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Abstract: Recent research papers have confirmed the prevalence of microorganisms resistant to
numerous antimicrobial agents, leading to spreading infections, extended hospitalizations, and
increased mortality rates. The amplifying factors stimulate the need to discover new molecules able
to cut off the developing resistance of pathogens against medicines. The current study presents a
molecular docking procedure applied on 15 new pyridine–thiourea derivatives in order to test their
activities against S. aureus and E. coli. The protein crystal structures were obtained from the Protein
Data Bank (PDB). Processes such as geometry optimization, molecular properties (log P, polarizability,
E HOMO, E LUMO, area and volume of the molecules, and ovality), drug-likeness, pharmacokinetic
and pharmacogenomic profiles, and molecular docking studies are discussed in the present research.
The approach involved the determination of the molecular properties for each chemical structure
by using the Spartan 14 software, followed by the evaluation of their binding affinity through a
specific docking score with the aid of the CLC Drug Discovery Workbench. Each studied compound
established hydrogen bonds with the selected receptors, leading to suitable docking scores and
increasing the chances of the compound being considered for further investigation.

Keywords: benzamide; molecular docking studies; thiourea; QSAR; pyridine

1. Introduction

New pharmaceutical drugs were intended to be developed in recent years due to
the wide and growing resistance to existing and overused medicines [1]. Among them,
a significant number of compounds with pyridine scaffolds have been synthesized [2–6].
Pyridine and its derivatives are considered resourceful scaffolds when considering the
formulation of a library of compounds, as pyridine and dihydropyridine are present in
many natural products such as alkaloids, vitamins (e.g., vitamin B6), and coenzymes
(e.g., NAD, NADP) [7,8].

The scientific literature and governmental entities have provided actual evidence
of the prevalence of pyridines as valuable structural units [3,9–11]. According to the
US Food and Drug Administration (FDA) database, up to 18% of approved heterocyclic
drugs are represented by pyridines or pyridine derivatives. With regard to the type of
substituted pyridine moiety, there is published evidence that the majority of derivatives
are monosubstituted, registering a percentage of 60%, followed by di- (22%), tri- (12%), and
tetrasubstituted (6%) chemical structures [7].

Pyridine derivatives, the most notable chemical heterocycles, have been explored for
their broad spectrum of pharmacological properties in different biological areas. Some
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examples of therapeutic areas and indications include infections [12,13], nervous system
pathologies [8,14], oncology [15–18], and inflammations [19–29]. In an attempt to develop
new therapeutical agents with a higher potency and better toxicity profiles, agents coupling
pyridine and urea functionalities have been synthesized [30].

In the present study, a synthetic strategy was developed involving two scaffolds,
namely thiourea and pyridine moieties. The aim of the current research was to de-
velop new analogues of a known chemical template, resulting in pharmaceutical leads as
chemical products.

The current research covers a library of 15 compounds evaluated by the determination
of a series of molecular descriptors, interconnected in order to elucidate and predict their
behavior within the human body based on the chemical structure of the scaffold.

Moreover, in order to estimate the reactivity and stability of the molecules, the re-
activity descriptors were evaluated by conceptual density functional theory (DFT). The
energy of the highest occupied molecular orbitals (HOMO) is related to the reactivity of the
molecule when considering the reactions with electrophiles. On the other hand, the low
energy of the lowest unoccupied molecular orbitals (LUMO) is necessary when a reaction
with nucleophiles is considered [31].

For investigating the reactivity of the site and the relative polarity of the molecules,
the molecular electrostatic potential (MEP) [32] was evaluated by using the DFT B3LYP
method with the basis set 6-31G*.

In addition, based on our expertise in the prediction of molecular mechanisms of new
drugs, antimicrobial bioinformatic tools were used to predict the drug-like, absorption,
distribution, metabolism, and elimination (ADME) profiles of the studied compounds [33],
with an emphasis on predicting the toxicity profiles of compounds.

Molecular docking studies were selected as a method of bioinformatic modeling to
predict the interaction between the studied molecules and a receptor, or the potential gen-
eration of stable adducts with an optimized docking conformation [34]. The computational
model generated different docking simulations, evaluated by a docking score. Essentially,
the information collected through the docking technique after obtaining the optimized
docked conformers was used to predict the binding energy, along with the stability of the
conformers [35]. The library of studied molecules (ligands) was optimized to be placed
into a favorable and specific binding site on the target receptors of proteins. The simulation
approaches were carried out by selecting the target proteins DNA gyrase B of S. aureus
and DNA gyrase B of E. coli. The complementarity between the receptors and ligands was
estimated and the orientation was optimized, returning a score that suggested a suitable
affinity of the studied molecules for the proposed target proteins, as well as a stable complex
characterized by its specificity and efficiency [36–38].

2. Materials and Methods
2.1. Molecular Properties

The properties related to absorption, distribution, metabolism, elimination, and toxicol-
ogy (ADMET) can be quantitatively predicted through in silico computational approaches.
Progress has been made using molecular modeling techniques, which are important for
examining the quantitative structure activity relationship (QSAR—reliable statistical mod-
els, intended to describe the behavior of a chemical compound in the internal medium
of the human body). QSAR models have been used to identify relationships between the
physico-chemical properties of the molecules and their biological activities.

For the designed compounds, the molecular properties were determined through
the use of a Spartan 14 (developed by Wavefunction, Inc.) analysis, based on the density
functional algorithm for equilibrium energy in the ground state (DFT B3LYP method, basis
set 6-31G*). CPK models generate a 3D conformation and, through a series of Van der Waals
radii, the free surface area and volume of the atoms are calculated. Spartan 14 provides the
quantities serving the QSAR description.
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The molecular descriptors related to Lipinski’s rule of five were calculated by using
the Spartan 14 Wavefunction Calculation Tools. In the present study, the XLOGP3-AA
method was used for the calculation of the octanol–water partition coefficient (log P).

In addition, the most important graphic models used to contribute to details about
electron density and chemical reactivity are displayed, namely: a frontier molecular orbital
(FMO) energy diagram, an electrostatic potential map (describing the charge distribution
and predicting the sites of electrophilic addition), a local ionization potential map (provid-
ing information related to the energy of electron removal—ionization), and a |LUMO| map
(index of nucleophilic addition and the absolute value of the lowest unoccupied molecular
orbital on the electron density).

Derived parameters were also calculated: the energy band gap (∆E), ionization potential (I),
electron affinity (A), chemical hardness (η), chemical softness (S), electronegativity (χ),
chemical potential (µ), and electrophilicity index (ψ).

2.2. Molecular Docking

The CLC Drug Discovery Workbench (QIAGEN Aarhus, Silkeborgvej 2, Prismet 8000,
Aarhus C, Denmark) software was used for docking purposes.

The docking protocol has been shown in previous studies [39].
In the docking process, the ligands (1a–1o) were placed on the surface of the target

protein, into the predictable binding site. An MMFF94 force field was utilized in order to
generate the 3D structure on import. The optimized ligand was obtained by conformation
changes and geometry optimization with the MMFF94 force field. The protein–ligand
interaction was measured through a docking score. The ligand binding mode was searched
in the binding site (the binding site is represented by a green sphere radius that covers all
ligands docked on the receptor protein).

The receptor protein was imported from PDB, and the binding site and binding pockets
were set up. The binding pockets were intended to guide the docking simulation. The
co-crystallized natural ligands were extracted and docked in the active binding site for the
validation of the method.

The docking parameters, specifically the score along with the hydrogen bonds es-
tablished with the amino acids in the interaction group, were obtained; the results were
interpreted in relation to the affinities, the prediction of bonding models, and the orientation
of the developed compound in the suitable active site of the receptor protein.

2.3. Molecule Preparation for ADME-Tox Features

A simplified molecular input line entry (SMILES) file of compounds 1a–1o was ob-
tained by using the Molecular Operating Environment (MOE) software [40]. These files
were used for further bioinformatic and cheminformatic analyses.

2.4. Assessment of Drug- and Lead-Likeness Features

To evaluate the features of drug- and lead-likeness, the chemical compounds 1a–1o
were evaluated using a few medicinal chemistry rules: Lipinski, Ghose, Veber, and Egan,
using the SwissADME web service [41].

2.5. Computational Pharmacokinetic and Pharmacogenomic Profiles

The SMILES files of molecules 1a–1o were uploaded into the pkCSM database [42] to
examine the ADMET properties. The human intestinal absorption (in %) was quantified,
together with the BBB permeability, AMES toxicity, inhibitory activity on hERG I and II,
and hepatotoxicity of the compounds. The pharmacogenomic profile extracted from the
pkCSM webserver was used to predict the capacity of the compounds to be substrates or
inhibitors of CYP2D6, CYP3A4, CYP1A2, CYP2C19, and CYP2C9.
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3. Results
3.1. Compound Selection

A versatile library of 15 thiourea- and/or pyridine-based chemical compounds (re-
ferred to as structure 1a–1o, Table 1), which differed from other functional groups, were
evaluated regarding their quantitative structure–activity relationship (QSAR) applications.
In the table hereafter, the structures chemically derived from 2-((4-ethylphenoxy) methyl)-
N-(heteroarylcarbamothioyl)benzamides are represented.

The limiting factor was represented by the development and selection of the most
promising compounds. By utilizing in silico procedures, such as molecular docking soft-
ware and programs that generate molecular properties for the evaluated agents, the time
effectiveness and procedure of blocking agents with lower possibilities of interacting with
the receptors were assessed.

Table 1. The chemical compounds 1a–1o, considered in the present study.

The Compounds 1a–1o, Chemically Derived from 2-((4-ethylphenoxy)
methyl)-N-(heteroarylcarbamothioyl)benzamides

Structure 1a
Formula: C20H19N3O2S2

Structure 1b
Formula: C22H21N3O2S

Structure 1c
Formula: C22H21N3O2S

Structure 1d
Formula: C23H23N3O2S
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Table 1. Cont.

The Compounds 1a–1o, Chemically Derived from 2-((4-ethylphenoxy)
methyl)-N-(heteroarylcarbamothioyl)benzamides

Structure 1e
Formula: C23H23N3O2S

Structure 1f
Formula: C23H23N3O2S

Structure 1g
Formula: C22H20ClN3O2S

Structure 1h
Formula: C22H20ClN3O2S

Structure 1i
Formula: C22H20ClN3O2S

Structure 1j
Formula: C22H20ClN3O2S
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Table 1. Cont.

The Compounds 1a–1o, Chemically Derived from 2-((4-ethylphenoxy)
methyl)-N-(heteroarylcarbamothioyl)benzamides

Structure 1k
Formula: C22H20BrN3O2S

Structure 1l
Formula: C22H20BrN3O2S

Structure 1m
Formula: C22H19Cl2N3O2S

Structure 1n
Formula: C22H19Cl2N3O2S

Structure 1o
Formula: C22H19Br2N3O2S
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3.2. Ligand Preparation
3.2.1. Geometry Optimization of the Ligands

The density functional theory (DFT) was used in the current study for the selected
compounds in order to determine their chemical mechanisms and molecular properties. In
this scope, firstly, the 3D structures were generated; then, their geometry was optimized
through energy minimization. The outcome is represented by the most stable conformers
(Figure 1a,b).

Figure 1. (a) The ball and spoke representation of the 1d molecular structure. (b) The wire label
representation of the 1d optimized molecular structure. By convention, the numbering of the atoms
was assigned in accordance with Spartan 14 software. Supporting information with respect to the
tube and wire label representation for every chemical compound included in the current study is
provided in the Supplementary Materials, Figures S1a–o and S2a–o.

3.2.2. In Silico Exploration of Molecular Properties

In order to understand the molecular structures and functions of the molecules, a
series of physical parameters were calculated. The tables hereafter (Tables 2 and 3) provide
information regarding the molecular properties, including area, volume, polar surface
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area (PSA), ovality, log P, polarizability, and the energy of the frontier molecular orbitals
(FMOs)—the highest occupied molecular orbital (HOMO) and lowest unoccupied molecu-
lar orbital (LUMO)—as well as their derived parameters: the energy gap (∆E), ionization
potential (I), electron affinity (A), chemical hardness (η), chemical softness (S), electroneg-
ativity (χ), chemical potential (µ), and electrophilicity index (ψ). The calculus of the
mentioned parameters is described in the legend of Tables 2 and 3.

Table 2. Molecular properties with respect to designed chemical compounds, generated by Spartan
14 software.

Compound

Molecular Property Type

Area
(Å)

Volume
(Å3)

PSA
(Å2) Ovality Log P * Polarizability

(10−30 m3)

Dipole
Moment
(Debye)

EHOMO
(eV)

ELUMO
(eV)

∆E 1

(eV)

1a 411.29 386.22 44.587 1.60 2.77 71.87 4.44 −5.5964 −2.0575 3.5389
1b 423.07 400.53 46.835 1.61 2.22 72.98 4.15 −5.5989 −1.8515 3.7474
1c 422.59 400.46 46.751 1.61 1.06 72.98 2.34 −5.6384 −1.9294 3.7090
1d 446.42 422.82 48.360 1.64 2.39 75.14 4.93 −4.5358 −2.256 2.2798
1e 442.95 418.75 46.912 1.64 2.39 74.45 4.48 −5.5815 −1.8040 3.7775
1f 443.05 418.82 46.777 1.64 2.39 74.45 4.70 −5.5835 −1.7983 3.7852
1g 438.80 414.21 46.800 1.63 2.08 74.12 2.43 −5.6408 −2.0175 3.6233
1h 436.28 413.83 45.059 1.62 1.90 74.10 1.98 −5.7575 −2.0769 3.6806
1i 438.01 414.00 46.732 1.63 1.90 74.13 5.11 −5.6965 −2.2076 3.4889
1j 438.37 414.10 46.689 1.63 1.71 74.12 2.00 −5.6844 −2.0888 3.5956
1k 443.41 418.70 46.796 1.64 2.35 74.48 2.41 −5.6448 −2.0313 3.6135
1l 443.46 418.69 46.651 1.64 3.39 74.49 2.35 −5.6510 −2.0570 3.5940

1m 454.83 427.96 47.476 1.66 1.95 75.23 4.17 −5.6053 −1.9484 3.6569
1n 453.64 427.59 46.579 1.65 2.55 75.26 5.31 −5.7401 −2.3724 3.3677
1o 464.05 436.95 47.414 1.67 2.49 75.95 4.08 −5.6125 −1.9484 3.6641

* Log P values were calculated based on the algorithm provided by Spartan 14 software using the method of
Ghose, Pritchett, and Crippen. 1 ∆ E (eV)—energy band gap = |EHOMO − ELUMO|.

Table 3. Molecular descriptors calculated based on data generated by Spartan 14 software.

Compound Ionization
Potential 2

Electron
Affinity 3

Chemical
Hardness 4

Chemical
Softness 5 Electronegativity 6 Chemical

Potential 7
Electrophilicity

Index 8

1a 5.5964 2.0575 1.7695 0.2826 3.8270 −3.8270 4.1384
1b 5.5989 1.8515 1.8737 0.2669 3.7252 −3.7252 3.7031
1c 5.6384 1.9294 1.8545 0.2696 3.7839 −3.7839 3.8603
1d 4.5358 2.2560 1.1399 0.4386 3.3959 −3.3959 5.0584
1e 5.5815 1.8040 1.8888 0.2647 3.6928 −3.6928 3.6099
1f 5.5835 1.7983 1.8926 0.2642 3.6909 −3.6909 3.5989
1g 5.6408 2.0175 1.8117 0.2760 3.8292 −3.8292 4.0467
1h 5.7575 2.0769 1.8403 0.2717 3.9172 −3.9172 4.1690
1i 5.6965 2.2076 1.7445 0.2866 3.9521 −3.9521 4.4767
1j 5.6844 2.0888 1.7978 0.2781 3.8866 −3.8866 4.2012
1k 5.6448 2.0313 1.8068 0.2767 3.8381 −3.8381 4.0766
1l 5.6510 2.0570 1.7970 0.2782 3.8540 −3.8540 4.1328

1m 5.6053 1.9484 1.8285 0.2735 3.7769 −3.7769 3.9007
1n 5.7401 2.3724 1.6839 0.2969 4.0563 −4.0563 4.8856
1o 5.6125 1.9484 1.8321 0.2729 3.7805 −3.7805 3.9005

2 Ionization potential (I = − EHOMO). 3 Electron affinity (A = − ELUMO). 4 Chemical hardness (η = (I − A)/2).
5 Chemical softness (S = 1/2η). 6 Electronegativity (χ = (I + A)/2). 7 Chemical potential (µ = − (I + A)/2).
8 Electrophilicity index (ψ = µ2/2η).

The calculation was carried out by using isolated molecules, in gas, at the equilibrium
geometry in the ground state for the lowest energy conformer, characterized by a minimum
energy in all dimensions (Spartan 14 Wavefunction analysis, based on the density functional
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algorithm, for the equilibrium energy in the ground state (DFT B3LYP method, basis
set 6-31G*)).

The presented in silico models were developed with the rationale of reducing the
expensive and time–consuming resources required in the laborious process of the devel-
opment of new chemical structures. The computational models were able to detect the
molecules with the highest potential activities, thus avoiding the synthesis of the chemicals
with inconsistent ADMET profiles in the next stages of research [43].

The octanol–water partition coefficient (log P) represents a prevalent path for deter-
mining the lipophilic nature of a compound. The log P is calculated as the logarithmic
form of the ratio between the concentration of the solute in the organic phase (octanoic
phase) and its concentration in the aqueous phase. Log P is extremely useful in the early
stages of the development processes, as the lipophilicity reveals to what extent the molecule
penetrates the biological membranes and distributes in the biological system. Log P can be
linked to properties such as the absorption, distribution, penetration of the central nervous
system, and excretion (ADME) [44–46].

The partition coefficient is a preferred feature for describing the solubility of a molecule,
its protein binding, how long the chemical is stored in the fat tissue, and if there are
environmental risks in agricultural domains [47,48]. In Lipinski’s rule of five, log P is one
of the descriptors that estimate the drug likeness of the chemical candidates, along with
the molecular weight and the number of H-bond acceptors and donors for the appropriate
ADME [49]. According to Lipinski’s rule, log P should not exceed values higher than 5, so
as to make the drug suitable for oral administration.

As mentioned before, for a molecule to have blood–brain barrier (BBB) permeability,
it should be characterized by lipophilicity. The scientific literature provides an example
of built-up permeability through the BBB, namely the enhanced lipophile character from
morphine to heroin. The acetylation of 3- and 6-hydroxy groups on the morphine structure,
with a log P of 0.99, results in a heroin compound, rising the log P to 2.3. The alteration
increases the lipophilicity of the final molecule, facilitating the penetration through the
BBB [49].

On the contrary, although drug candidates require lipophilic properties for good pene-
tration of the lipid bilayer of cellular membranes, log P values over 3 are an attribute of
lipophilicity, raising concerns about toxic events such as hepatotoxicity [50]. Pharmacoki-
netic parameters are considered, as the plasma distribution decreases with the growth of
protein binding in the serum and plasma clearance, leading to decreases in the plasma area
under the curve (AUC). Protein binding may increase the size of the molecule, leading to
the incapacity of BBB permeability [49].

The absorption and the transport of a studied molecule can be predicted based on a
polar surface area (PSA) calculation, where the maximum values should be limited to 120
Å for efficient and proper cell permeability [51]. The set limit is sustained even in a study
that takes into account 45 chemical compounds [52]. The molecules are analyzed for oral
absorption and brain barrier permeability. A linear dependency was discovered between
the polar surface area and the penetration of the molecule through the brain barrier, with
further confirmation that the penetration is diminished when the PSA increases.

This particular property should be considered on the outset of the screening process, es-
pecially for molecules intended for oral use and those targeted for brain penetration [49,53].

Another descriptor of molecules is represented by ovality. The ovality is a means of
expressing to what extent the molecule deviates from the ideal spherical shape. A value of
1.0 represents a spherical model, and values greater than 1.0 indicate a deviation [39].

Of significant importance is the energy difference between the highest occupied orbital
and the lowest unoccupied orbital, referred to as the HOMO–LUMO gap (∆E). For instance,
high values of ∆E are correlated with a high energy needed for electrons to skip from an
occupied orbital to an unoccupied orbital. Consequently, the smaller the HOMO–LUMO
gap, the higher the chemical reactivity of the molecule. On the contrary, the chemical
reactivity is lowered by the increasing of the HOMO–LUMO gap [39,54,55].
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The energy band gap (∆E = |ELUMO − EHOMO|) is large for hard molecules and
small for soft molecules. As softness is a measure of chemical reactivity, a soft molecule
is considered more reactive [56–58]. As described in Table 3, the electron affinity and
ionization energy are derived from EHOMO and ELUMO.

A molecule is more reactive when the energy band gap is smaller and the softness is
larger. Judging by the calculated values for the energy band gap and softness, the reactivity
of the chemicals reduces in the following order: 1d > 1n > 1i > 1a > 1l > 1j > 1k > 1g > 1m
> 1o > 1h > 1c > 1b > 1e > 1f (Figure 2). On the other hand, the stability of the molecules is
indicated by an increased ∆E. Consequently, the stability of the entities is the reverse of
reactivity, and the stability of the studied compounds increases as follows: 1d < 1n < 1i
< 1a < 1l < 1j < 1k < 1g < 1m < 1o < 1h < 1c < 1b < 1e < 1f (Figure 3).

The compound 1d stands out from the series, being characterized by the highest
reactivity (∆E = 2.2798) and the lowest stability (S = 0.4386) among the tested entities.
The values obtained after carrying out the calculations proved to be similar except for the
compound 1d; the relative standard deviations calculated for the energy band gap and
chemical softness values were 3.15% (standard deviation = 0.114) and 3.23% (standard
deviation = 0.009), respectively, meaning that the obtained data was tightly clustered
around the mean.

The most reactive compound in the series (1d) was differentiated through a methyl
radical in the ortho position on the pyridine ring. On the other hand, the most stable
molecule (1f) contained the methyl radical in the para position. It may not be the substituent
itself that has any stabilizing effect, but rather its position on the pyridine ring.

Figure 2. Graphic representation of energy band gap for the compounds 1a–1o.
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Figure 3. Graphic representation of chemical softness for the compounds 1a–1o.

3.2.3. Quantum Chemical Calculations—Graphical Models

Important graphic quantities such as the electrostatic potential map, the local ioniza-
tion potential map, and the LUMO map obtained from the quantum chemical calculations
were displayed through the Spartan 14 software.

The LUMO map is an index for nucleophilic addition, and is an indicator of the
absolute value derived from the lowest unoccupied molecular orbital on the electron
density surface. The absolute values are marked by colors (Figure 4). The LUMO map has
its utility in pointing to where a nucleophilic attack would occur with a high probability. As
noticed, the molecule 1d is mapped in red; it was characterized by an enhanced stabilization,
correlated with a reduced HOMO–LUMO gap.

The molecular electrostatic potential (MEP) was calculated to investigate the chemical
reactivity of the studied compounds. The MEP is especially important for the identifi-
cation of the reactive sites of nucleophilic or electrophilic attack in hydrogen-bonding
interactions [59]. An electrostatic potential map shows hydrophilic regions in red (negative
potential) and blue (positive potential) and hydrophobic regions in green (Figure 5). For all
compounds, the maxima of the negative regions are localized on the O21 atoms, and the
maxima of the positive regions are localized on N17 atoms.

A local ionization potential map is considered another index of electrophilic addition,
showing the energy of electron removal—ionization—on the electronic density. The local
ionization map is the result of the overlay of the energy of electron removal (ionization) on
the electron density and can also indicate an electrophilic addition (Figure 6).
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Figure 4. LUMO map for compound 1d. The red color or shades of red represent the minimum value
of the LUMO (absolute values near zero), and the blue color is used for indicating the maximum
absolute values. Supporting information with respect to the LUMO map representation for every
chemical compound included in the current study is provided in the Supplementary Materials,
Figure S3a–o.

Figure 5. Molecular electrostatic potential map (of the electronic density) for the compound 1d. A
red color or shades of red mark a negative potential. On the other hand, shades of blue indicate
a positive potential. Supporting information with respect to the molecular electrostatic potential
map representation for every chemical compound included in the current study is provided in the
Supplementary Materials, Figure S4a–o.
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Figure 6. Local ionization potential map for the compound 1d. A red color or shades of red indicate
areas where the ionization (the removal of an electron) is relatively easy; the effect is correlated
with vulnerability to electrophilic attack. The regions in blue indicate the areas where the ionization
is tough. In other words, red regions indicate a low ionization potential, while blue regions mark
a high ionization potential. Supporting information with respect to the local ionization potential
map representation for every chemical compound enclosed in the current study is provided in the
Supplementary Materials, Figure S5a–o.

3.2.4. Drug-Likeness, Pharmacokinetic, and Pharmacogenomic Profiles of
1a–1o Compounds

In the early stages of development, the “drugability” of new entities is constantly
sought in order minimize the consumption of resources and time. The suitable oral bioavail-
ability of studied molecules is evaluated through theoretical mathematical models; among
them, a highly used predictor is represented by Lipinski’s rule of five [60].

The rule of five is used to evaluate if a molecule has suitable properties to be considered
as a potential active pharmaceutical ingredient with oral administration [49].

In conformity with Lipinski’s rule, a rational drug design for a lead chemical candi-
date with potential oral absorption and high permeation should be characterized by: a
molecular mass less than 500 Da, a number of H-bond acceptors less than 10, a number
of H-bond donors less than 5, and a partition coefficient (log P) not greater than 5 (or
Mlog P > 4.15) [49,61].

As the literature states [49], the violation of two or more properties in the rule of five
could classify the evaluated compound as a non-oral delivery route drug. Lipinski’s rule
sets the possibility and advantage to remove from the study the compounds that are not of
interest in the developing research.

As identified in the table above (Table 4), five of the studied compounds followed the
rule of five (1a, 1b, 1c, 1e, and 1f). The mentioned compounds can be distinguished by
respecting the partition coefficient limits (log P < 5). The compound 1a contained a thiazole
radical attached to the thiourea moiety and the compounds 1b and 1c held a pyridine
radical on the thiourea moiety; on the other hand, the chemicals 1e and 1f were designed
with a methyl radical on the pyridine nucleus, in the ortho- and para- positions with respect
to the thiourea moiety. It was noticed that the position of the methyl radical on the pyridine
moiety influenced the compound’s lipophilicity (the chemical structure of 1d, log P = 6.03).
Besides, the Cl- and Br- radicals, set on the pyridine nucleus, determined the increase in
the partition coefficient; specifically, the compounds were more lipophilic. To illustrate
by example, the structure 1o, which includes two bromine atoms on the pyridine moiety,
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imprinted the highest lipophilic character in the evaluated series (log P = 7.04), followed by
1m, which was configured with two chloride atoms in the same positions. Along with the
violation of Lipinski’s rule regarding lipophilicity, the compound 1o also had a molecular
mass greater than 500 Da (549.28 Da).

Table 4. Lipinski’s rule of five applied for the designed chemical compounds 1a–1o.

Compound
Molecular

Mass
(<500 Da)

Log P *
(<5)

Number of
H-Bond Donors

(<5)

Number of
H-Bond Acceptors

(<10)

Number of
Violations of
Rule of Five

1a 397.51 4.79 2 5 0
1b 391.49 4.49 2 5 0
1c 391.49 4.15 2 5 0
1d 405.51 6.03 2 5 1
1e 405.51 4.85 2 5 0
1f 405.51 4.85 2 5 0
1g 425.93 5.11 2 5 1
1h 425.93 5.11 2 5 1
1i 425.93 5.11 2 5 1
1j 425.93 5.11 2 5 1
1k 470.38 5.18 2 5 1
1l 470.38 5.51 2 5 1

1m 460.38 6.92 2 5 1
1n 460.38 6.07 2 5 1
1o 549.28 7.04 2 5 2

* Log P values were generated by using the XLOGP3-AA method.

The results generated from the medicinal chemistry filtering (Lipinski, Ghose, Veber,
and Egan) are showed in Table 5.

Table 5. The drug-likeness features according to Lipinski, Veber, Ghose, and Egan rules.

Compound Lipinski Ghose Veber Egan Bioavailability Score

1a Yes Yes Yes Yes 0.55
1b Yes Yes Yes Yes 0.55
1c Yes Yes Yes Yes 0.55
1d Yes Yes Yes Yes 0.55
1e Yes Yes Yes Yes 0.55
1f Yes Yes Yes Yes 0.55
1g Yes Yes Yes Yes 0.55
1h Yes Yes Yes Yes 0.55
1i Yes Yes Yes Yes 0.55
1j Yes Yes Yes Yes 0.55
1k Yes Yes Yes Yes 0.55
1l Yes Yes Yes Yes 0.55

1m Yes Yes Yes Yes 0.55
1n Yes Yes Yes Yes 0.55

1o No; 2 violations:
MW > 500, MLOGP > 4.15

No; 2 violations:
MW > 480, MR > 130 Yes Yes 0.17

Our results show that compounds 1a–1n complied with the drug-likeness rules, indi-
cating that these compounds have a possible drug effect and good bioavailability, except
for compound 1o (see Table 5).

Furthermore, the ADME-Tox predictable properties of the compounds 1a–1n were
evaluated (Table 6) with an emphasis on (i) intestinal absorption, (ii) BBB permeabil-
ity, and (iii) items of toxicity, expressed as AMES, hepatotoxicity, cardiotoxicity, and
skin sensitization.
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Table 6. Computational pharmacokinetic and toxicity profiles for compounds.

Compounds Intestinal
Absorption %

BBB
Permeability AMES hERG I

Inhibitor Hepatotoxicity Skin
Sensitization

1a 90.166 −0.05 no no no no
1b 91.808 −0.124 no no yes no
1c 91.829 −0.005 no no yes no
1d 91.373 −0.089 no no yes no
1e 91.447 −0.068 no no yes no
1f 91.484 −0.073 no no yes no
1g 90.375 −0.083 no no no no
1h 90.478 0.033 no no yes no
1i 90.377 0.014 no no no no
1j 90.282 −0.008 no no no no
1k 90.308 −0.084 no no no no
1l 90.29 −0.016 no no yes no

1m 88.364 0.004 no no no no
1n 88.753 −0.013 no no no no

The results revealed that all compounds exhibited excellent intestinal absorption (from
values of 91.829 for 1c to 88.364 for 1m). For the BBB permeability, it was noticed that the
complexes had good recorded BBB permeability values (log BBB varied from −0.124 to
0.033). In this study, great importance was given to predicting the toxicity of compounds.
The results revealed that none of the compounds exhibited AMES, cardiotoxicity, or skin
sensitization. Furthermore, compounds 1b–1f, 1h, and 1l appeared to induce hepatotoxicity.

Therefore, a pharmacogenomic profile of the active compounds was generated (Table 7).
The results regarding metabolic pathways showed that all compounds had interactions
with CYP3A4, CYP2C19, and CYP2C9, but not with CYP2D6.

Table 7. The inhibitor/substrate features of natural compounds for CYP2D6, CYP3A4, CYP1A2,
CYP2C19, and CYP2C9.

Compounds CYP3A4
Substrate

CYP1A2
Inhibitor

CYP2C19
Inhibitor

CYP2C9
Inhibitor

CYP2D6
Substrate/Inhibitor

CYP3A4
Inhibitor

1a yes yes yes yes no/no yes
1b yes yes yes yes no/no yes
1c yes yes yes yes no/no yes
1d yes yes yes yes no/no yes
1e yes yes yes yes no/no yes
1f yes yes yes yes no/no yes
1g yes no yes yes no/no yes
1h yes no yes yes no/no yes
1i yes no yes yes no/no yes
1j yes no yes yes no/no yes
1k yes no yes yes no/no yes
1l yes no yes yes no/no yes

1m yes no yes yes no/no yes
1n yes no yes yes no/no yes

3.3. Molecular Docking Studies and Predictive Ligand–Receptor Interactions

The molecular docking studies were carried out by using the CLC Drug Discovery
Workbench software. A docking software can be considered a virtual lab. Molecular
docking gives insight into atomic levels in order to analyze the target protein and the way
the ligand binds to the active site. The model offers details with respect to the interacting
groups, potential hydrogen bonds, and bond lengths, and eventually, the docking score is
calculated. The ligands 1a–1o were positioned on the surface of a specific protein (target),
namely DNA gyrase subunits from Staphylococcus aureus and Escherichia coli. The target
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proteins (receptors) were imported from the Protein Data Bank (PDB), specifically PDB ID
2XCS [62] and 4 DUH [63], respectively.

3.3.1. Molecular Docking of the Ligands into S. aureus DNA Gyrase Active Site

The compounds established hydrogen bonds with the DNA gyrase B of S. aureus; the
protein–ligand interactions returned a docking score, highlighting a promising interaction
between the ligands and receptors. The generated results for the studied compounds are
listed in Table 8. Moreover, the information regarding the co-crystallized natural ligand is
also enclosed in Table 8, in order to correlate the similarities between the new outcomes
and the results due to co-crystallization.

Table 8. List of intermolecular interactions between the ligand molecules docked with 2XCS (S. aureus
DNA gyrase B, chain F) using CLC Drug Discovery Workbench Software.

Compound Score RMSD
(Å) Interacting Group Hydrogen Bond *

Bond
Length

(Å)

Co-crystallized
RXV F 1021 −48.28 1.29

SER1084(B), ASP1083(B),
MET1075(B), VAL1071(B),
MET1121(B), GLY1072(B),
ALA1068(B), ARG1069(B),
ARG1122(D), MET1121(D),
ALA1068(D), GLY1072(D),
MET1075(D), VAL1071(D),

ASP1083(D)

N sp2 (N21)–O sp2 from
ASP1083(B)

2.902

1a −28.04 0.98

MET 586, GLU 585, GLY 584,
ALA 439, SER 438, ASP 437,
LEU 583, TIR 580, GLY 582,
GLY 436, LYS 581, ASP 508,

GLU 435, LEU 457, ARG 458,
GLY 459, LYS 460, ILE 516

(see Figure S6 in
Supplementary Materials)

O sp2 (O21)–O sp3 from SER 438
O sp2 (O21)–N sp2 from SER 438
O sp2 (O21)–N sp2 from ASP 437
N sp2 (N19)–O sp3 from ASP 437
N sp2 (N23)–O sp3 from ASP 437

(see Figure S7 in
Supplementary Materials)

3.202
2.673
3.183
3.259
2.950

1b −35.85 0.54

GLY 440, ASP 437, SER 438,
GLY 584, ALA 439, LEU 583,
GLY 436, GLY 582, ASP 508,

GLU 435, LEU 457, ARG 458,
GLY 459, LYS 460, ASP 512, ILE 516

(see Figure S8 in
Supplementary Materials)

O sp3 (O7)–N sp2 from ASP 437
N sp3 (N17)–O sp2 from GLU 435

(see Figure S9 in
Supplementary Materials)

3.136
3.086

1c −28.04 1.11

ASP 437, SER 438, ALA 439,
GLY 436, LEU 457, GLU 435,

ASP 508, ARG 458, GLY 459, LYS 460
(see Figure S10 in

Supplementary Materials)

N sp2 (N19)–O sp3 from SER 438
N sp3 (N17)–N sp2 from ASP 437
N sp3 (N17)–N sp2 from SER 438

(see Figure S11 in
Supplementary Materials)

3.027
3.114
2.987

1d −43.46 0.74

ASP 437, SER 438, GLY 436,
LEU 457, ALA 439, GLY 584,
LEU 583, GLU 435, GLY 582,
LYS 581, ASP 508, PRO 1080,

HYS 1081, MET 1075, GLY 1082,
ASP 1083, SER 1084, ARG 458

(see Figure S12 in
Supplementary Materials)

O sp3 (O7)–N sp2 from SER 438
O sp3 (O7)–O sp3 from SER 438
O sp2 (O21)–O sp3 from SER 438

(see Figure S13 in
Supplementary Materials)

3.229
3.022
3.026
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Table 8. Cont.

Compound Score RMSD
(Å) Interacting Group Hydrogen Bond *

Bond
Length

(Å)

1e −34.34 0.64

GLY 441, ASP 437, SER 438, ALA 439,
GLY 436, LEU 457, GLU 435, ASP
508, ARG 458, GLY 459, LYS 460

(see Figure S14 in
Supplementary Materials)

N sp2 (N19)–O sp3 from SER 438
N sp3 (N17)–O sp3 from SER 438
N sp3 (N17)–N sp2 from SER 438

(see Figure S15 in
Supplementary Materials)

2.817
3.071
3.165

1f −29.57 0.52

ASP 437, SER 438, ALA 439,
GLY 436, LEU 457, GLU 435,

ASP 508, ARG 458, GLY 459, LYS 460
(see Figure S16 in

Supplementary Materials)

N sp2 (N23)–O sp3 from SER 438
N sp2 (N19)–O sp3 from SER 438
N sp3 (N17)–O sp3 from SER 438
N sp3 (N17)–N sp2 from SER 438
N sp3 (N17)–N sp2 from ASP 437
O sp2 (O21)–N sp2 from ASP 437

(see Figure S17 in
Supplementary Materials)

3.023
2.599
3.108
2.786
3.196
3.150

1g −35.55 0.34

ASP 437, SER 438, ALA 439,
GLY 436, LEU 457, GLU 435,

ASP 508, ARG 458, GLY 459, LYS 460
(see Figure S18 in

Supplementary Materials)

O sp3 (O7)–N sp2 from SER 438
O sp3 (O7)–N sp2 from ASP 437

(see Figure S19 in
Supplementary Materials)

3.091
3.140

1h −30.44 0.62

GLY 440, ASP 437, SER 438,
ALA 439, GLY 582, GLY 436,
GLU 435, LEU 457, ARG 458,

ASP 1083, GLY 1082, MET 1075,
HYS 1081, PRO 1080, ASP 508

(see Figure S20 in
Supplementary Materials)

O sp3 (O7)–N sp2 from ASP 437
(see Figure S21 in

Supplementary Materials)

3.100

1i −31.01 1.31

GLY 440, ASP 437, SER 438,
GLY 584, ALA 439, LEU 583,
ASP 508, GLY 582, GLY 436,

GLU 435, LEU 457, ARG 458,
GLY 459, LYS 460, ILE 461

(see Figure S22 in
Supplementary Materials)

N sp2 (N19)–O sp3 from SER 438
N sp3 (N17)–O sp3 from SER 438
N sp3 (N17)–N sp2 from SER 438
N sp3 (N17)–N sp2 from ASP 437

(see Figure S23 in
Supplementary Materials)

2.875
3.326
2.895
3.095

1j −34.34 0.24

ASP 437, SER 438, ALA 439,
GLY 584, LEU 583, GLY 436,
LEU 457, GLU 435, ASP 508,

ARG 458, GLY 459, LYS 460, ILE 461
(see Figure S24 in

Supplementary Materials)

N sp2 (N19)–O sp3 from SER 438
N sp3 (N17)–O sp3 from SER 438
N sp3 (N17)–N sp2 from SER 438

(see Figure S25 in
Supplementary Materials)

2.941
3.092
3.176

1k −29.36 1.31

ASP 437, SER 438, GLY 584,
ALA 439, GLU 585, LEU 583,
GLY 582, GLY 436, LEU 457,
GLU 435, LYS 581, ASP 508,
ARG 458, GLY 459, LYS 460,

ILE 516
(see Figure S26 in

Supplementary Materials)

O sp2 (O21)–O sp3 from SER 438
O sp2 (O21)–N sp2 from SER 438

(see Figure S27 in
Supplementary Materials)

2.824
3.359

1l −34.34 0.20

ASP 437, SER 438, ALA 439,
GLY 436, LUE 457, GLU 435,
ASP 508, ARG 458, GLY 459,

LYS 460
(see Figure S28 in

Supplementary Materials)

N sp2 (N19)–O sp3 from SER 438
N sp3 (N17)–O sp3 from SER 438
O sp2 (O21)–N sp2 from ASP 437
O sp3 (O7)–N sp2 from GLY 459

(see Figure S29 in
Supplementary Materials)

2.714
3.132
3.089
3.123
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Table 8. Cont.

Compound Score RMSD
(Å) Interacting Group Hydrogen Bond *

Bond
Length

(Å)

1m −28.85 1.67

GLY 440, GLY 584, ALA 439,
LEU 583, DER 438, ASP 437,
GLY 582, GLY 436, LEU 457,
GLU 435, ASP 508, ARG 458,

GLY 459, LYS 460
(see Figure S30 in

Supplementary Materials)

O sp3 (O7)–O sp3 from SER 438
O sp3 (O7)–N sp2 from SER 438
O sp3 (O7)–N sp2 from ASP 437

(see Figure S31 in
Supplementary Materials)

3.329
2.996
3.204

1n −22.27 0.50

GLY 440, ASP 437, SER 438,
ALA 439, GLY 584, GLU 585,
LEU 583, GLY 436, GLY 582,
LYS 582, ASP 508, GLU 435,
ARG 458, GLY 459, ILE 516

(see Figure S32 in
Supplementary Materials)

O sp2 (O21)–O sp3 from SER 438
O sp2 (O21)–N sp2 from SER 438
O sp2 (O21)–N sp2 from ASP 437

(see Figure S33 in
Supplementary Materials)

3.176
2.762
3.156

1o −30.44 1.87

LEU 583, GLY 584, ALA 439,
SER 438, ASP 437, GLY 436,
ASP 508, GLU 435, LEU 457,
ARG 459, GLY 459, LYS 460

(see Figure S34 in
Supplementary Materials)

O sp3 (O7)–O sp3 from SER 438
O sp3 (O7)–N sp2 from SER 438
O sp3 (O7)–N sp2 from ASP 437

(see Figure S35 in
Supplementary Materials)

3.229
2.950
3.252

* The numbering of atoms was generated by the Spartan 14 software. Figure 1a emphasizes the labeled compound
1d, suitable for a quantum mechanics calculation. Supporting information with respect to the tube and wire label
representation for each chemical compound included in the current study is provided in the Supplementary
Materials, Figures S1a–o and S2a–o.

For a comprehensive visualization of the interactions between each of the designed
compounds and selected microbial agents, Figure 7a reveals the interaction group gen-
erated by the docking software. The hydrogen bonds present are also exemplified in
Figure 7b attached.

Regarding the docking of ligands with DNA gyrase B from S. aureus, the highest
docking score was obtained for the compound 1d (−43.46), with RMDS = 0.74 Å; the
acquired value was quite close to the co-crystallized RXV docking score (−48.28), with
RMDS = 1.29 Å (see Figure 8).

3.3.2. Molecular Docking of the Ligands with E. coli DNA Gyrase

The studied chemicals established hydrogen bonds with the DNA gyrase B of E. coli,
returning docking scores that showed favorable interactions between the ligand and
target receptor. The table hereafter (Table 9) specifically describes the interactions be-
tween compounds 1a–1o and the DNA gyrase B of E. coli, along with the co-crystallized
interaction group.

During the docking process of ligands in the active site of DNA gyrase B from E. coli,
some clear similarities between the designed chemical compounds and the co-crystallized
one have been highlighted. The following Figures 9 and 10 and discussions underline the
evidence that supports the favorable conformation of the most promising ligands in the
active site of the receptor.

The co-crystallized RLIA 301 registered a docking score of −72.04 (see Figure 11). All
the designed compounds generated docking scores between −64 and −78, fairly close to
the score value of the co-crystallized natural ligand. The exposed proximities led to the
consensus that the compounds could be considered drug development candidates against
E. coli.
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Figure 7. (a) The interaction group for ligand 1d, in the approach of predicting protein–ligand binding
affinity. (b) Hydrogen bonds created between the ligand 1d and the amino acid SER 438 from the
DNA gyrase subunit of S. aureus.
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Figure 8. Docking score obtained for the docked compounds 1a–1o and the target protein 2XCS.

Table 9. The list of intermolecular interactions between the ligand molecules docked with 4DUH
(E. coli DNA gyrase B, chain A) using CLC Drug Discovery Workbench Software.

Compound Score RMSD
(Å) Interacting Group Hydrogen Bond

Bond
Length

(Å)

Co-crystallized
RLIA301 −72.04 0.08

LYS 103:A, ALA 100:A, GLY 102:A,
GLY 101:A, ILE 94:A, PRO 79:A,
ILE 78:A, ARG 76:A, GLY 75:A,

THR 165:A, ASP 73:A, GLN 72:A,
VAL 71:A, VAL 167:A, GLU 50:A,
ASN 46:A, VAL 120:A, VAL 43:A,

ALA 47:A

O sp2(O12)–N sp2 from ARG 136:A
O sp2 (O12)–N sp2 from ARG 136:A
O sp2 (O12)–N sp2 from ARG 76:A
N sp3 (N13)–O sp2 from GLY 101:A

H–O sp2 from ASP 73:A

3.069
2.700
3.138
3.146
1.822
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Table 9. Cont.

Compound Score RMSD
(Å) Interacting Group Hydrogen Bond

Bond
Length

(Å)

1a −69.39 0.32

VAL 118, GLY 117, HIS 99,
PHE 104, ALA 100, GLY 119,

VAL 120, ILE 94, LYS 103, GLY 101,
GLY 102, VAL 43, ASN 46, VAL 167,
VAL 71, ALA 47, THR 165, ASP 73,
ILE 78, PRO 79, GLU 50, GLY 77,

GLY 75, ARG 76, ARG 136
(see Figure S36 in

Supplementary Materials)

N sp2 (N24)–N sp2 from LYS 103
(see Figure S37 in

Supplementary Materials)

3.159

1b −65.04 0.19

HIS 99, PHE 104, VAL 118,
GLY 117, GLY 119, LIS 103,

ALA 100, GLY 102, GLY 101, ILE 94,
MET 95, VAL 120, GLU 42, ASN 46,
VAL 43, ALA 47, GLU 50, VAL 167,

ASP 73, GLY 75, THR 165, ARG
136, ARG 76, GY77, ILE 78, PRO 79

(see Figure S38 in
Supplementary Materials)

N sp3 (N18)–N sp2 from ASN 46
(see Figure S39 in

Supplementary Materials)

2.727

1c −66.87 0.58

HYS 99, MET 95, GLY 119, VAL 120,
PHE 104, ALA 100, ILE 94, GLY 101,
LYS 103, GLY 102, ILE 78, PRO 79,
GLY 77, ARG 76, ARG 136, VAL 43,
VAL 44, VAL 71, VAL 167, LEU 132,
ASN 46, MET 166, ALA 47 GLN 72,

ASP 73, THR 165, GLU 50
(see Figure S40 in

Supplementary Materials)

O sp3 (O8)–N sp2 from ASN 46
N sp3 (N18)–O sp2 from GLY 101
N sp3 (N22)–O sp2 from GLY 101
N sp2 (N26)–N sp2 from ARG 76

(see Figure S41 in
Supplementary Materials)

3.058
3.182
2.830
2.878

1d −76.33 1.51

GLY117, VAL 118, ASP105,
PHE104, HIS 99, SER 121, VAL 120,

LYS 103, ALA 100, GLY 102,
GLY 101, ILE 94, GLU 42, VAL 44,
VAL 43, ASN 46, ALA 47, VAL 71,
GLY 50, GLN 72, ASP 73, VAL 167,
MET 166, THR 165, ILE 78, GLY 77,
ARG 76, ARG 136, PRO 79, GLY 119

(see Figure S42 in
Supplementary Materials)

O sp2 (O21)–N sp2 from ASN 46
N sp3 (N19)–N sp2 from ASN 46
N sp2 (N23)–N sp2 from ASN 46

(see Figure S43 in
Supplementary Materials)

2.642
2.686
3.178

1e −70.99 1.60

VAL 97, SER 121, ILE 94, LEU 98,
ALA 100, HIS 99, GLY 119,

GLY 101, VAL 118, GLY 117,
GLY 102, PHE 104, LIS 103,

ASP 105, VAL 120, PRO 79, ILE 78,
VAL 43, GLY 77, VAL 44, ASN 46,
ALA 47, ARG 76, GLU 50, ASP 73,

GLN 72, ARG 136, THR 165,
VAL 71, MET 166, VAL 167

(see Figure S44 in
Supplementary Materials)

N sp3 (N20)–O sp2 from ALA 100
(see Figure S45 in

Supplementary Materials)

3.163
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Table 9. Cont.

Compound Score RMSD
(Å) Interacting Group Hydrogen Bond

Bond
Length

(Å)

1f −65.34 0.10

ASP 73, ALA 47, VAL 43, GLU 42,
ASN 46, GLU 50, GLY 75, THR 165,
ARG 76, GLY 77, ILE 78, ARG 136,

PRO 79, GLY 117, VAL 118,
GLY 119, VAL 120, LYS 103,

PHE 104, ASP 105, HYS 99, ILE 94,
GLY 101, GLY 102, ALA 100

(see Figure S46 in
Supplementary Materials)

N sp3 (N18)–N sp2 from ASN 46
N sp2 (N24)–N sp2 from ASN 46

(see Figure S47 in
Supplementary Materials)

3.305
3.205

1g −71.85 0.72

HIS 99, PHE 104, VAL 118,
GLY 117, GLY 119, ALA 100,
VAL 120, GLU 42, LIS 103,

GLY 102, GLY 101, ILE 94, VAL 43,
ASN 46, VAL 167, ALA 47, GLU 50,
ASP 73, GLY 75, THR 165, GLY 77,
ARG 76, ARG 136, ILE 78, PRO 79

(see Figure S48 in
Supplementary Materials)

N sp3 (N18)–N sp2 from ASN 46
(see Figure S49 in

Supplementary Materials)

2.914

1h −65.56 0.44

HIS 99, ALA 100, GLY 102,
GLY 119, LYS 103, ILE 91, GLY 101,
MET 95, VAL 120, VAL 43, ASN 46,
VAL 44, ALA 47, GLU 50, VAL 71,

VAL 167, MET 166, GLN 72,
ASP 73, THR 165, GLY 77, ARG 76,

ILE 78, PRO 79, ARG 136
(see Figure S50 in

Supplementary Materials)

O sp3 (O8)–N sp2 from ASN 46
(see Figure S51 in

Supplementary Materials)

3.072

1i −66.79 0.65

ARG 136, PRO 79, ILE 78, ILE 94,
MET 95, VAL 97, ALA 100,

GLY 101, GLY 102, HIS 99, LYS 103,
SER 121, GLY 77, THR 165,

VAL 167, MET 166, GLY 164,
GLY 119, GLY 75, VAL 118,

GLU 50, ASN 46, ALA 47, GLU 42,
VAL 71, VAL 43, ASP 73

(see Figure S52 in
Supplementary Materials)

O sp2 (O22)–N sp3 from LYS 103
N sp3 (N18)–O sp2 from GLY 77

(see Figure S53 in
Supplementary Materials)

3.298
3.396

1j −72.61 0.11

VAL 118, GLY 117, HIS 99,
PHE 104, GLY 119, GLU 42,
VAL 120, ALA 100, ILE 94,

GLY 101, GLY 102, LIS 103, VAL
167, VAL 43, ASN 46, GLU 50, ASP
73, THR 165, ILE 78, PRO 79, GLY

77, ARG 76, GLY 75, ARG 136,
ALA 47

(see Figure S54 in
Supplementary Materials)

N sp3 (N18)–N sp2 from ASN 46
(see Figure S55 in

Supplementary Materials)

3.091
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Table 9. Cont.

Compound Score RMSD
(Å) Interacting Group Hydrogen Bond

Bond
Length

(Å)

1k −64.07 0.70

GLY 117, VAL 118, ASP 45, ASP 49,
GLU 42, VAL 43, ASN 46, ALA 47,

GLY 119, GLU 50, LYS 103,
GLY 102, VAL 71, ASP 73, VAL 120,
ALA 100, PRO 79, ILE 94, ILE 78,

GLY 77, THR 165, MET 95,
MET 166, VAL 167
(see Figure S56 in

Supplementary Materials)

N sp3 (N18)–N sp2 from ASN 46
O sp2 (O22)–N sp2 from ASN 46
O sp3 (O8)–N sp2 from ASN 46

(see Figure S57 in
Supplementary Materials)

3.171
3.195
3.073

1l −65.02 0.21

HIS 99, VAL 118, GLY 117, PHE 104,
ALA 100, GLY 119, VAL 120,

GLU 42, ILE 94, GLY 101, GLY 102,
LYS 103, VAL 43, VAL 44, ASN 46,
ALA 47, PRO 79, ILE 78, GLU 50,

VAL 167, VAL 71, MET 166, THR 165,
ASP 73, GLY 77, ARG 76, ARG 136

(see Figure S58 in
Supplementary Materials)

N sp3 (N20)–N sp2 from ALA 100
(see Figure S59 in

Supplementary Materials)

3.353

1m −74.90 1.49

GLY 117, VAL 118, GLY 119,
VAL 120, SER 121, PHE 104,

HIS 99, LEU 98, VAL 97, ALA 100,
ILE 94, GLY 101, GLY 102, LIS 103,
VAL 43, ASN 46, GLU 50, ASP 73,
THR 165, GLY 75, ILE 78, GLY 77,

ARG 76, ARG 136, PRO 79, ALA 47
(see Figure S60 in

Supplementary Materials)

N sp3 (N20)–N sp2 from ASN 46
(see Figure S61 in

Supplementary Materials)

3.082

1n −67.58 0.78

HIS 99, PHE 104, ALA 100,
GLY 119, SER 121, VAL 120,

LYS 103, MET 95, ILE 94, GLY 101,
GLY102, VAL 43, ASN 45, VAL 44,
VAL 167, ALA 47, VAL 71, GLN 72,

ASP 73, GLU 30, MET 166,
THR 165, ILE 78, PRO 79, GLY 77,

ARG 76, ARG 136
(see Figure S62 in

Supplementary Materials)

N sp2 (N18)–O sp2 from GLY 101
N sp2 (N20)–O sp2 from GLY 101

(see Figure S63 in
Supplementary Materials)

3.178
2.755

1o −78.37 1.10

ASP 105, GLY 117, VAL 118,
PHE 104, HIS 99, GLY 119, GLU 42,

LYS 103, ALA 100, GLY 102,
GLY 101, ILE 94, VAL 120, ASN 46,
VAL 43, ALA 47, GLU 50, VAL 167,
ASP 73, GLY 75, THR 165, ARG 76,
GLY 77, ILE 78, PRO 79, ARG 136

(see Figure S64 in
Supplementary Materials)

N sp3 (N17)–Nsp2 from ASN 46
N sp3 (N19)–N sp2 from ASN 46
N sp2 (N23)–N sp2 from ASN 46

(see Figure S65 in
Supplementary Materials)

3.113
2.900
3.135
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Figure 9. (a) Interaction group of the ligand 1c. (b) Hydrogen bonds created between the ligand 1c
and the amino acids ASN 46, GLY 101, and ARG 76.
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Figure 10. (a) The interaction group for the ligand 1n. (b) Hydrogen bonds created between the
ligand 1n and the amino acid GLY 101.
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Figure 11. Docking score obtained for the docked compounds 1a–1o and the target protein 4DUH.

4. Discussion
4.1. Compound-Docking Outcomes Correlated with the S. aureus Co-Crystallized
Interaction Group

The molecular docking study was intended to predict the complex formed between
the ligand and the receptor. The ligand took suitable conformations in the active site of the
receptor protein, forming hydrogen bonds with the rest of the amino acids of the selected
receptor. The established conformation was then quantified in a docking score, describing
the highest match of the studied molecule in the active site of the receptor [64].

In the present case, the docking scores varied in the range of (−43)–(−22), decreasing
according to the sequence: 1d > 1b > 1f > 1e, 1j, 1l > 1i > 1h, 1o > 1f > 1k > 1m > 1a, 1c > 1n.

The compound 1d, revealing the highest docking score (−43.46), formed three hy-
drogen bonds with the amino acid scaffold SER 438. In the compilation of molecular
properties and the drug-likeness features according to Lipinski, 1d had suitable properties
for a potential active ingredient with oral administration.

As observed, identical scores were obtained for some of the compounds. The chemicals
1e, 1j, and 1l registered a docking score of −34.34. A common aspect among the mentioned
compounds was represented by the hydrogen bonds established with the interaction group;
specifically, each molecule formed hydrogen bonds with the amino acid moiety SER 438
(1e, 1j—three hydrogen bonds, 1l—two hydrogen bonds). Notably, each named structure
differed through the radical designed on the pyridine scaffold (1e: -methyl, 1j: -chloride,
1l: -bromine).
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The compounds 1h and 1o also returned the same docking score (−30.44). Both re-
vealed a hydrogen bond with the amino acid moiety ASP 437. Structurally, the compounds
differed by the halogen radical on the pyridine scaffold (1h: -chloride, io: -bromine).

In the same way, 1a and 1c registered a docking score of −28.04. While both formed
hydrogen bonds with SER 438 and ASP 437, they differed through the thiazole (1a) and pyridine
(1c) moieties attached to the 2-((4-ethylphenoxy) methyl)-N-(heteroarylcarbamothioyl) scaffold.

With respect to the number of formed hydrogen bonds, the compounds 1a and 1f
established five hydrogen bonds with the interaction group, which represented the most
numerous hydrogen bonds in the library of chemicals, although their docking scores were
not close to the docking score of the co-crystallized natural ligands.

4.2. Compound-Docking Outcomes Correlated with the E. coli Co-Crystallized Interaction Group

From the data presented, the docking study revealed some similarities between the
co-crystallized interaction group and the interactions of the compounds with the amino
acids of 4DUH.

The co-crystallized natural ligand formed hydrogen bonds with the amino acid moi-
eties ARG 136 (3.069 Å, 2.700 Å), ARG 76 (3.138 Å), GLY 101 (3.146 Å), and ASP 73 (1.822).

The compound 1c (docking score: −66.87) also formed hydrogen bonds with the
amino acid moieties ARG 76 (2.878 Å) and GLY 101 (2.830 Å, 3.182 Å), similarly to the
co-crystallized interaction group. Moreover, during the docking process, a resemblance
was observed in the behavior of the compound 1n (docking score: −67.58), which formed a
hydrogen bound with the same amino acid, GLY 101 (2.755 Å, 3.178 Å). The compound 1n,
in particular, had two chloride atoms on the pyridine heterocycle, which was different from
molecule 1c. The presence of Cl- radicals on the pyridine nucleus imprinted a lipophile
character for the chemical among the series.

For the compounds 1o (−78.37) > 1d (−76.33) > 1m (−74.90) > 1j (−72.61) > 1g (−71.85)
> 1e (−70.99), high values or values close to the docking score of the co-crystallized ligand
were obtained. However, as determined by the molecular analysis, 1o registered two
violations of Lipinski’s rule; namely, the molecular mass and the partition coefficient were
out of the specified rule ranges. The characteristics did not encourage its evaluation as a
potential active ingredient for oral administration.

The co-crystallized natural ligand established five hydrogen bonds with the interaction
group. As for the evaluated compounds with multiple hydrogen bonds exposed, 1c formed
four hydrogen bonds with the amino acid moieties in the interaction group (ASN 46,
3.058 Å; GLY 101, 3.182 Å, 2.830 Å; ARG 76, 2.878 Å), followed by 1d (ASN 46, 2.642 Å,
2.686 Å, 3.178 Å), 1k (ASN 46, 3.171 Å, 3.195 Å, 3.073 Å), and 1o (ASN 46, 3.113 Å, 2.900 Å,
3.135 Å), which revealed three hydrogen bonds each.

5. Conclusions

The evaluated candidates were exposed to in silico approaches—molecular docking
studies and measurements of their QSAR properties—in order to correlate the drug design
with their level of permeability. The chemical compounds 1c, 1d, and 1n stood out from the
other compounds in the series through their favorable molecular properties, which make
them suitable candidates for active ingredients with oral administration. Regarding the
docking processes of the mentioned candidates in the active sites of S. aureus and E. coli,
1c and 1n presented the same interaction group affinities as the co-crystallized RLIA301
from 4DUH (E. coli), by creating hydrogen bonds with the same amino acid moieties and
achieving promising docking scores. On the other hand, 1d reached the highest docking
score in the docking studies for S. aureus and E. coli in the series. The results confirm
the hypothesis that the studied molecules could be further considered for the synthesis
and evaluation of their antimicrobial properties, as their docking scores suggest potential
activity towards the investigated microbial strains.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11020479/s1, Figure S1. The tube label representation of the
optimized molecular structure for the designed chemical compounds 1a–1o; Figure S2. The wire label
representation of the optimized molecular structure for the designed chemical compounds 1a–1o;
Figure S3. LUMO map for the compounds 1a–1o; Figure S4. Molecular electrostatic potential map
(on the electronic density) for the compounds 1a–1o; Figure S5. Local ionization potential map for the
compounds 1a–1o; Figures S6–S35. Graphic representations of intermolecular interactions between
the ligand molecules docked with 2XCS (S. aureus DNA gyrase B, chain F) using CLC Drug Discovery
Workbench Software, Figures S36–S65 Intermolecular interactions between the ligand molecules
docked with 4DUH (E. coli DNA gyrase B, chain A) using CLC Drug Discovery Workbench Software.
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61. Ivanović, V.; Rančić, M.; Arsić, B.; Pavlović, A. Lipinski’s rule of five, famous extensions and famous exceptions. Chem. Naissensis

2020, 3, 171–177.
62. Bax, D.B.; Chan, P.F.; Eggleston, D.S.; Fosberry, A.; Gentry, D.R.; Gorrec, F.; Giordano, I.; Hann, M.; Hennessy, A.; Hibbs, M.; et al.

Type IIA Topoisomerase Inhibition by a New Class of Antibacterial Agents. Nature 2010, 466, 935–940. [CrossRef] [PubMed]
63. Brvar, M.; Perdih, A.; Renko, M.; Anderluh, G.; Turk, D.; Solmajer, T. Structure-Based Discovery of Substituted 4,5′-Bithiazoles as

Novel DNA Gyrase Inhibitors. J. Med. Chem. 2012, 55, 6413–6426. [CrossRef] [PubMed]
64. Meng, X.Y.; Zhang, H.X.; Mezei, M.; Cui, M. Molecular docking: A powerful approach for structure-based drug discovery.

Curr. Comput. Aided Drug Des. 2011, 7, 146–157. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/molecules25020321
http://www.ncbi.nlm.nih.gov/pubmed/31941125
https://biosig.lab.uq.edu.au/pkcsm/
http://doi.org/10.2174/156802610790232260
http://www.ncbi.nlm.nih.gov/pubmed/19929826
http://doi.org/10.1016/S0065-7743(10)45023-X
http://doi.org/10.1002/jssc.201300720
http://doi.org/10.1016/j.trac.2013.04.010
http://doi.org/10.1016/S0169-409X(00)00129-0
http://doi.org/10.7717/peerj.12579
http://doi.org/10.1021/jm060642i
http://doi.org/10.1023/A:1015040217741
http://doi.org/10.1023/A:1012188625088
http://doi.org/10.1016/j.apsusc.2012.09.106
http://doi.org/10.1039/C7RA09286E
http://doi.org/10.1016/j.molstruc.2015.11.069
http://doi.org/10.1063/1.436185
http://doi.org/10.1021/ja00364a005
http://doi.org/10.1016/j.molstruc.2020.128819
http://doi.org/10.1016/j.bmc.2011.11.064
http://doi.org/10.1038/nature09197
http://www.ncbi.nlm.nih.gov/pubmed/20686482
http://doi.org/10.1021/jm300395d
http://www.ncbi.nlm.nih.gov/pubmed/22731783
http://doi.org/10.2174/157340911795677602
http://www.ncbi.nlm.nih.gov/pubmed/21534921

	Introduction 
	Materials and Methods 
	Molecular Properties 
	Molecular Docking 
	Molecule Preparation for ADME-Tox Features 
	Assessment of Drug- and Lead-Likeness Features 
	Computational Pharmacokinetic and Pharmacogenomic Profiles 

	Results 
	Compound Selection 
	Ligand Preparation 
	Geometry Optimization of the Ligands 
	In Silico Exploration of Molecular Properties 
	Quantum Chemical Calculations—Graphical Models 
	Drug-Likeness, Pharmacokinetic, and Pharmacogenomic Profiles of 1a–1o Compounds 

	Molecular Docking Studies and Predictive Ligand–Receptor Interactions 
	Molecular Docking of the Ligands into S. aureus DNA Gyrase Active Site 
	Molecular Docking of the Ligands with E. coli DNA Gyrase 


	Discussion 
	Compound-Docking Outcomes Correlated with the S. aureus Co-Crystallized Interaction Group 
	Compound-Docking Outcomes Correlated with the E. coli Co-Crystallized Interaction Group 

	Conclusions 
	References

