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ABSTRACT. Quorum sensing (QS), used by many pathogenic bacteria to express virulence factors, is seen as a
new and effective strategy to combat resistant bacteria. In this study, theoretical investigations were made on the
structural data of molecules to support the inhibition effects of 2-amino 4-chloro benzoic acid and 4-amino 2-chloro
benzoic acid molecules. Theoretical calculations were performed by using the density functional theory with the
B3LYP function and aug-cc-pVDZ basis set in the gas phase of the isolated compounds in the ground state. The
biological activities of the related compounds were theoretically investigated against Covid-19 protein (PDB ID:
6LU7).
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INTRODUCTION

Benzoic acid, the simplest aromatic carboxylic acid, is frequently used in areas such as food,
personal care products, and the pharmaceutical industry [1]. While ointments containing benzoic
acid are used in the treatment of fungal diseases because they prevent the formation of yeast and
bacteria, they are also used as anticancer and influenza neuraminidase inhibitors due to their
antifungal and antibacterial properties [2, 3]. In the literature, it is possible to come across many
studies on benzoic acid derivatives in the field of pharmacology from past to present [4]. It is
stated in the literature that the reason why benzoic acid derivatives are frequently preferred in the
field of pharmacology is due to their nucleophilic and electrophilic properties in the structure of
their molecules [5]. In recent years, the examination of benzoic acid derived compounds in the
treatment of Covid-19, as well as cancer treatment, is quite remarkable [2, 5-7].

Pseudomonas aeruginosa is an opportunistic human pathogen, especially responsible for
chronic lung diseases in patients with cystic fibrosis [8]. P. aeruginosa infection develops in three
stages: colonization, invasion and systemic spread. The pathogenicity is defined as pathogenicity
when the microorganism reproduces in the host and performs the steps mentioned above, and the
structures responsible for pathogenicity are called virulence factors. This step called quorum
sensing (QS) and is an intercellular signaling pathway can be expressed as gene coordination
depending on the population density of bacteria [9] P. aeruginosa produces many virulence
factors such as elastase, pyocyanin, protease production, swarming motility and biofilm formation
thanks to this system [10]. Biofilms that can form on medical devices and biomaterials as well as
on host epithelial cells and mucosal surfaces play a role in many different diseases such as chronic
wound infections, cystic fibrosis, endocarditis [11-13]. The mechanical and physicochemical
properties of biofilm matrix prevent the penetration of many compounds, including antibiotics
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and antiseptics, to reach the bacterial cell within the biofilm. The inhibition of the QS system,
which is important in biofilm formation, is becoming increasingly important [14]. Up to now,
many natural and synthetic molecules have been tried on the inhibition of the system. Some of
these are AHL analogues, furanone derivatives, plant extracts, different heterocyclic molecules
and many known drug active ingredients [15].

Nowadays, theoretical calculations are known as a good guide for experimental studies.
Therefore, theoretical calculations are often used to compare the chemical and biological activities
of molecules [16]. With the DFT method, it is possible to reach clear information about the charge
transfer within the molecule.

In our previous study, the spectroscopic properties (conformer, vibration, NMR and UV-Vis
analyses) of 2-amino 4-chlorobenzoic acid (2A4CIBA) and 4-amino 2-chlorobenzoic acid
(4A2CIBA) molecules were elucidated [17]. This study was planned as a complement to our
previous study. In this study, it was aimed to elucidate the optical and electronic structures of
2A4CIBA and 4A2CIBA molecules, to investigate their inhibition effects on biofilm formation
on PAOL11, and also to examine their interactions with Covid-19 proteins.

EXPERIMENTAL
Biofilm assay

Anti-biofilm effect of molecules tested by cristal violet (CV) assay [14]. P. aeruginosa PAO1 was
grown in 200 pL LB broth medium with test compounds (final concentration 2 and 3 mM) and
incubated 37 °C for 48 h. Following 48 hours incubation at 37 °C, the microplates were washed
with distilled water 3-5 times to remove the planktonic bacteria. The resting bacteria dyed with
0.1% crystal violet. After about 30 min. wells washed again distilled water. Ethanol was added to
the wells to dissolve the stained biofilm layer. At the end of 15 min the absorbance was measured
at 570 nm (Biotek-Epoch 2 Microplate Spectrophotometer, Winooski, Vermont USA).

Computational details

Gaussian 09 [18] software package was used for the theoretical calculations. The DFT method
resolves both the energy of a molecule for its electron density and describes it without evaluating
it from the total wave function. For quantum chemical calculations, results were obtained using
the density functional theory (DFT) method with the B3LYP functional and aug-cc-pVDZ basis
set. Time-dependent DFT (TD-DFT) method was used to obtain electronic properties. The results
were visualized using the Gauss View program [19]. Molecular docking study was investigated
using the program Autodock Vina [20].

Statistical evaluation

Data were subjected to analysis of variance (ANOVA) with JUMP software and the differences
were compared by LSD test.

RESULTS AND DISCUSSION
Inhibition of virulence factors

In the present study bacterial biofilm inhibition of benzoic acid derivatives were investigated
different concentration in P. aeruginosa PAO1. In the biofilm form, bacteria are more resistant to
antimicrobial treatments. Bacteria in a biofilm can also survive in adverse conditions and protect
itself from the host's immune system [21]. Therefore, preventing biofilm formation is of great
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importance in combating infectious diseases. The discovery of the QS has been seen as a
promising approach to combating bacteria and has been the focus of studies. Besides plants, many
existing and newly synthesized synthetic molecules have been tried for the inhibition of the
system. This study focused on the inhibitory effect of two benzoic acid derivatives on biofilm
formation in PAO1. 2A4CIBA and 4A2CIBA molecules were used in tests at 2 mM and 3 mM
concentrations that do not inhibition effect of bacterial growth. According to results the most
inhibition effect was detected 3 mM concentration of 2A4CIBA molecule by 67% and 4A2CIBA
molecules showed moderate inhibition both concentration by 28%, 24%, respectively. All results
were statistically significant when compared to control PAO1 (p < 0.01) (Figure 1).
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Figure 1. Inhibition effect of 2A4CIBA and 4A2CIBA molecules on biofilm formation.
**Differences between mean values followed by different letters of molecules
statistically significant at p < 0.01.

Molecular electrostatic potential surface (MEP) and Mulliken charge distribution

Molecular electrostatic potential surface maps (MEP) provide information about the charge
distribution as well as observing the variable charge regions of molecules [22]. Charge
distribution is a method often used to predict intermolecular interactions, molecular behavior,
structural activity, electrophilic and nucleophilic reactivity, as well as detailing hydrogen bonding
[23]. Figure 2 presents a color-coded picture of the electrostatic potential surface. In the MEP
map, the electron-deficient region is coded in blue, the electron-rich region is coded in red, and
the neutral, zero electrostatic potential region showing hydrogen-bond interactions is coded in
green [24]. For 2A4CIBA, scaling order ranges from —1.63 eV (red) strongest attraction to 1.63
eV (blue) strongest repulsion. Similarly, the scaling order for the 4A2CIBA molecule ranges from
-1.62 eV (red) strongest attraction to 1.62 eV (blue) strongest repulsion. The MEP map shows that
the negative potential regions are on the oxygen atoms, hence these show the most favored site
for any electrophilic attack on the molecules. The maximum positive regions are localized on the
H atoms in the carbonyl and amine groups, indicating a possible site for nucleophilic attack.
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Figure 2. Molecular electrostatic potential surface map calculated for (a) 2A4CIBA and (b)
4A2CIBA.

The atomic charge of a molecule is a fundamental chemical property. It is preferred to explain
the charge transfer mechanism and electronic structures in chemical reactivities [24]. The results
of Mulliken population analysis (MPA) are used to explain the differences in electronegativity of
atoms in the molecule and to interpret and predict electrophilic and nucleophilic reagent behavior.
Therefore, calculation of atomic charges plays an important role in DFT studies of molecular
systems. In addition, the atomic charge is a factor that affects the dipole moment, polarizability,
electronic structure, and other molecular properties of the system [2]. Mulliken charges of the title
molecules were calculated on the B3LYP/aug-cc-pVDZ basis set and the details are presented in
Figure 3. The DFT calculation showed that the oxygen atoms of the optimized compounds have
negative charge acting as donor atoms. Mulliken charges of O11 and O12 atoms for 2A4CIBA
and 4A2CIBA molecules were calculated as -0.556637, -0.547055 a.u. and -0.606569, -0.576324,
a.u., respectively. It is important to note that for title molecules, unlike other hydrogen atoms, the
H13 atom acquires a positive charge due to the presence of the electronegative O12 atom. C2 in
the benzene ring attached to the N14 atom of 2A4CIBA and C4 in the benzene ring attached to
the N14 atom of 4A2CIBA have negative charges of -0.832408 and -0.926451 a.u., respectively.
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Figure 3. Atomic charge distribution of 2A4CIBA and 4A2CIBA.
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Frontier molecular orbitals (FMOs) and chemical activity

The ability of a molecule to donate and accept electrons is defined using the HOMO and LUMO
energy values. They are called frontier molecular orbitals (FMOs) because they are located at the
outermost frontier of the electrons of the molecules [25]. While FMO plays an important role in
molecular orbitals, electronic and optical properties, UV-VIS, quantum chemistry, luminescence,
photochemical reaction, and pharmaceutical studies, it allows us to learn about biological
mechanisms [26]. The energy difference between HOMO and LUMO gives important
information about the chemical stability of a molecule. Large HOMO-LUMO energy differences
indicate less polarizability, high kinetic stability, and low chemical reactivity [27]. Molecules with
a large energy gap are more stable than molecules with a small energy gap. The HOMO-LUMO
gap also describes the intramolecular charge transfer in a molecule [28]. The HOMO and LUMO
surface images are given in Figure 3 and the calculated parameters are given in Table 1. The
HOMO and LUMO energies of 2A4CIBA and 4A2CIBA molecules was calculated -6.214; -1.82
and -6.35; -1.64 eV, respectively. Therefore, the band gaps were calculated as 4.37 and 4.71 eV,
respectively. A negative chemical potential (n) value indicates the stability of a molecule and
means that the molecule will not easily decompose into its elements. Hardness (n) is defined as
the character of molecules that resist deforming the molecular electron cloud under minor
perturbations. A hard molecule has a large HOMO-LUMO band gap. Thus, the molecule has low
polarization, chemical and biological activity, but high kinetic sensitivity. On the other hand, a
soft molecule, has a small HOMO-LUMO energy difference. It has high polarizability, chemical
and biological activities but low kinetic sensitivity of the molecule. Hard molecules are considered
to be less reactive than soft molecules. The electrophilicity index is used to obtain information
about the structure, toxicity, reactivity, and dynamics of a molecule. Organic molecules with an
electrophilic () index value > 1.5 eV can be defined as strong electrophiles. The w value for
2A4CIBA and 4A2CIBA molecules was calculated as 3.672 and 3.389 eV, respectively, so we
can say that both molecules have electrophilic properties as well as chemical and biological
activities. It is also supported by many benzoic acid derivative molecules in the literature that both
molecules have high chemical and biological properties [2, 5, 29-31].

Table 1. Global chemical reactivity indices for the 2A4CIBA and 4A2CIBA.

Parameters 2A4CIBA (eV) 4A2CIBA (eV)
Enomo -6.21 -6.35
ELumo -1.82 -1.64
AE 4.37 4.71
Ionization potential (I = - Enomo) 6.21 6.35
Electron affinity (A =- ELumo ) 1.82 1.64
Electronegativity (x = (I+A)/2) 4.015 3.995
Chemical potential (n = -(I+A)/2) -4.015 -3.995
Chemical hardness (n = (I-A)/2) 2.195 2.355
Chemical softness (s = 1/2n) 0.228 0.212
Electrophilic index (w = p%*21n) 3.672 3.389
Maximum load transfer parameter 0.915 0.848
(ANmax= (I+A)/2(1-A))
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Figure 4. HOMO and LUMO plot of (a) 2A4CIBA (b) 4A2CIBA.

In the field of optoelectronic applications, the structure and optical properties of the material play
a vital role. Polarizability and hyperpolarizability are used as quantitative structure-activity
relationship tools as important tools in pharmacology, drug design, and industrial fields. For the
title molecules, the dipole moment (p), the polarizabilities (o), and the first-order
hyperpolarizabilities (B) at the static state were computed by using the keyword polar = enonly
with the B3LYP/aug-cc-pVDZ level. The quantities of p, a and B in terms of x, y, and z
components are listed in Table 2. The Ww, <> and Pow quantities were obtained via the
following equations [28];

Htotal = (,uxz + .uyz + .uzz)E (1)
Oltotal= %(am +ta, + a.) ®))
Bo = [(Bexx + Beyy + Bezz)” + (Byyy + Byzz + Bysx)” + (Buzz + Boxx + Bryy) 3)

These calculated values allow to determine the strength of molecular interactions, as well as the
cross-section of different scattering and collision processes. Thus, the computational approach is
a good inexpensive guide in designing new molecules by evaluating the potentials of the
molecules before synthesis [32]. Polarizability and hyperpolarizability values calculated with
Gaussian 09 are reported as atomic units (a.u), the calculated values are converted to electrostatic
units (e.s.u) (For a, 1 au. = 0.1482%102* esu, for B, 1 au. = 0.008629*10 esu). The
hyperpolarizability value of urea is used as a reference for compounds with nonlinear optical
properties. In this study, dipole moment (p), polarizability (<o>) and first-order
hyperpolarizability (8) values for urea were calculated as 1.726 D, 5.459 x 10> esu and 63.355 x
1073 esu, respectively, using the same basis set. The dipole moment (w), polarizability (o)) and
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first-order hyperpolarizability (B) values of urea, 2A4CIBA and 4A2CIBA molecules are given in
Table 2 in detail. When Table 2 is examined, it is seen that the dipole moment values of 2A4CIBA
and 4A2CIBA molecules are almost similar to the dipole moment of urea (1.741 D), which shows
strong intermolecular interactions. The polarizability values for 2A4CIBA and 4A2CIBA
molecules were calculated as 18.06x102* and 18.08x1024, respectively, and when these values
were compared with the polarizability value of urea, it was observed that the polarizability values
of the title molecules were approximately 3.3 times higher than that of urea. It is also very striking
that the first-order hyperpolarizability (B) values of 2A4CIBA and 4A2CIBA are approximately
45 and 95 times greater than that of urea. These results show that 2A4CIBA and 4A2CIBA
molecules are very good candidates for nonlinear optical materials.

Yadav et al., in their study on 4-bromo-3-(methoxymethoxy) benzoic acid in 2022, calculated
the polarizability value as 2.1880 x10% and the first-order hyperpolarizability (B) value as
9.7419x103° [29]. In 2019, Santy et al. reported the polarizability and the first-order
hyperpolarizability (B) values of 2.6 bis (three fluoro methyl) benzoic acid molecules as 2.9591
%102 and 1.0759x107%, respectively [33]. This literature study supports that the nonlinear optical
properties of the title molecules are quite good.

Table 2. Dipole moments, static average polarizability, further extended first hyperpolarizability of

2A4CIBA and 4A2CIBA.

Components 2A4CIBA| 4A2CIBA Urea|Components 2A4CIBA| 4A2CIBA Urea
Lx -0.380 1.667 0.00|Bxxx (a.1) -675.478| -978.610 0.0275
Ly 1.254 0.222 -1.726 | Bxyy(a.u) 131.449 129.807 30.713
U 0.009 0.263 0.001|Bxxy(a.u) -131.732  -248.924 -0.542
Lotal (D) 1.310 1.702 1.726|Byyy(a.u) -116.569 5.171 93.517
oxx (a.u) 172.182 170.395 41.476 | Bxrla.u) 2.951 14.429 -0.021
Oxy (a.u) -0.883 -0.199 0.00{Byyz(au) 2.027 3.741 -0.803
oyy(a.u) 127.387 129.590 41.771 |Bxzea.u) 16.641 46.868 0.031
oxz (a.u) 0.117 -0.266 -0.001 |Byzz(a.u) 7.470 -1.558 -38.551
ayz(a.u) -0.009 -0.106 0.001|Bzz(a.u) 1.003 3.242 -0.058
Oz(a.u) 65.954 66.047 27.042 | Brota(esu) 29.01x1028|60.73x1028| 63.355x1073°
<o> (a.u) 121.841 122.011 36.76

<o> (esu) 18.06x102¢| 18.08x10-24| 5.459x10-2*

Molecular docking

The molecular docking method, which has been frequently preferred in rational drug design in
recent years, has great importance in elucidating drug-enzyme interactions [34, 35].

In the literature, it has been seen that many benzoic acid derivative complexes are preferred
in the synthesis of alternative drugs for the treatment of Covid-19 [5]. Here, we focused on the
major prostease of PDB ID: 6LU7, a potential target protein for the treatment of COVID-19 [26,
36-39]. Because some amino acids of the holo form of the main protease of the 6LU7 protein have
been noted in many articles to interact with favipiravir. In this study, it was investigated whether
an interaction similar to the interaction between 6LU7 protein and favipiravir also occurs with
benzoic acid derivatives. Therefore, in this study, a molecular docking study was performed to
predict the interactions of the active binding sites of the Covid-19 main prosthesis and the
2A4CIBA and 4A2CIBA molecules from benzoic acid derivatives. The three-dimensional crystal
structure of the targeted protein (PDB ID: 6LU7) was obtained from the RSBC PDB format.

The molecular docking method offers many parameters related to the biological activities of
molecules. It is possible to obtain information about molecules by comparing the numerical values
of these parameters. The most important parameter is the docking score which gives information
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about biological activity. The molecule with the most negative numerical value has the highest
biological activity value, and high biological activity indicates the highest interaction between
proteins and the molecule [2].

Molecular docking was done using Autodock Vina software. Autodock Tool was used to
create doking data entry files, and PyMol program were used to demonstrate Receptor-ligand
interactions. The Autodock Tool version 1.5.6 package program was used for protein optimization
by removing water and other atoms and adding a polar hydrogen group.

According to the AutoDock Vina result, the best binding affinities of 2A4CIBA and 4A2CIBA
molecules on the 6LU7 protein were calculated as -6.6 and -6.2 kcal/mol, respectively. Binding
affinity values for nine different binding poses are given in Table 3. The interactions between the
ligands 2A4CIBA and 4A2CIBA and the 6LU7 protein are shown in Figure 5. For the 2A4CIBA
ligand, the interactions between the PHE active residue and the O11 atom of the ligand, between
the HIS active residue and the O12 atom, between the TRY active residue and the H8 atom of the
ligand, and between the LYS active residue and the H13 atom of the ligand are clearly seen in
Figure 5a.

Table 3. The binding affinity values of different poses of the title compound predicted by Autodock Vina.

2A4CIBA 4A2CIBA
Distance  from  best Distance from best
mode (A) mode (A)
Mode Affinity RMSD RMSD Affinity RMSD RMSD
(kcal/mol) 1.b u.b. (kcal/mol) 1.b u.b.
1 -6.6 0.000 0.000 -6.2 0.000 0.000
2 -6.1 15.802 16.717 -5.8 15.379 16.333
3 -6.0 3.611 4.239 -5.8 1.813 2312
4 -5.9 14.632 15.560 -5.8 14.562 15.488
5 -5.4 3.522 4.345 -5.7 3.526 4.203
6 -5.4 15.874 16.824 -5.5 13.902 14.816
7 -5.4 1.622 2.358 -5.3 15.162 15.991
8 -5.4 15.253 16.107 -5.2 15.366 16.149
9 -5.3 17.724 18.669 -4.9 31.011 31.739

Figure 5. Docking diagram of the 6LU7 targed protein (a) 2A4CIBA and (b) 4A2CIBA.
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As aresult of theoretical calculations and experimental data, it was seen that the chemical and
biological activity values of the 2A4CIBA molecule were higher than the 4A2CIBA molecule.
The low ionization potential and high electron affinity of the 2A4CIBA molecule increased the
chemical softness value. Due to its high chemical softness value, the inhibition effect of the
2A4CIBA molecule is thought to be greater than that of the 4A2CIBA molecule. It is noteworthy
that molecular docking, dipole moments, static average polarizability and first hyperpolarizability
values are consistent with these results. Urea takes place in the literature as a molecule with high
polarizability value. In this study, the polarizability value of 2 benzoic acid derivatives was
calculated as 3.3 times that of urea. Furthermore, the B values for 2a4CIBA and 4a2CIBA
molecules are approximately 45 and 95 times higher than that of urea, respectively. This shows
that cap molecules are very good candidates for nonlinear optical materials. According to
molecular docking studied, 2A4CIBA and 4A2CIBA molecules showed binding affinities with
Covid-19 protein in the range of 6.6-5.3 and 6.2-4.9 kcal/mol, respectively. This result suggests
that the title molecules show activity against the 6LU7 protein.
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