
(GyrA–Galtamycin, GyrA–Quanolirone I and GyrA–Vineomycin
a1) showed even lower fluctuation and higher stability than
the reference complex (GyrA–SD8). The highest stability in
RMSD value was observed in GyrA–Galtamycin complex
which had also obtained the best binding affinity. Moreover,
Rg values of the protein–ligand complexes were decreased
throughout MD simulations. This elucidates that
GyrA–compound complexes are highly compact under the
simulated conditions. Structural fluctuations of the protein
residues in the complexes were also evaluated by computing
RMSF values during MD simulations. It is documented that
residues with higher RMSF values in the protein sequence
are more flexible and probably have an unfolded state in the
protein structure (Monhemi, Housaindokht, Moosavi-
Movahedi, & Bozorgmehr, 2014). Also, Pushie et al. reported
that residues with high fluctuations are associated with sur-
face-exposed regions which contribute in protein–protein
interactions (Pushie & George, 2010). Analysis of the docking
results showed that K42, V44, H45, H78, H80, R91, F96, L98,
N169, G170, S171 S172, Y266 and Q267 residues of GyrA
could be considered as important residues for catalytic activ-
ity. Like GyrA–SD8 complex, GyrA–lead compounds com-
plexes displayed a noticeable diminution in the RMS
fluctuation of these residues in comparison with the other
residues during MD simulations (Figure 4(C)). The results pro-
posed that upon binding of the compounds to GyrA, critical
DNA-binding residues of DNA gyrase would be occupied by
the inhibitory compounds which consequently results block-
age in the activity of DNA gyrase. We noticed that despite
some differences, the RMSD, Rg and RMSF profiles of all
three lead compounds and the reference complexes followed
almost similar patterns.

In order to examine whether the selected lead com-
pounds can successfully bind to the mutated GyrA, we mod-
eled 3D structure of the most important and well-known
mutant form of GyrA, here named as mGyrA. This mutant
harbor S83L, D87N double mutation. Sergio Madurga et al.,
have reported that Ser83 and/or Asp87 mutations in GyrA
are responsible for the resistance against fluoroquinolones,
especially ciprofloxacin and levofloxacin (Madurga et al.,
2008). Additionally, based on the research conducted by
Varughese and colleagues, Ser83Leu, Asp87Asn double muta-
tion was detected in almost all of the quinolone-resistant E.
coli strains (Varughese, et al., 2018). Hence, we performed
molecular docking studies and evaluated interactions
between mGyrA and the selected lead compounds, as well
as SD8. Interestingly, we found that all of the four studied
compounds showed higher binding affinity to mGyrA than
the wild-type GyrA. Binding affinity of SD8 to the both wild-
type and mutated GyrA showed to be almost similar
(–10.004 and –10.501 kcal/mol, respectively), while binding
affinity of Vineomycin a1 to the mutated enzyme was
remarkably increased compared to the wild type (–15.002
and –11.893 kcal/mol, respectively). Altogether, these findings
indicated that the selected lead compounds and SD8 could
effectively bind to the mutated GyrA with strong
interactions.

We found that the conformation of the compounds has
moderately changed while bound to the mutant protein in
comparison with the wild-type GyrA. Also, comparing the
interacting residues in the both types displayed that more
residues were involved in the formation of hydrophobic
bonds in mGyrA than the wild-type protein, whereas in the
wild-type enzyme, the average number of hydrogen bond
forming residues was slightly higher than the mutant (Figure
3 and Table 4).

Comparing results obtained from MD simulations uncov-
ered that the selected lead compounds as well as the refer-
ence compound, SD8, could form highly stable complexes
with both the wild-type and mutant GyrA proteins.
Substantial difference between RMSD value of the wild-type
and mutant GyrA–compound complexes was not discerned.
However, the mGyrA–Galtamycin complex showed slightly
higher fluctuation than the wild-type complex, especially in
the first 20,000 ps. Analysis of the energy components
revealed that Galtamycin could interact with mGyrA with the
highest binding free energy (–247.290 kJ/mol). Also, binding
free energy of Vineomycin a1 showed an elevated increase
in the mutant complex (–178.321 kJ/mol) compared to the
wild type (–68.451 kJ/mol). Therefore, it seems that in add-
ition of Galtamycin, which displayed significantly favorable
results in the interaction with the both mutated and wild-
type GyrA, Vineomycin a1 can efficiently bind to the mutated
GyrA enzyme.

Considering all parameters, Galtamycin represented better
features in comparison with the other lead compounds.
GyrA–Galtamycin complex revealed the highest binding affin-
ity (–13.828 kcal/mol) and the most stable RMSD value. Also,
it showed a high binding affinity to the mutated GyrA
(–14.911 kcal/mol), along with Vineomycin a1 (–15.002 kcal/
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mol). Additionally, binding free energy analysis showed that
Galtamycin had the lowest free energy of binding in the
both wild-type (–233.050 kJ/mol) and mutated GyrA com-
plexes (–247.290 kJ/mol). MD results suggest that Galtamycin
has negligible conformational changes upon binding to GyrA
and efficiently interacts with the target protein. Moreover, it
was interesting that the toxicity assessment of this com-
pound disclosed its non-toxic behavior which increases its
drug likeness properties (Table 1).

In 1986, Galtamycin was isolated from Streptomyces sp.
WC76535 for the first time. Intriguingly, Jingfang et al., have
reported that Galtamycin has significant cytotoxicity against
the murine tumor cell line M-109 with IC50 of 12mM, as
well as inhibitory activity against HCMV (human cytomegalo-
virus) with IC50 of 52mM. Furthermore, Galtamycin is a
member of a novel structural class of the angucycline antitu-
mor antibiotics (Qian-Cutrone et al., 1998). Taken everything
into account, it seems that Galtamycin has a great potential
to inhibit DNA gyrase and can be applied for further studies
which aim to discover novel therapeutic drugs against anti-
biotic-resistant pathogens, especially fluoroquinolone-resist-
ant strains.

5. Conclusion

In this study, three potential inhibitors against GyrA subunit
of the DNA gyrase enzyme were discovered using
StreptomeDB library and applying structure-based virtual
screening approaches. Based on the results obtained from
docking pose analysis, Galtamycin, Quanolirone I and
Vineomycin a1 were found to have better binding affinities
and binding energies than the reference compound (SD8).
Also, MD simulations uncovered high stability of the lead
compound–GyrA complexes. Interestingly, these compounds
were able to bind to the most prevalent mutated form of
GyrA (S83L,D87N) even with a higher affinity than the wild-
type protein. Therefore, they can be considered as the
potential antibacterial agents for combating microbial infec-
tions generated by fluoroquinolone-resistant strains. Unlike
previous studies which have reported compounds with cou-
marin moiety, we perceived that angucycline moiety was
shared in all of the selected compounds and could strongly
bind to the DNA-binding pocket of GyrA. Furthermore,
assessment of the various physicochemical and pharmacoki-
netic properties of the hit compounds revealed their favor-
able characteristics, non-toxic behavior and adequate drug
likeliness. Among them, Galtamycin displayed a relative
superiority considering different features and binding ener-
gies. Altogether, our results can galvanize the future efforts
for developing new natural-based compounds against the
DNA gyrase. However, efficiency of the hit compounds needs
to be experimentally validated to confirm whether they
could clinically exhibit stronger effects than the existing
antibiotics.
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