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Abstract

Gram-positive and Gram-negative bacterial infections are one of the most important causes of illness and
death worldwide. Although antibiotics are the primary treatment for these infections, the increase in the
number of drug-resistant bacteria has posed a serious threat to public health in a global scale. Benzimidazole
derivatives possess a distinctive chemical structure that exhibits a wide range of biological and therapeutic
properties, including notable antimicrobial activity. In this study, we performed molecular docking analyses
of four benzimidazole derivatives targeting dihydrofolate reductase, DNA gyrase, and 7,8-dihydro-6-
hydroxymethylpterin-pyrophosphokinase enzymes from C. albicans, Escherichia coli, and Staphylococcus
aureus. The relative binding free energy of the protein-ligand complexes were also calculated by the
molecular mechanics-generalized born surface area (MM-GBSA) method. The relative binding free energy
of the protein—ligand complexes were also calculated by the molecular mechanics-generalized born surface
area (MM-GBSA) method. All tested compounds showed good potential as dihydrofolate reductase
inhibitors and antifungal activity against Candida albicans. Notably, the compound 9A demonstrates the
highest antimicrobial activity. Furthermore, all compounds are anticipated to exhibit greater activity against
DNA gyrase in both E. coli and S. aureus compared to their respective cognate ligands. Compounds 9A/9B

caused higher antimicrobial activity than compounds 10A/10B.
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1. Introduction

Benzimidazole derivatives are extensively utilized as
therapeutic agents for clinical purposes [1-5] because of
their significant properties in medicinal chemistry [6-8].
These compounds have become indispensable in drug
discovery due to their diverse bioactivities, including
anti-protozoal, antimicrobial, anti-inflammatory,
analgesic, antioxidant, anthelmintic, antihypertensive,
anticancer, anti-human cytomegalovirus, and anti-
influenza properties [9-14]. Additionally, several
benzimidazole derivatives have been showed to have
antibacterial properties [15-19]. Bacterial infections are
among the most prevalent health concerns in both
hospital and community environments, contributing
significantly to global morbidity and mortality rates. The
primary approach to managing these infections involves
the use of antibiotics. However, the unnecessary use of
antibiotics has led to the emergence of bacterial species
or strains resistant to nearly all currently available drugs.
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This growing antibiotic resistance crisis is estimated to
be responsible for approximately 700,000 deaths
annually. Predictions suggest that this number can reach
10 million by 2050 if current trends persist. Although
recent antibacterial drugs used in clinical practice are
largely modifications of existing antibiotic classes, they
offer only temporary effectiveness against specific
bacterial species. Consequently, there is an urgent need
for the development of novel antibiotics to combat
bacterial infections effectively [20]. Four benzimidazole
derivatives, illustrated in Figure 1, were synthesized,
characterized, and their enzymatic activities were
screened in our previous study [21].

Escherichia coli is a gram-negative and rod-shaped
bacterium commonly found in the intestines of humans
and warm-blooded animals. Most strains of E. coli are
harmless and play a beneficial role in gut such as helping
digestion and vitamin production. However, certain
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pathogenic strains of this bacterium can cause severe
food-borne diseases, leading to symptoms like diarrhea,
abdominal cramps, and in some cases, more severe
complications like hemolytic uremic syndrome [22].
Staphylococcus aureus is a gram-positive, spherical
(coccus) bacterium that commonly exists as part of the
normal skin flora and nasal passages of humans. While
many strains of this bacterium are often harmless, it can
become pathogenic or opportunistic pathogen under
certain conditions and cause different infections such as
mild skin and soft tissue infections, boils and impetigo,
bloodstream infections (bacteremia), pneumonia,
endocarditis, and toxic shock syndrome. S. aureus tends
to develop resistance to many different antibiotics.
Especially Methicillin-resistant S. aureus (MRSA) is a
prominent example, posing challenges in healthcare
settings due to its resistance to multiple antibiotics [23].
DNA gyrase subunit B (GyrB) is a critical component of
DNA gyrase which is an essential bacterial enzyme
introducing negative supercoils into DNA using energy
derived from ATP hydrolysis. DNA gyrase, a type II
topoisomerase, consists of two subunits: GyrA and GyrB.
While GyrA is responsible for DNA cleavage and re-
ligation, GyrB provides ATP-binding and hydrolysis
activity, which drives the conformational changes
necessary for the enzyme's function. GyrB is a key target
for antibacterial agents, such as aminocoumarins (e.g.,
novobiocin) and  quinolone  antibiotics  (e.g.,
ciprofloxacin). These drugs inhibit DNA gyrase activity,
preventing DNA replication and transcription, ultimately
leading to bacterial cell death. Due to its essential role in
bacterial survival and its absence in eukaryotic cells,
GyrB is a valuable target in the development of novel
antibiotics to combat bacterial infections and address
antibiotic resistance [24].

In this study, we performed molecular docking analyses
of these derivatives against the following enzyme targets:
Dihydrofolate reductase (DHFR) from Candida albicans
(PDB ID: 1M78), Escherichia coli (PDB IDs: 7NAE and
5U10), and Staphylococcus aureus (PDB ID: 2W9S);
DNA gyrase subunit B from Staphylococcus aureus
(PDB ID: 3U2D) and Escherichia coli (PDB ID: 1KZN);
and 7,8-dihydro-6-hydroxymethylpterin
pyrophosphokinase (HPPK) from Staphylococcus aureus
(PDB ID: 4CRJ).
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Figure 1. Structure of the compounds.
2. Materials and Methods
2.1. Protein preparation

X-ray crystal structures of the target were imported from
the RCSB Protein Data Bank. The enzymes were
prepared using the Protein Preparation Wizard module
embedded in Schrodinger software (Release, 2020-3). In
this process, protein structures were corrected by adding
hydrogen atoms and missing residues, assigning bond
orders and bond length, creating disulfide bonds, fixing
the charges, refining the loop with Prime, removing the
water molecules, and finally minimizing by using the
OPLS-2005 force field at pH of 7.4. Ionization and
tautomeric states were generated by Epik v5.3 and the
proton orientations were set by PROPKA. Restrained
minimization was run with convergence of heavy atoms
to an RMSD of 0.3 A.

2.2. Ligand preparation

The structure of the compounds which were previously
synthesized [21] was optimized at the PM6 level in the
water phase using the polarizable continuum solvation
method (iefpcm) in Jaguar software. Then, possible
ionization and tautomeric states of the compounds were
prepared by LigPrep v2.3 module.

2.3. Molecular docking

Schrodinger IFD protocol was used for the IFD-docking
calculations [25]. The receptor grid center was specified
from the bound cognate ligand with cubic gride. The side
chains were automatically trimmed according to the B
factor. Default parameters were used for receptor van der
Waals scaling factor 0.70 and ligand van der Waals
scaling factor 0. All residues within 5.0 A of ligand poses
were refined using the Prime molecular dynamics
module to allow for binding domain flexibility. Glide SP
protocol with OPLS 2005 force field was used for the
redocking step into the top 20 receptor structures
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generated within 30 kcal/mol of the best structure by the
Prime refinements. The docking method was verified
using the redocking test. Cognate ligands were redocked
into corresponding binding pockets. RMSD values of the
redocked cognate ligands were observed to be in the
range of 0.26-0.46 A, confirming the accuracy and
feasibility of the docking method.

2.4. Binding Free Energy Calculations

The relative binding free energy of the protein-ligand the
molecular mechanics-generalized born surface area
(MM-GBSA) method using the Prime program in
Schrodinger software calculated complexes. The
OPLS3e force field in the VSGB solvent model was used
to calculate energies. The free energy of the complexes
was calculated using the equation below.

MMGBSA AG Bind = EComplex - EReceptor - ELigand

In case of MMGBSA representing molecular mechanics
energies combined with the generalized Born and surface
area continuum solvation, AGbind shows the calculated
relative free energy of both the ligand and receptor strain
energy. Ecomplex represents the MM/GBSA energy of
the minimized complex. Ereceptor shows the mean
MM/GBSA energy of protein (unbound, minimized)
without ligand, and Eligand represents the MM/GBSA
energy of the ligand after removing it from the complex
[26].

3. Results and Discussion

Target enzymes of microorganisms and their cognate
ligands used in molecular docking analysis are listed in
Table 1. The IFD docking scores and the best MM-GBSA
binding energy values obtained from molecular docking
are given in Table 2.

DHFR is a key enzyme in the folic acid pathway and
responsible ~ for  converting  dihydrofolate into
tetrahydrofolate. This reaction 1is essential for
thymidylate biosynthesis, which supports critical cellular
processes such as DNA synthesis, RNA transcription,
and protein production, ultimately regulating cell growth
and proliferation. Various inhibitors of DHFR can
effectively disrupt these reactions, making it a valuable
target point to control bacterial and fungal growth. That
is why, DHFR inhibitors have a great importance for the
therapy development against bacterial and fungal
infections [27]. The pathogenic yeast Candida albicans
exists in various body sites (skin, genital tract, and
gastrointestinal tract) of humans as commensal and does
not have any harm to the host [28]. The X-ray structure
of C. albicans Dihydrofolate Reductase (PDB ID: 1M78)
includes 5- Chloryl-2,4,6-quinazolinetriamine (CLZ) as
cognate ligand [29]. CLZ (DB01929) is an
experimentally small molecule with antifungal
properties. IFD docking analysis revealed that the
compounds tested in this study showed greater binding
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energy than CLZ. Among these, the compound 9A had
the best binding energy (-67.44 kcal/mol). 2D binding
interactions and the best docking pose of 9A are shown
in Figure 2.

The X-ray structure of Escherichia coli K-12
dihydrofolate reductase (PDB ID: 7 NAE) includes
trimethoprim (TOP) which is an antifolate antibacterial
agent [30]. The X-ray structure of Escherichia coli
CFT073 dihydrofolate reductase (PDB ID: 5U10)
contains pteroic acid (PT1) which is an experimentally
small molecule (DB04196) with antibacterial properties
[31]. IFD docking analysis revealed that our compounds
did not exhibit greater binding energy than the cognate
ligands. However, among the tested compounds, 10B and
9B showed the best binding energies against E. coli K-
12 (-77.32 kcal/mol) and E.coli CFT073 (-70.12
kcal/mol), respectively.

The X-ray structure of E. coli DNA Gyrase (PDB ID: 1
KZN) includes clorobiocin (CBN) (an aminocoumarin
antibiotic like novobiocin) and coumermycin Al [32].
IFD docking analysis showed that 9B exhibited greater
binding energy (-74.07 kCal/mol) than the cognate ligand
(-67.30 kcal/mol). Its binding interactions and the best
docking pose are shown in Figure 3.

The X-ray structure of dihydrofolate reductase (PDB ID:
2W9S), DNA gyrase subunit B (PDB ID: 3U2D) and 7,8-
Dihydro-6-hydroxymethylpterin-  pyrophosphokinase
(HPPK) (PDB ID: 4CRJ) of S. aureus contained
trimethoprim  (TOP), 4-bromo-5-methyl-N-[1-(3-
nitropyridin-2-yl)piperidin-4-yl]-1H-pyrrole-2-
carboxamide (08B) and 2-amino-8-{[2-(4-
methoxyphenyl)-2-oxoethyl]sulfanyl}-1,9-dihydro-6H-
purin-6-one (YHS5), respectively [33-35]. IFD docking
analysis indicated that our compounds did not
demonstrate a higher binding energy than trimethoprim
as a dihydrofolate reductase inhibitor. However, they
showed greater binding energy than the cognate ligand
(08B). 9A demonstrated the best binding energy (70.49
kcal/mol). 2D binding interactions and the best docking
pose of 9A are shown in Figure 4. Also, they did not have
the higher binding energies than the cognate ligand
(YHS5) as an HPPK inhibitor. 7,8-Dihydro-6-
hydroxymethylpterin pyrophosphokinase (HPPK) is an
enzyme involved in the biosynthesis of folate (vitamin
B9) derivatives, which are crucial for cellular processes
such as DNA synthesis and repair.
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Table 1. The list of microorganisms, target enzymes and

their cognate ligands used in this study.

PDB | Microorgani | Target Cogna
1D sm te
IM7 | C. albicans Dihydrofolate CLZ
8 reductase
TNA | E. coli K-12 Dihydrofolate TOP
E reductase
SUl | E.coli Dihydrofolate PT1
0 CFT073 reductase
1KZ | E. coli DNA gyrase | CBN
N subunit B
2W9 | S. aureus Dihydrofolate TOP
S reductase
302 | S. aureus DNA gyrase | 08B
D subunit B
4CR | S. aureus 7,8-Dihydro-6- YHS5
J hydroxymethylpte

rin-

pyrophosphokinas

¢ (HPPK)

Table 2. Docking score (DC) and binding energy (AG )

of the compounds.

9A | 9B | 10A 10B Cognate

IM78 | C. albicans

DC* -8.69 | -7.94 | -8.21 | -8.73 | -5.06

AG** | - - - - -22.40
67.44 | 63.56 | 63.76 | 55.13

7NAE | Escherichia coli K-12

DC -8.18 | -9.76 | - - -10.09

10.81 | 11.15

AG - - - - -88.20
64.79 | 72.17 | 7597 | 77.32

S5U10 | Escherichia coli CFT073

DC -9.39 |-9.55 | -7.95 | -8.51 |-9.93

AG - - - - -71.64
65.73 170.12 | 56.37 | 60.00

1KZN | Escherichia coli

DC -7.01 | -7.66 | -8.44 | -8.20 | -7.91

AG - - - - -67.30
7091 | 74.07 | 69.93 | 68.35

2W9S | Staphylococcus aureus

DC -7.43 |-7.06 | -6.99 | -7.33 | -9.52

AG - - - - -71.43
60.90 | 58.16 | 60.42 | 62.96

3U2D | Staphylococcus aureus

DC <771 | -7.25 | -6.85 | -6.57 | -4.73

AG - - - - -52.06
70.49 | 67.02 | 65.68 | 55.57

4CRJ | Staphylococcus aureus

DC -5.02 | -5.02 | -6.27 | -4.52 | -10.52

AG - - - - -83.08
44.21 | 50.15 | 41.73 | 33.77

*IFD Binding Score(kcal/mol), **MM-GBSA binding

energy (kcal/mol)
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Figure 2. 2D binding interaction (left) and 3D binding
diagram of 9A in Candida albicans DHFR (PDB ID:
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Figure 3. 2D blndmg interaction (left) and 3D bmdlng
diagram of 9B in E. coli DNA Gyrase (PDB ID: 1
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Figure 4. 2D binding interaction (left) and 3D binding
diagram of 9A in S.4ureus DNA Gyrase (PDB ID:

Based on IFD docking analysis and MMGBSA AG
binding energy calculations, we were able to make
predictions for the behavior of the compounds tested in

this study:

All compounds have the potential to function as

dihydrofolate reductase

with predicted
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antifungal activity against C. albicans. Among them, 9A
exhibited the strongest activity. The binding energy of
9A (-67.44 kcal/mol) was significantly more negative
compared to the cognate ligand (-22.40 kcal/mol).

All compounds showed potential activity against E. coli
dihydrofolate reductase enzyme. However, none of them
had stronger antifolate activity against E. coli DHFR
compared to trimethoprim (TOP). Notably, 9B (binding
energy: -70.12 kcal/mol) shows activity comparable to
pteroic acid (binding energy: -71.64 kcal/mol).
Additionally, all compounds were predicted to exhibit
stronger activity against E. coli DNA gyrase than the
cognate ligand clorobiocin (CBN).

4. Conclusion

None of the compounds were expected to show stronger
antifolate activity against S. aureus DHFR compared to
trimethoprim (TOP). However, all of them were
predicted to show greater activity against S. aureus DNA
gyrase than the cognate 4-bromo-5-methyl-N-[1-(3-
nitropyridin-2-yl)piperidin-4-yl1]-1H-pyrrole-2-
carboxamide (08B). In contrast, all produced only half
the activity against S. aureus 7,8-dihydro-6-
hydroxymethylpterin ~ pyrophosphokinase = (HPPK)
compared to the cognate ligand YHS. Compounds 9A/9B
were likely to cause greater activity compared to
compounds 10A/10B.
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