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ABSTRACT
Acinetobacter baumannii has emerged as an important pathogen 
for nosocomial infections having high morbidity and mortality. This 
pathogen is notorious for antimicrobial resistance to many common 
antimicrobial agents including fluoroquinolones, which have both 
intrinsic and acquired resistance mechanisms. Fluoroquinolones 
targeting the bacterial topoisomerase II (DNA gyrase and Topo IV) 
show potent broad-spectrum antibacterial activity by the stabilization 
of the covalent enzyme–DNA complex. However, their efficacy is 
now being threatened by an increasing prevalence of resistance. 
Fluoroquinolones cause stepwise mutations in DNA gyrase and Topo 
IV, having alterations of their binding sites. Furthermore, the water–
Mg+2 bridge, which provides enzyme–fluoroquinolone interactions, 
has a significant role in resistance. In this study, 13 compounds were 
synthesized as 1,4-benzoxazine derivatives which act as bacterial 
topoisomerase II inhibitors and their antibacterial activities were 
determined against multi-drug resistant Acinetobacter strains which 
have ciprofloxacin (CIP) resistant and GyrA mutation. Afterwards 
we performed docking studies with Topo IV (pdb:2XKK) of these 
compounds to comprehend their binding properties in Discovery 
Studio 3.5. The results of this study show significant conclusions to 
elucidate the resistance mechanism and lead to the design of new 
antibacterial agents as bacterial topoisomerase II inhibitors.

Introduction

One of the major clinical and public health problems during the lifetime of most people is 
the serious infections caused by bacteria having resistance to commonly used antibiotics 
[1]. In recent years, antimicrobial resistance has steadily increased among Gram-positive and 
Gram-negative pathogens in the hospital and in the community. Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aerug-
inosa and Enterobacter species, also called ‘ESCAPE’ pathogens in hospital-acquired 
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infections, have caused serious diseases and deaths [2]. In particular, nosocomial infections 
caused by multiple resistant strains of Acinetobacter spp. show resistance to many antimi-
crobial agents which include fluoroquinolones according to the intrinsic and acquired resist-
ance mechanism. The failure of antibiotic therapy [3–5] is because of this multidrug resistance. 
In bacterial topoisomerase II enzymes of Acinetobacter spp., resistance to fluoroquinolones 
caused by spontaneous mutations of genes in the quinolone resistance-determining region 
(QRDR) generally cause resistance [3].

Topoisomerase enzymes which are essential for survival of the cells catalyse changes in 
DNA topology and they are found in all cell types. They are also well-known targets of anti-
bacterial drugs. These proteins can be separated into two types, Topo I and Topo II, of which 
Topo I catalyses reactions by the transient break of one strand, whereas Topo II does this job 
by breaking two strands [6]. Heterotetrameric proteins such as DNA gyrase and its close 
relative Topo IV are from bacterial type topoisomerase II. DNA gyrase consists of two GyrA 
and two GyrB (A2B2) sub-units and Topo IV consists of two ParC (GrlA) and two ParE (GrlB) 
sub-units (C2E2) homologously to GyrA and GyrB, respectively. Whereas the GyrA and ParC 
sub-units are located in the DNA transit and they contain the active-site tyrosine, which is 
responsible for DNA cleavage, and they interact with DNA, the GyrB and ParE sub-units 
involve the ATPase active site [7,8]. Supercoiling DNA gyrase is responsible for the initiation 
and prolongation of transcription and for bacterial replication, by regulating the DNA. Topo 
IV decatenates chromosomal discrimination and resolution of DNA strands following DNA 
replication and can also relax supercoiled DNA [9]. DNA gyrase and Topo IV enzymes can 
relax both positive and negative DNA supercoils, but only the DNA gyrase enzyme can 
produce a negative supercoil by ATP (adenosine triphosphate) hydrolysis [7].

DNA gyrase and Topo IV are very similar to each other in structure, with similar molecular 
weights and very few sequence differences. In the heterotetramer structure (A2B2), the heart-
shaped protein DNA with a large gap in its centre has a symmetrical axis between two GyrA 
and GyrB (ParC and ParE in Topo IV). GyrB and ParE sub-units are composed of three domains: 
GHKL (Gyrase, Hsp90, Histidine Kinase, MutL) domain, which is a part of many ATP-binding 
proteins; the second domain is responsible for transduction of ATP energy (transducer); and 
the TOPRIM (TOpoisomerase/PRIMase) domain, which connects between the enzyme and 
DNA [10,11]. On the other hand, GyrA and ParC sub-units consist of four domains: the winged 
helix domain (WHD), which contains the binding proteins of the nucleic acids (catalytic 
tyrosine); the tower domain; the long domain, classified as a coiled-coil; and the variable 
C-terminus [12]. Between the GyrA/B or ParC/E sub-units, in the form of A2B2 dimers, there 
are three gates which have a crucial role in the function of the enzymes. These are the N-gate 
or ATP gate formed by the GHKL domain of GyrB; the DNA gate consisting of TOPRIM and 
the C-gate formed between the coiled-coil domain of GyrA (Figure 1) [9].

DNA supercoiling by DNA gyrase begins with the G segment of the DNA interacting with 
the N-terminal end of the enzyme and moving towards the TOPRIM domain of GyrB, creating 
a positive supercoil of about 130 bases around the enzyme [13]. This spinning towards the 
C-terminal end facilitates the T-segment of the same DNA molecule reaching the N-gate and 
allows the G-segment to take its ready position for intercalating DNA strands [14]. The bind-
ing of ATP causes the N gate to be closed and caught of the T segment. The enzyme cuts 
DNA-phosphotyrosyl bonds by seperating four base pairs in G segment, creating double 
breaks in the DNA chain and covalent binding between GyrA and DNA. On this, the T-segment 
goes through the open DNA gate and the cleaved G-segment through the C-gate and is 
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accompanied by ATP binding and hydrolysis. The adenosine diphosphate (ADP), which is 
released by the hydrolysis of ATP, opens the N gate and makes the enzyme ready for a new 
supercoiling cycle (Figure 2) [7]. As a result, one gyrase supercoiling cycle introduces two 
negative supercoils into the DNA molecule at the expense of two ATPs [15]. If there is not 
enough ATP in the medium, DNA gyrase, especially by the reverse mechanism, can catalyse 
relaxation of negatively supercoiled DNA [16].

Figure 1.  Structure of bacterial Topoisomerase II enzyme.

Figure 2.  Mechanism of the interaction of DNA gyrase with DNA supercoiling (adapted from [16]).
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Bacterial topoisomerase II enzymes require bivalent metal ions to display their catalytic 
activity. Mg+2 is a physiological divalent metal ion for bacterial topoisomerase II enzymes, 
but other divalent metal ions can also be used as a cofactor to catalyse the reactions per-
formed by the enzymes [17]. The reactions of breaking the DNA chain by DNA gyrase and 
Topo IV enzymes are catalysed by the ‘Dual Metal-Ion Mechanism’. According to this mech-
anism, the Mg+2 ion in the metal binding site A allows the DNA strands to pass through one 
to another, while in the metal binding site B region the Mg+2 ion fixes the –1 charged of 
phosphate. The intercalation reaction of DNA strands is completed by both of Mg+2 ions 
acting simultaneous [18,19].

Fluoroquinolones are DNA gyrase and Topo IV inhibitors that are frequently used in clinical 
therapy. They can also exhibit antibacterial activity by inhibiting DNA replication, as well as 
DNA damage, synthesis of uncompleted proteins, induction of oxidative damage and trigger 
off cell death mechanisms [20]. These compounds make covalent bonding with tyrosine in 
the active site of GyrA to stabilize cleaved DNA. Thus, fluoroquinolones that are bound to 
the enzyme-DNA complex separate the DNA strands from each other and constitute a phys-
ical barrier to the RNA polymerase and DNA helicase, thus triggering a series of events that 
result in cell death [21]. The interaction of fluoroquinolones with DNA and bacterial topoi-
somerase II enzymes has been elucidated by various crystallographic studies on DNA gyrase 
and Topo IV enzymes [13,22,23]. Investigations of the interaction of moxifloxacin complexing 
with DNA and Topo IV through Acinetobacter baumannii bacteria revealed that the quinolone 
ring of moxifloxacin interacted with the previous or subsequent bases of the DNA cleavage 
region via van der Waals and π–π interactions. In addition, it has been found that the Mg+2 
ion located between the ParC region and moxifloxacin is also required for interaction. The 
water molecules surrounding the Mg+2 ion make hydrogen bonds with Ser84 and Glu88 in 
the part of the ParC that play a crucial role in the quinolone resistance [24].

The goal of this present study was to synthesize some novel 1,4-benzoxazine derivatives 
and to develop new and effective antibacterial agents against multi-drug resistant 
Acinetobacter baumannii strains and then to examine the structure activity relationships by 
using molecular modelling techniques with the description of the binding site features of 
1,4-benzoxazine derivatives on A. baumannii showing ciprofloxacin (CIP) resistance and GyrA 
mutation.

Materials and methods

Tested compounds

To investigate their inhibitory antibacterial activity against multidrug resistant A. baumannii, 
we tested novel synthesized 1,4-benzoxazine (5a–m) derivatives, which are holding different 
substituents in R positions in their structure, as given in Figure 3.

Chemistry

All chemicals and solvents were purchased from commercial vendors and were used without 
further purification. The progress of the reaction was monitored on ready-made silica gel 
plates (Merck, Germany). The melting points were measured with a capillary melting point 
apparatus (Buchi, Switzerland B540) and were uncorrected. Yields were calculated after 



SAR AND QSAR IN ENVIRONMENTAL RESEARCH﻿    945

recrystallization. The 1H-NMR spectra were recorded employing a VARIAN Mercury 400-MHz 
FT spectrometer, chemical shifts (d) were in parts per million relative to tetramethylsilane 
(TMS) and coupling constants (J) were reported in hertz. Mass spectra were taken on a Waters 
Micromass ZQ using the electrospray ionization (ESI) method. Elemental analyses were per-
formed by Leco CHNS-932 CHNS-O analyser. The result of the elemental analyses (C, H, N, S) 
were within ±0.4% of the calculated amounts.

General procedure for the preparation of ethyl 2-(3-oxo-3,4-dihydro-2H-1,4-
benzoxazin-2-yl)acetate derivatives
Monoethyl fumaric acid (1) (10 mmol) and thionyl chloride (5 mmol) reacted under 150 watt 
microwave conditions for 10 min at 100°C in benzene (5 ml). At the end of the reaction, excess 
thionyl chloride was evaporated. Obtained monoethyl fumaryl chloride (2) was added drop-
wise to a suspension of appropriate substituted-2-aminophenols (3) (10 mmol) and NaHCO3 
(10 mmol) in dioxane. The substituent types and positions of 2-aminophenols varies accord-
ing to the final products obtained. As an example; for the preparation of 7-methyl substituted 
‘ethyl 2-(3-oxo-3,4-dihydro-2H-1,4-benzoxazin-2-yl)acetate’ (5d), 5-methyl substituted  
‘2-aminophenol’, has been chosen etc. Then the reaction mixture was stirred for 24 h at room 
temperature, then poured into water and extracted with ethyl acetate (15 ml). The extract 
was washed with water, dried and evaporated, respectively. The residue was recrystallized 
from EtOH to give 4 ethyl 3- [(4- and/or 5-substituted-2-hydroxyphenyl)carbamoyl]acrylate 
(4) derivatives. A suspension of these compounds (10 mmol) and K2CO3 (5 mmol) in EtOH 
(70 ml) was stirred for 3 h at room temperature. The reaction mixture was poured into water 
and extracted with ethyl acetate (15 ml). The extracts were washed with water, dried and 
evaporated, respectively (Figure 3) [25]. The residues were recrystallized from EtOH and 
obtained ethyl 2-(3-oxo-3,4-dihydro-2H-1,4-benzoxazin-2-yl)acetate (5a–m) derivatives.

Figure 3.  Synthesis of 1,4-benzoxazine derivatives.
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Microbiology

Antibacterial activities of synthesized compounds were determined as MIC values using 
microdilution method 1, against Klebsiella pneumoniae ATCC 700603, Klebsiella pneumoniae 
RSKK 576, Pseudomonas aeruginosa ATCC 10145, Escherichia coli ATCC 25922, Staphylococcus 
aureus ATCC 29213, Enterococcus faecalis ATCC 29212 and clinical isolates of Acinetobacter 
baumannii obtained from the Trakya University Medical Faculty Hospital Microbiology 
Laboratory.

A. baumannii gyrA, parC and gyrB genes were amplified using gyrA_F 
5’-AAATCTGCCCGTGTCGTTGGT-3’, gyrA_R 5’-GCCATACCTACGGCGATACC-3’, gyrB_F 
5’-GTGCGCGCTTTGATAAAAT-3’, gyrB_R 5’-ACAGTTACACGTGGCCAGTA-3’, parC_F 
5’ATGAGCGAGCTAGGCTTAAA-3' and parC_R 5’-TTAAGTTGTCCTTGCCATTCA-3' primers by 
applying qPCR techniques to ciprofloxacin-resistant Acinetobater baumannii clinical isolates 
encoded as A3, A5, C5, B4, B1, C6, D1, D2, D3 and D6. High-resolution melting (HRM) analyses 
were performed to group the gyrA, gyrB and parC gene quantitative polymerase chain 
reaction (qPCR) amplicons according to their DNA sequences. HRM analysis was performed 
in order to group the gene sequences amplified from different isolates by qPCR according 
to their DNA sequences.

Newly synthesized compounds’ antibacterial activity with the presence of ciprofloxacin 
were tested again using microdilution method 2, against clinical Acinetobacter isolates which 
are obtained from Trakya University Medical Faculty Hospital Microbiology Laboratory, resist-
ant to ciprofloxacin and mutated in the gyrA gene region determined by q-PCR 
techniques.

Susceptibility testing was performed according to the guidelines of the Clinical and 
Laboratory Standards Institute (CLSI) M100-S25 and M27-A3.

Microdilution method 1
Stock solutions of the test compounds were dissolved in dimethylsulphoxide (DMSO). 
Standard antibiotic solutions were dissolved in the appropriate solutions according to the 
CLSI M100-S25 recommendations. The colonies produced in culture plates were transferred 
to Mueller Hinton Broth (MHB) from Mueller Hinton Agar (MHA) for bacteria and to Sabouraud 
Dextrose Agar (SDA) from Sabouraud Liquid Medium (SLM) for yeasts, respectively. The bac-
terial suspensions used for inoculation were prepared at 105 CFU/mL by diluting fresh cul-
tures at McFarland 0.5 density. Suspensions of the yeast at McFarland density was diluted 
1:100 and 1:20, respectively, and 2.5 × 103 CFU/mL were inoculated to the 2-fold-diluted 
solution of the compounds. Standard drugs and stock solutions of the tested compounds 
were diluted 2-fold in the wells of the microplates such as the solution of the standard drugs 
were prepared at 16, 8, 4, 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015625 and 0.0078 μg/mL 
concentrations and the synthesized compounds were prepared at 512, 256, 128, 64, 32, 16, 
8 and 4 μg/mL concentrations. A 10 μl micro-organism inoculum was added to each well of 
the microplates. Microplates including bacteria were incubated at 37°C for 16–20 h. The 
lowest concentration of the compounds that completely inhibits macroscopic growth was 
determined after incubation and reported as the minimum inhibitory concentration (MIC).

Microdilution method 2
Stock solutions of the test compounds and ciprofloxacin were dissolved in DMSO and water, 
respectively. Cation-adjusted MHB was used in the study. Passages were made from A. 
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baumannii colonies grown on MHA plaques to MHB media and liquid media were incubated 
for 16–20 h at 37°C. Culture was adjusted to McFarland 0.5 density by adding liquid medium 
to the culture to reach the inoculum. The bacterial suspensions used for inoculation were 
prepared at 105 CFU/mL by diluting fresh cultures at McFarland 0.5 density. Ciprofloxacin 
dilutions were prepared for use with each compound using the stock solution of ciproflox-
acin. Then, 100 μL of the medium containing the fixed amount of the prepared compound 
was added to wells containing ciprofloxacin and 100 μL of the medium. Ciprofloxacin sus-
ceptibility was investigated in accordance with the CLSI M100-S25 (2015) standards using 
the medium containing the substance at half the concentration of the previously determined 
MIC values of the compounds. The results were considered significant when 4-fold excess 
reduction was detected between the MIC value of ciprofloxacin and the MIC value of the 
combination of compound-ciprofloxacin. Stock solutions of the tested compounds and 
standard drugs were diluted 2-fold in the wells of the microplates, so the solutions of the 
synthesized compounds were half MIC concentrations and ciprofloxacin were prepared at 
16, 8, 4, 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015625 and 0.0078 μg/mL concentrations. A 
10 μl micro-organism inoculum was added to each well of the microplates. Microplates 
including bacteria were incubated at 37°C for 16–20 h. All solvents and diluents, pure 
micro-organisms and pure media were used in control wells. After incubation, the lowest 
concentration of the compounds that completely inhibits macroscopic growth was deter-
mined and reported as the MIC.

Computational methods

Preparation of ligands
The 3D structures of a set of synthesized 1,4-benzoxazine derivatives (5a–m), which are given 
in Figure 3, as well as the antibiotic moxifloxacin, were sketched using the Accelrys Discovery 
Studio (DS) 3.5 [26] Sketch Molecules module. The geometries of these compounds were 
subsequently optimized using the Minimization module of DS 3.5 using the CHARMm force 
field and Adopted basis Newton-Raphson method with the root mean deviation (RMS) gra-
dient was < 0.05 kcal/mol/Å2.

Preparation of protein
The crystal structure of the Topo IV with crystal structure of moxifloxacin in A. baumannii 
was retrieved from the Protein Data Bank (pdb: 2XKK) [24]. DS 3.5 software was used for 
preparation of protein. Protein reports were extracted and the missing parts of the proteins 
were identified and these parts were completed through fragments. Using the software’s 
automatic protein preparation unit, proteins were prepared and invalid residues were 
detected and corrected. The prepared protein was taken, the ligand was extracted, hydro-
gens were added and their positions were optimized using the all-atom CHARMm forcefield 
parameterization, which was assigned and then minimized using the adopted basis Newton-
Raphson (ABNR) method as described above. The minimized protein was defined as the 
receptor using the binding site module. The binding site was defined to encompass around 
the ligand (moxifloxacin) inside the protein which accommodated all the important inter-
action residues in the active site of the enzyme. The binding sphere for 2XKK (–19.15, 45.83, 
–14.48, 14.99) was selected from the active site using the binding site tools (Figure 4(a)).
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Molecular docking
CDOCKER [25], that is a CHARMm-based grid-enabled docking method, was performed by 
using DS 3.5 software. The CDOCKER method uses soft core potentials and molecular dynam-
ics generated random ligand conformations and poses refinement in the active site using 
a simulated annealing process. The protein is held rigid, while the ligands are allowed to be 
flexible during refinement [27]. The docking process and scoring methodology were first 
validated by docking of moxifloxacin. The docked position of moxifloxacin overlaps well 
with the crystal structure position, with an RMSD of 0.9631 Å (Figure 4(c)). Afterwards, molec-
ular docking studies were performed on the tested compounds 5a–m.

The docking parameters were as follows: Top Hits: 10; Random Conformations: 10; Random 
Conformations Dynamics Step: 5000; Dynamics Target: 1000; Grid Extension: 8.0; Random 
Dynamics Time Step: 0.002.

Figure 4.  The performed docking poses. (a) The structure of Topo IV ParC sub-unit showing the selected 
binding sphere used in our docking studies. The binding sphere coordinates; −19.15, 45.83, −14.48, radius; 
14.9915. (b) Water–metal ion bridge that mediates critical interactions between moxifloxacin and Topo IV. 
Moxifloxacin interacts with Ser84 via water molecules around the Mg+2 ion. (c) Structural superimposition 
of the docked moxifloxacin (green) and from the X-ray structure (pink) with 0.9631 RMSD value. (d) Docked 
position of compound 5a. (e) Docked position of compound 5h. (f ) Docked position of compound 5i.
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Results and discussion

Chemistry

In this study, a total of 13 ethyl 2-(3-oxo-3,4-dihydro-2H-1,4-benzoxazin-2-yl)acetate (5a–m) 
derivatives were synthesized and five of them (5b, 5g, 5i, 5j, 5m) were original. The other 
eight compounds (5a, 5c–f, 5h, 5k, 5l) were synthesized before by our group and some other 
research groups for the first time and related articles [25,28–30] are indicated at Table 1. We 
synthesized five novel compounds carrying various kinds of groups/atoms having different 
physicochemical properties attached to the benzene ring of benzoxazine to observe the 
effects on the biological activity. For synthesis of ethyl 2-(3-oxo-3,4-dihydro-2H-1,4-benzox-
azin-2-yl)acetate derivatives, mono ethyl fumaric acid and thionyl chloride reacted under 
microwave conditions. Obtained monoethyl fumaryl chloride was mixed with substitut-
ed-2-aminophenols and NaHCO3 in dioxane. A suspension of obtained compounds and 
K2CO3 in EtOH was stirred for 3 h at room temperature to achieve ethyl 2-(3-oxo-3,4-dihydro-
2H-1,4-benzoxazin-2-yl)acetate derivatives (5a–m), as given in Figure 3 [23]. The purity of 
the synthesized compounds has been controlled by thin layer chromatography (TLC) and 
their melting points were determined. Their structures were elucidated by using 1H-NMR, 
Mass and Elemental Analysis methods and results are in agreement with the proposed struc-
tures, as given in Table 1.

According to the spectroscopic data of the compounds 5a–m; the 1H-NMR spectra of the 
compounds; the CH3 protons and the -CH2 protons of the ethyl ester in the second position 
of the benzoxazine ring were observed as triplets at 1.05–1.30 ppm and as quartets at 4.1–4.4 
ppm, respectively. The -CH2- bridge between the benzoxazine ring and the ester structure 
was observed in the range of 2.9–3.3 ppm, giving the doublet separately. Besides, the -H in 
the second position of the benzoxazine ring was observed as a doublet of doublets at 4.9–5.1 
ppm. Moreover, all the aromatic protons were observed at 6.7–8.1 ppm and the –NH proton 
in amide structure appeared at 8–11 ppm as a singlet. Mass spectra of the compounds 
showed M++H or M+–H peaks in accordance with their formulas, since the electrospray ion-
ization (+) and (–) methods were employed. On the other hand, the results of the elemental 
analyses (C, H, N, S) were within ±0.4% of the calculated amounts.

Microbiology

The in vitro antibacterial activity of the synthesized compounds (5a–m) was observed against 
some Gram-negative bacteria such as Klebsiella pneumoniae ATCC 700603, Pseudomonas 
aeruginosa ATCC 10145, Escherichia coli ATCC 25922, some Gram-positive bacteria such as 
Staphylococcus aureus ATCC 29213, Enterococcus faecalis ATCC 29212 and their clinical iso-
lates. The synthesized compounds (5a–m) displayed poor intrinsic antibacterial activity at 
the MIC values between 64–512 μg/ml, as given in Table 2.

For the antibacterial activity test against Acinetobacter baumannii clinical isolates, which 
are ciprofloxacin (CIP) resistant and Ser84 (TCA) to Leu84 (TTA) mutation in GyrA, 1,4-ben-
zoxazine derivatives (5a–m) were first tested alone and it was observed that they did not 
exhibit any significant intrinsic antibacterial activity, showing MIC values between 128 and 
512 μg/ml. Afterwards they were tested at half of their concentrations of the observed MIC 
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values in combination with CIP against the same bacterial strains, a reversal in the antibacterial 
activity of CIP with up to 16/18-fold better MIC values was observed, as shown in Table 3.

As a result of the measured synergism test of the 1,4-benzoxazine derivatives, it was found 
that the compounds 5h, 5a and 5i provided the most significant contribution in the reversal 
of antibacterial activity of CIP among the tested compounds, with the MIC values of 0.0156, 
0.0312 and 0.0312 μg/ml, respectively.

Molecular docking

It was found that the synthesized 1,4-benzoxazine derivatives (5a–m) were interacting with 
the enzyme with binding energies between –6805.34 and –6823.36 kcal/mol as a result of 
docking of the Topo IV enzyme, ParC sub-unit (pdb:2XKK) as given in Table 4.

The coordination of the hydrogen bonds between the Mg+2 and Ser84 amino acids of the 
compounds is very important for antibacterial activity [24]. In addition, synthesized 1,4-ben-
zoxazine derivatives (5a–m) form hydrogen bonds with important amino acids Ser84, Arg123 
and Ptr124 and increase their interactions with the enzyme.

All of the 1,4-benzoxazin derivatives (5a–m) were found to interact with the Mg+2 ion and 
Ser84 amino acid via water molecules. It has been determined that 5c, 5i and 5m of the 
compounds make a direct hydrogen bond with Arg123 amino acid and 5m with Ptr124 
amino acid.

The most active compound, 5h, forms hydrogen bonds with important amino acid Ser84 
via water molecules, π interactions with DG16, amino acid Arg418 and 2.35 Å distance to 
Mg+2 ion (Figure 4(e)). Compound 5a forms direct hydrogen bonds with DA20 and Ser84 via 
water molecules, π interactions with DG16, DC19 and DA20, amino acid Arg418 and 2.34 Å 

Table 2.  In vitro antimicrobial activities of ethyl 2-(3-oxo-3,4-dihydro-2H-1,4-benzoxazin-2-yl)acetate 
(5a–m).

K.p, K. pneumoniae ATCC 700603; K.p*, K. pneumoniae RSKK 576; E.c, E. coli ATCC 25922; E.c*, E. coli izolat (ESBL); P.a, Pseu-
domonas aeruginosa ATCC 10145; P.a*, P. aeruginosa isolate; S.a, Staphylococcus aureus ATCC 29213; S.a*, S. aureus isolate 
(MRSA); E.f, Enterococcus faecalis ATCC 29212; E.f*, E. faecalis isolate (VRE).

Com-
pounds R

Micro-organisms

Gram-negative bacteria Gram-positive bacteria

K.p K.p* E.c E.c* P.a P.a* S.a S.a* E.f E.f*
5a -H  256 256 256  128 128 128 256  256 256  64
5b 5-CH3  256 256 256  128 256 128 256  256 256  256
5c 6-CH3  256 256 256  256 256 128 256  256 256  256
5d 7-CH3  256 256 256  256 256 128 256  512 256  256
5e 6-F  256 256 256  256 256 128 256  512 256  128
5f 6-Cl  256 256 256  128 256 128 256  512 256  128
5g 7-Cl  256 256 256  256 256 128 256  256 256  128
5h 6-Cl, 

7-NO2

 128 128 128  128 128  64 256  256 128  128

5i 6-Ph  128  64 128  128 128  64 128  128  64  128
5j 5-NO2  128  64 128  128 128  64 256  512 128  128
5k 6-NO2  128 128 128  128 128  64 256  128 128  128
5l 7-NO2  128 128 128  128 128  64 256  256 128  128
5m 6-EtSO2  128  64 128  128 128  64 256  256 128  128
Ampicillin — —  4  16 — —  1  16  0.5 > 16
Cefuroxime > 16  0.25  4 > 16 — —  0.5 > 16 — —
Ciprofloxacin  0.5  < 0.125  0.0156 > 16  1  8  0.125 > 16  0.5 > 16
Imipenem  0.5  0.0078  0.25  0.0625  0.5  < 0.0078  0.0156 > 16  0.5 > 16
Meropenem  0.5  0.0156  0.0625  0.0078  0.5  < 0.0078  0.0156 > 16  2 —
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distance to Mg+2 ion (Figure 4(d)). Compound 5i forms direct hydrogen bonds with amino 
acid Arg123 and Ser84 via water molecules, π interactions with DT15, DG16 and DA20 and 
2.28 Å distance to Mg+2 ion (Figure 4(f )).

Conclusion

Bacterial topoisomerase II enzymes are divided into two groups; DNA gyrase and Topo IV. 
DNA gyrase provides the regulation of DNA supercoil, the initiation and prolongation of 
transcription and bacterial replication and Topo IV enzyme is responsible for DNA strand 
disassembly and chromosomal discrimination following by DNA replication. The inhibition 
of these enzymes, which have a very large prevalence in the life cycle of bacteria, is leading 
to bacterial cell death and the compounds that provide this effect also have a strong bac-
tericidal effect. DNA gyrase/Topo IV enzymes require bivalent metal ions (Mg+2) to be able 
to show their catalytic activity. DNA chain-breaking reactions are catalysed by the ‘dual met-
al-ion mechanism’ and, for this mechanism, two Mg+2 ion acting as cofactors should be able 
to simulate, simultaneously [17–19]. GyrA/ParC inhibitors interact with the Mg+2 ion and 

Table 4. Molecular docking results of 1,4-benzoxazine derivatives (5a–m).

Pi interactions; a: π–π, b: π–S, c: π–cation, d: π–anion, e: π–Alkyl, f: π–H bond donor, g: π–n, h:π–amide, i: π–σ.

R
Binding 
energy

-CDocker 
Energy H-bonds

H-bonds with 
HOH Pi interactions

Mg distance 
(Å)

5a -H −6,746.66 38.4688 DA20 Ser84, DG16, 
DT15

DG16a, 
DC19e, 
DA20e, 

Arg418e

2.34

5b 5-CH3 −6,741.1 34.7307 — Ser84, DG16, 
DT15

DT15e, DC19a, 
DA20a

2.34

5c 6-CH3 −6,745.46 42.1595 Arg123 Ser84, DG16, 
DT15

DT15e, 
DC19a,e, 
DA20a,e

2.27

5d 7-CH3 −6,745.28 41.7145 — Ser84, DG16, 
DT15

DG16a, 
DC19a, 
DA20a

2.26

5e 6-F −6,734.67 35.024 Arg418 Ser84, DG16, 
DT15

DT15a, DG16a, 
DC19a, 
DA20e

2.35

5f 6-Cl −6,743.76 37.6106 — Ser84, DG16, 
DT15

DT15e, DG16a 2.37

5g 7-Cl −6,743.84 35.2863 — Ser84, DG16, 
DT15

DG16g, DA20e 2.39

5h 6-Cl, 7-NO2 −6,746.23 29.3661 — Ser84, DG16, 
DT15

DG16e, 
Arg418e

2.35

5i 6-Ph −6,747.13 40.3719 Arg123 Ser84, DG16, 
DT15

DT15a, DG16e, 
DA20a

2.28

5j 5-NO2 −6,755.5 31.8477 Gly419, 
Asp397

Ser84, DG16, 
DT15

DG16e 2.24

5k 6-NO2 −6,750.56 31.5614 Arg418 Ser84, DG16, 
DT15

DG16e, DC19i, 
DA20e, 

Arg418h

2.33

5l 7-NO2 −6,744.74 38.7168 — Ser84, DG16, 
DT15

DG16a, 
DC19a, 
DA20a

2.27

5m 6-EtSO2 −6,737.05 40.2193 Arg418, 
Gly419, 
Ptr124, 
Arg123

Ser84, DG16, 
DT15

DT15a, DG16a, 
DA20e

2.53
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Ser84 amino acid through water molecules during DNA replication. Coordination by hydro-
gen bonds between the inhibitor, Mg+2 and Ser84 amino acids prevents two Mg+2 ions from 
acting simultaneously [24], thus preventing DNA strands from passing through each other. 
Mutations on the Ser84 amino acid give rise to bacterial resistance, preventing this coordi-
nation from occurring.

In this study synthesized 1,4-benzoxazine derivatives (5a–m) did not exhibit any signifi-
cant intrinsic antibacterial activity but, when they tested with a combination of CIP, a reversal 
in the antibacterial activity of CIP with up to 16/18-fold better MIC values was observed. This 
indicates that, when CIP is used in combination with the indicated concentrations of the 
compounds, the resistance is removed.

Molecular docking results showed that all of the synthesized 1,4-benzoxazine derivatives 
(5a–m) interacted with the Mg+2 ion and Ser84 amino acid through water molecules in the 
Topo IV enzyme. The antibacterial tests results as MIC values of CIP decreased at least 10-fold 
when used with a combination of synthesized compounds (5a–m). According to the results 
of this study, the resistance mechanism is explicated and the structural properties of the 
Topo IV inhibitors have been described to design new antibacterial agents.

Disclosure statement
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