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The global increase in antibiotic resistance is reducing the effectiveness of current treatment options and necessitating the
development of new antimicrobial agents. Schiff base derivatives and metal complexes are one of the pharmacophore
groups that attract attention due to their broad biological effect spectrum and high chemical stability. Metals are important
components of many biochemical reactions occurring in living organisms and are among the fundamental cellular elements
selected to perform various biological processes in nature. /n silico approaches offer a significant advantage in the drug
discovery process by enabling the examination of candidate molecules at low cost and in a short time. In this study, the
potential inhibitory effects of the Cu (II), Zn(II), Ni(II), and Fe (II) metal complexes of the newly designed coumarin
derivatives on the Escherichia coli DNA gyrase (PDB ID: 1KZN) enzyme were compared using molecular docking
methods. The findings revealed that Schiff base metal complexes generally exhibit higher affinity than free ligands. The
strongest binding was observed in the Zn-L1 (-10.6 kcal/mol) and Fe-L1/Ni-L2 (-10.3 kcal/mol) complexes. The findings
suggest that Schiff base-metal complexes may be evaluated as potential antimicrobial candidates through DNA gyrase
inhibition. /n vitro studies will provide experimental evidence to support the pharmacological potential of these complexes.
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Infections caused by microorganisms, especially
bacteria, are among the most serious public health
problems facing modern medicine. Bacteria are
pathogenic microorganisms that can cause various
infections in human, animal, and plant systems. The
development of resistance mechanisms against
antibiotics, which are widely used in the treatment of
these infections, limits effective treatment options and
necessitates the development of new antibacterial
agentsl.

The global increase in antibiotic resistance reduces
the effectiveness of current treatment approaches,
resulting in approximately 700,000 deaths each year,
with this number projected to reach 10 million by
2050 (Ref. 2). The treatment of infections caused by
resistant bacterial strains poses serious challenges both
clinically and economically; complications, prolonged
hospital stays, and increased mortality rates are observed
during the treatment process”®. Indeed, some pathogens,
such as Klebsiella pneumoniae, rank among the leading
causes of antibiotic-resistant deaths, further increasing
the threat posed by these microorganisms’. In this
regard, the discovery of new pharmaceutical agents is of

great importance in the fight against antimicrobial
resistance. In recent years, Schiff base derivatives have
attracted attention as pharmacologically interesting
compounds due to their antibacterial, antifungal,
antiviral, antiparasitic, and antioxidant properties®".
These compounds, which have a broad biological
spectrum of activity, are being evaluated as potential
therapeutic agents in various biological applications'*.
Researchers' interest in Schiff base ligands has grown
over the years due to their ease of preparation, the
greater stability of metal complexes, and their bio-
organic compatibility’>'®. The high stability of metal-
Schiff base complexes stems from the combination of
both electronic and structural factors. The nitrogen atom
in the carbon-nitrogen double bond (>C=N-) of the
Schiff base donates its unshared electron pair to the
metal ion, forming a coordinate bond; this property
forces the nitrogen to behave like a Lewis base and
makes it the primary coordination point of the complex.
Additionally, the 7 orbitals of the nitrogen atom overlap
with the d orbitals of the metal, enabling a n-back-
donation mechanism, which contributes to the electronic
stability of the complex. Functional groups located close
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to the nitrogen atom in Schiff bases, particularly the
hydroxyl (-OH) group, form additional bonding sites
with the metal ion, creating multi-ring (chelating)
structures. This chelate effect restricts the freedom of the
metal ion, ensuring that the complex is geometrically
tight and stable. As a result, the coordinative ability of
the nitrogen atom, m-6 interactions, and the combination
of multiple bonding provided by functional groups
determine the high stability of Schiff base-metal
complexes'*.

Schiff base metal complexes have a wide range of
pharmaceutical and biological applications. Metal
complexes of Schiff bases with “O” and “N” donor
atoms can be cited as examples of antibacterial,
antitumour, antifungal, antimalarial, enzyme inhibitors,
anti-inflammatory antioxidants, antihypertensive, and
anticonvulsant agents” ™’ This broad range of biological
effects makes in silico drug design techniques a fast and
cost-effective method for predicting the efficacy of these
complexes™.

The aim of this study is to determine the binding
energies and conformational effects of metal complexes
with DNA gyrase. This approach aims to evaluate the
potential antimicrobial activity of metal complexes and
their comparative interaction profiles with ligands. In
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this context, the effects of Cu(Il), Zn(Il), Ni(Il), and
Fe(Il) metal complexes with coumarin-based Schiff
bases on the Escherichia coli DNA gyrase enzyme were
investigated using molecular docking studies.

Molecular Docking study

In-silico simulations were performed using AutoDock
Vina® software. The DNA gyrase protein from
Escherichia coli (PDB ID: 1KZN) was used in the
study. The protein structure was obtained from the
RCSB PDB database®. Prior to the simulation, all water
molecules, cofactors, and co-crystal ligands associated
with the protein were removed. AutoDock Tools* and
UCSF Chimera® software were used to prepare the
receptor and co-crystal structures. The grid box
dimensions and centre were set as follows: centre x =
19.0, centre_y =31.041, centre_z = 34.027, size x =22,
size y =22, size z=22, num_modes = 10. The ligands
(L1 and L2) used in the study were designed and are
original molecules not found in the literature. The 2D
structures of the ligands were drawn using Chemical
Sketch Tool®, and then geometry optimisations were
performed in Avogadro™ and saved in 3D format. The
2D and 3D visuals of the structures are provided in
Fig. 1.
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Fig. 1 — Two-dimensional (2D) and three-dimensional (3D) images of structures
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The structures obtained were converted to pdbqt
format using Open Babel® software. The results
obtained after molecular docking were evaluated in
terms of binding energies and interaction types.
Discovery Studio®, Chimera*’, and PyMOL?Y
software were used for the interpretation and
visualisation of the results. To test the accuracy of the
method, a re-docking study was performed with the
crystallised ligand, and the obtained structure was
superimposed on the crystal structure and visualised
using PyMOL*" software (Fig. 2).

Results and Discussion

Molecular docking studies were performed on the
1KZN-coded protein receptor with L1 and L2 ligands
and their Cu(ll), Fe(Il), Ni(Il) and Zn(Il) metal
complexes. The main amino acids in the active site of
the 1KZN receptor are ARG136, ASP73, ASN46,
GLY77, ARG76, GLU50, THR165, ALA47, ILE9O,
PRO79, and VAL71, and hydrogen bonds, halogen,
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electrostatic, and hydrophobic interactions were
observed in this region. The binding affinity of the co-
crystal ligand was calculated as —9.3 kcal/mol. The
conformational states of the L1 and L2 ligands within
the receptor are shown in Fig. 3.

According to the results of the L1 series; The
binding affinity of the CulLl complex is —10.4

Fig. 2 — Visualisation of docking analysis with crystallised
ligand structure (re-dock)

Interactions

[ van der Waals [ Pi-Anion
I Conventional Hydrogen Bond [ Ayl
[[] carbon Hydrogen Bond [ Pi-AKkyl

I Pication

Fig. 3 — Conformations of L1 and L2 ligands within the receptor
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kcal/mol, and it exhibits hydrogen bonds with
ARG76, ARGI136, and ASN46 in the active site,
electrostatic interactions with ASP49 and ARGT76,
and hydrophobic contacts with amino acids such as
ILE78, ILE90, VAL120, PRO79, and ALAS53. The
FeLl complex has a binding affinity of —10.3
kcal/mol and forms hydrogen bonds with VALI120,
SER121, and ALA47, electrostatic interactions with
ARG76 and GLUS50, and hydrophobic contacts with
ILE90, MET91, and VAL120. The NiL1 complex
exhibits a binding affinity of —9.2 kcal/mol, forming
hydrogen bonds with ASN46, ARG76, and THR165,
electrostatic interactions with ASP49 and GLU50, and
hydrophobic contacts with ILE78, PRO79, ILE90,
and ALA96. The ZnL1 complex exhibits electrostatic
interactions with ASP49 and ARG76, hydrogen bonds
with ASN46 and ARG136, and hydrophobic contacts
with ILE78, ILE90, VAL120, and PRO79, with a
binding affinity of —10.6 kcal/mol. The free L1 ligand
forms hydrogen bonds with ARG136 and ASP73 and
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ASN46 and ASP73, electrostatic contacts with
ARG76, and hydrophobic interactions with MET91,
ILE90, and ILE78. The NiL2 complex exhibits a
binding affinity of —10.3 kcal/mol with VAL120,
THR165, and ALAA47, electrostatic interactions with
ARG76 and GLUS50, halogen bonds with amino acids
such as ASP73, HIS95, and ASN46, and hydrophobic
contacts with ALAS53 and ILE90. ZnL2 complex —9.7
kcal/mol binding affinity with hydrogen bonds with
ASP49, ASN46, and THR165, hydrogen and halogen
interactions with GLY77 and VALI120, and
hydrophobic contacts with ILE78, ILE90, and
PRO79. The free L2 ligand exhibits hydrogen bonds
with ARG136 and ASP73, electrostatic contacts with
ARG76, and hydrophobic interactions with amino
acids such as ALA47, VAL71, and ILE78, with a
binding affinity of —8.4 kcal/mol (Fig. 1, Table 1,
Table 2 and Table 3).

Table 1 — Binding energies obtained as a result of molecular
docking

electrostatic interactions with ARG76 at -8.6
kcal/mol (Fig. 3, Table 1, Table 2 and Table 3). Ligand Energy Values (kcal/mol)
When the L2 series is examined, the CuL2 g;ZLnl—COC“Stal I?)'i
complex exhibits }}yd.rogen bqnds with ARG76 and 1, “10.1
ARG136 with a binding affinity of —10.1 kcal/mol, FeLl ~10.3
halogen and electrostatic interactions with ASP49,  FelL2 -10
electrostatic  interactions with ~ GLUS50, and Iﬂ; ‘2'2
hydrophobic contacts with ILE78, ILE90, ALAS3, G, :9'2
etc. The FeL2 complex exhibits a binding affinity of — ;12 103
10.0 kcal/mol with hydrogen bonds with VAL120,  ZnL1 -10.6
THR165, and ALA47, halogen interactions with — ZnL2 9.7
Table 2 — Amino Acid Interaction Table (L1 Series)
Cu-L1 Type of Fe-L1 Type of Ni-L1 Type of Zn-L1 Type of 1KZN-L1 Type of
Interaction Interaction Interaction Interaction Interaction
ARG76  Hydrogen VAL120 Hydrogen ASN46  Hydrogen ASP49 Electrostatic =~ ARG136 Hydrogen
Bond Bond Bond Bond
ARGI136 Hydrogen SER121  Hydrogen ARG76  Hydrogen ARG76  Hydrogen ASP73 Hydrogen
Bond Bond Bond Bond Bond
ARG76  Electrostatic = ALA47  Hydrogen THR165 Hydrogen ARG136 Hydrogen ARG76  Electrostatic
Bond Bond Bond
ASP49 Electrostatic =~ ARG76  Electrostatic =~ ASP49 Electrostatic =~ ARG76  Electrostatic GLUS50  Electrostatic
ASN46 Hydrogen GLUS50  Electrostatic  GLUS50  Electrostatic =~ ASN46 Hydrogen ALA47 Hydrophobic
Bond Bond
ASN46  Hydrophobic ASN46  Hydrogen ILE78 Hydrophobic ASN46  Hydrophobic VAL71 Hydrophobic
Bond
ILE78 Hydrophobic ILE90 Hydrophobic PRO79  Hydrophobic ILE78 Hydrophobic ILE78 Hydrophobic
ILE90 Hydrophobic ILE78 Hydrophobic ILE90 Hydrophobic ILE90 Hydrophobic PRO79 Hydrophobic
VAL120 Hydrophobic MET91  Hydrophobic ALA96  Hydrophobic VALI120 Hydrophobic VAL43  Hydrophobic
PRO79 Hydrophobic VAL120 Hydrophobic ILE78 Hydrophobic VAL120 Hydrophobic
ALAS53  Hydrophobic VAL167 Hydrophobic PRO79  Hydrophobic VAL167 Hydrophobic
ALAS53  Hydrophobic ALAS53  Hydrophobic
ILE78 Hydrophobic
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Table 3 — Amino Acid Interaction Table (L2 Series)
Cu-L2 Type of Fe-L2 Type of Ni-L2 Type of Zn-L2 Type of 1KZN-L2 Type of
Interaction Interaction Interaction Interaction Interaction
ARG76  Hydrogen VAL120 Hydrogen VAL120 Hydrogen ASP49 Electrostatic ~ ARG136 Hydrogen
Bond Bond Bond Bond
ARG136 Hydrogen THR165 Hydrogen THR165 Hydrogen ASN46  Hydrogen ASP73 Hydrogen
Bond Bond Bond Bond Bond
ASP49 Halogen ALA47  Hydrogen ALA47  Halogen ASN46  Halogen ALA47  Hydrogen
Bond Bond
ARG76  Electrostatic =~ HIS95 Hydrogen ALA47  Hydrogen GLY77  Hydrogen ARG76  Electrostatic
Bond Bond Bond
ASP49 Electrostatic =~ ASN46  Halogen HIS95 Hydrogen VAL120 Hydrogen GLU50  Electrostatic
Bond Bond
GLUS50  Electrostatic ~ ASP73 Halogen HIS95 Halogen VALI120 Halogen ALA47  Hydrophobic
ASN46  Hydrogen HIS95 Halogen THR165 Halogen THR165 Hydrogen VALT71 Hydrophobic
Bond Bond
ASN46  Hydrophobic ARG76  Electrostatic ASN46  Halogen GLY119 Hydrogen ILE78 Hydrophobic
Bond
ALAS53  Hydrophobic GLUS50  Electrostatic ~ ASP73 Halogen ILE90 Halogen PRO79  Hydrophobic
ILE78 Hydrophobic ASN46  Hydrogen HIS95 Halogen GLY119 Halogen VAL43  Hydrophobic
Bond
ILE90 Hydrophobic ALAS53  Hydrophobic ARG76  Electrostatic ILE78 Hydrophobic VAL120 Hydrophobic
MET91  Hydrophobic ILE90 Hydrophobic GLUS0  Electrostatic ~ ILE90 Hydrophobic
VAL120 Hydrophobic ILE78 Hydrophobic ASN46  Hydrogen PRO79  Hydrophobic
Bond
PRO79 Hydrophobic ALA47  Halogen ALA53  Hydrophobic ILE78 Hydrophobic
ILES0 Hydrophobic THR165 Halogen ILE9O Hydrophobic

The obtained data show that there is a significant
increase in binding affinity and binding energy with
the coordination of metal ions to both L1 and L2
ligands.

Compared to free ligands, all metal complexes
exhibited higher (more negative) binding energy
values, indicating that complexation increases the
binding strength to the receptor. In particular, the
ZnL1 (-10.6 kcal/mol) and NiL2 (-10.3 kcal/mol)
complexes stand out as having the strongest inhibitory
potential against the active site of the 1KZN receptor
(Fig. 4, Table 1).

Molecular docking studies are critical tools for
predicting the interactions of metal complexes with
DNA and protein-like biomolecules. In a study,
docking analyses conducted on VO(II), Fe(Ill),
Co(Il), Ni(Il) and Cu(Il) complexes obtained with
Fe(I1), Co(II), Ni(Il) and Cu(Il) demonstrated that the
complexes bind to DNA with high stability and
affinity through both hydrogen bonds and
hydrophobic interactions®™.  Similarly, studies
conducted on indole-thiosemicarbazone ligands and
Fe(1ll)-, Co(II)-, Ni(II)-, and Cu(Il)- complexes also
emphasise the importance of docking analyses in the
interaction of these complexes with bacterial targets.
Docking results are generally consistent with in vitro

findings, and complexes with high binding energy are
also found to have high biological activity. Therefore,
molecular docking is an important predictive tool
supporting the therapeutic potential of metal
complexes®”. Additionally, DFT and docking a
nalyses of heteroleptic metal(Il)-thiosemicarbazone
complexes have shed light on their antibacterial
effects and interaction models with cellular target
proteins; this suggests that molecular docking
enhances the reliability of providing insights into
biological activity™.

In another study by Schiff on certain ligands and
transition metal complexes, biological effect studies
based on both DNA binding and docking analyses
were conducted after these compounds formed
complexes with VO(II), Zn(II) and ZrO(II) (Ref. 51).
In another study, the antibacterial and anticancer
potentials of mixed ligand—metal complexes were
evaluated and supported by docking analyses™.

In our study, metal ligand complexes were
designed based on the findings (data) of the studies
and evaluated using in silico methods in terms of
antibacterial activity. The antibacterial activities of
coumarin-derived Schiff bases against Escherichia
coli DNA gyrase enzyme have significantly increased
with the formation of metal complexes. Improvements
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Fig. 4 — Conformations and binding states of ligand complexes within the receptor

in biological activity have been observed in metal
complexes.

It has been determined that the designed coumarin-
based Schiff bases exhibit antibacterial effects
comparable to the co-crystal ligand structure used as a

reference. The potential of metal complexes to
enhance biological activity is significant because they
can be synthesised in a single step and prepared using
environmentally friendly (green synthesis) methods.
However, comprehensive in vitro studies must be



conducted before
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any potential pharmaceutical

applications.
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