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ABSTRACT
Twenty azole-fluoroquinolone hybrids were designed and synthesized by conjugating thiazole and thiadiazole structures to 
ciprofloxacin and norfloxacin via a 2-oxoethyl bridge. The structures and purities of the synthesized compounds were proven 
by spectral techniques. The antimycobacterial effects of target compounds 21–40 were tested against Mycobacterium tuber-
culosis H37Rv strain. Among the 20 synthesized compounds, 12 exhibited minimal inhibition concentration (MIC) values in 
the range of 1.56–25 μg/mL. Among the molecules screened for antimycobacterial effects, the most effective was compound 
35, a thiadiazole-ciprofloxacin hybrid. The cytotoxic effect of this molecule was found to be lower than the reference drugs, 
and it was also determined to be a more effective inhibitor than ciprofloxacin and norfloxacin in the DNA-gyrase supercoil-
ing test. The antimicrobial effects of compounds 21–40 were screened by agar-well diffusion and microdilution tests against 
Gram-positive/negative bacteria, a fast-growing mycobacterium, and two yeast strains. While most of the compounds tested 
showed antibacterial effects, the most effective fluoroquinolone derivative appeared to be compound 31 with an MIC value 
of < 0.63 μg/mL against all Gram-negative bacteria tested. Azole-fluoroquinolone hybrids 21–40 did not show any activity 
against non-pathogenic Lactobacillus species and yeast-like fungi, indicating that they have selective antibacterial and anti-
mycobacterial activity, particularly against Gram-negative bacteria. In silico molecular docking studies were conducted to un-
cover the interactions between lead compound 35 and the DNA gyrase proteins of M. tuberculosis and S. aureus. Additionally, 
a 100 ns molecular dynamics simulation was carried out to assess the stability of the complexes formed between compound 35 
and both proteins.
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1   |   Introduction

The fluoroquinolones (FQs) are currently among the most 
commonly used antimicrobials for treating bacterial infections 
due to their broad-spectrum activity, good penetration, and fa-
vorable safety profiles (Nishida et  al.  2017). Quinolones are 
broad-spectrum antibacterial drugs that directly inhibit DNA 
synthesis. The history of quinolones began with the discovery 
of 3-carboxy substituted quinolones in 1949 (Bisacchi 2015). 
Quinolones are classified into four generations based on their 
antibacterial spectrum. Nalidixic acid belongs to the first-
generation quinolone class and entered clinical use in 1962 
(Lesher et al. 1962). Nalidixic acid has been reported to be in-
sufficient in the treatment of systemic infections due to its very 
polar nature and high binding to serum proteins. However, 
since both nalidixic acid and its active 7-hydroxymethyl me-
tabolite are subject to rapid renal excretion and accumulate 
easily in the urinary tract, new derivatives were designed to 
overcome these problems (Heeb et  al.  2011). In the follow-
ing years, second-generation quinolone derivatives called 
fluoroquinolones entered the treatment. Fluoroquinolones 
were effective against both Gram-positive and Gram-negative 
bacteria, thereby broadening their spectrum of action and 
improving their pharmacokinetic properties compared to 
first-generation derivatives.

Norfloxacin, the first representative of fluoroquinolones de-
veloped for use in the treatment of renal and abdominal infec-
tions, respiratory system infections, and sexually transmitted 
bacterial infections, was synthesized in 1978 and entered clin-
ical use in 1986 (Heeb et al. 2011; Paton et al. 1988). Another 
second-generation drug is ciprofloxacin, which was introduced 
to the market in 1987 and is one of the most widely used fluo-
roquinolones. Third-generation drugs were developed to cre-
ate more potent fluoroquinolones. The piperazinyl substituent 
at the 7th position of the quinolone ring is usually conserved. 
However, new compounds may also include derivatives with 
a pyrrolidinyl moiety instead. Levofloxacin, one of the most 
important drugs of the third-generation quinolones, was in-
troduced into clinical practice in 1996. Levofloxacin shows 
broad-spectrum activity against Gram-positive and Gram-
negative bacteria as well as atypical respiratory pathogens 
(Blondeau et  al.  2004). In recent years, treatment regimens 
combining levofloxacin with amoxicillin and a proton pump 
inhibitor have been reported for the treatment of Helicobacter 
pylori infections (Chuah et al. 2011).

Due to the increasing resistance mechanisms against fluoro-
quinolones, new compounds have been developed to treat in-
fections due to Gram-positive organisms, and fourth generation 
fluoroquinolones have emerged. Moxifloxacin, one of the most 
important members of this group, was introduced into clinical 
practice in 1999. Based on the chemical structure of ciprofloxa-
cin and designed to impart activity against anaerobic pathogens, 
a methoxy substituent was added at position 8 of the moxifloxa-
cin molecule (Blondeau et al. 2004).

Tuberculosis (TB) and its causative agent Mycobacterium tu-
berculosis present a serious threat to global health. Affecting 
all countries and age groups, TB infects an average of 10 
million people each year. Despite being a preventable and 

treatable disease, tuberculosis remained the most common in-
fectious disease worldwide in 2023, resulting in the deaths of 
1.25 million people. It is the leading cause of mortality among 
individuals living with HIV and also plays a critical role in 
deaths linked to antimicrobial resistance (WHO  2024). The 
ideal strategy to such challenges is to discover novel agents 
that inhibit new targets in pathogens, but a more practical 
approach is to modify the structures of existing antibacterial 
agents to increase potency and to overcome resistance (Huang 
et  al.  2016). Development of novel antibacterial agents with 
little or no bacterial resistance is therefore an important topic 
of current research (Panda et al. 2015).

The persistent emergence of multidrug-resistant (MDR) and 
extensively drug-resistant (XDR) tuberculosis strains poses a 
formidable challenge to global TB control strategies (Lange 
et  al.  2019; Tiberi et  al.  2022; WHO  2024). MDR-TB, charac-
terized by resistance to at least isoniazid and rifampicin, and 
XDR-TB, exhibiting additional resistance to fluoroquinolones 
and second-line injectable agents such as amikacin, kanamycin, 
or capreomycin, severely restrict therapeutic options and com-
plicate treatment regimens (Lange et al. 2019; Tiberi et al. 2022). 
This alarming trend underscores the imperative to identify and 
develop novel chemotherapeutic agents with distinct mecha-
nisms of action capable of circumventing existing resistance 
profiles and enhancing treatment outcomes (Tiberi et al. 2022; 
WHO 2024).

Fluoroquinolones have been approved by the WHO as a 
second-line treatment agent in tuberculosis cases with mul-
tidrug resistance, and when used with first-line drugs, it has 
been reported that they reduce the number of colony-forming 
units more than first-line drugs (Sriram et al. 2006; Talath and 
Gadad 2006).

The emergence of isoniazid and rifampin-resistant tuber-
culosis cases in the early 1990s prompted clinicians to add 
ciprofloxacin to their treatment program, but resistance to 
ciprofloxacin was also found shortly thereafter. It has been 
reported that ofloxacin and levofloxacin have better pharma-
cokinetic properties and better penetration into macrophages 
than ciprofloxacin, resulting in improved treatment success. 
When it was determined that derivatives with a methoxy sub-
stituent in the 8th position of the quinolone ring were more 
effective against M. tuberculosis than other derivatives, cy-
tafloxacin and sparfloxacin were introduced into tuberculo-
sis treatment; however, both derivatives were reported to be 
phototoxic. Gatifloxacin used in the treatment of tuberculosis 
has also been reported to cause changes in glucose balance, 
especially in elderly patients. In recent years, most of the clin-
ical studies on the use of fluoroquinolones for the treatment of 
tuberculosis have focused on moxifloxacin.

Quinolone antibiotics inhibit DNA synthesis by targeting two 
major type II topoisomerases: DNA gyrase (gyrase) and to-
poisomerase IV (topo IV) (Levine et al. 1998). As a result of ge-
netic studies on mutant strains resistant to fluoroquinolones and 
studies with isolated topoisomerase enzymes, many of the anti-
microbial fluoroquinolones show higher affinity for topoisom-
erase IV in Gram (+) bacteria such as Staphylococcus aureus, 
while they bind to DNA gyrase as the primary target in Gram 
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(−) bacteria such as Escherichia coli. Compounds outside this 
rule have been reported to bind to both types of topoisomerase 
II (Nieto et al. 2005).

The ability of fluoroquinolones to potentially inhibit two dif-
ferent bacterial enzymes reduces the possibility of selecting 
resistant mutants (Wiles et al. 2010). Fluoroquinolones form a 
ternary complex with DNA and DNA gyrase (or topo IV) (flu-
oroquinolone–gyrase–DNA or fluoroquinolone–topoisomerase 
IV–DNA), thereby inhibiting replication and causing cell death 
(Froelich-ammon and Osheroff 1995).

Due to the widespread use (and overuse) of quinolones, the num-
ber of quinolone-resistant bacterial strains has been increasing 
steadily since the 1990s. As with other antibacterial agents, the 
increase in quinolone resistance threatens the clinical utility 
of this important class of drugs (Aldred et al. 2014). Resistance 
to these agents can result from various factors, including gene 
mutations, increased production of efflux pumps, modifying 
enzymes, or target-protection proteins. Quinolone resistance is 
mostly associated with specific mutations in gyrase and/or to-
poisomerase IV. Generally, a type II enzyme mutation confers 
≤ 10 times more drug resistance (Anderson and Osheroff 2001; 
Drlica et al. 2009; Fournier et al. 2000; Hooper 1999, 2001; Price 
et al. 2003).

Thiadiazoles and thiazoles are heterocyclic rings whose an-
titubercular effects are frequently cited. Promising effects of 
thiadiazoles and their derivatives, alone or combined within 
the same molecule, against M. tuberculosis strains have 
been reported in previous studies. The antimycobacterial 

effects of 1,3,4-thiadiazole derivatives bearing thioether (com-
pound A) or thiourea (compound B) side chains against M. 
tuberculosis H37Rv strain have been reported in previous 
studies (Foroumadi et  al.  2006; Tatar et  al.  2016). Thiazole 
compounds bearing arylamino residues (represented as com-
pounds C and D) are also a heterocyclic group whose antitu-
bercular effects have been investigated (Machado et al. 2018; 
Nandurkar et  al.  2023). Of these, compound D, also known 
as UPAR-174, with the structure N-(3,5-dichlorophenyl)-4,5-
dihydronaphtho[1,2-d][1,3]thiazol-2-amine, is effective 
against MDR M. tuberculosis strains; it also stands out with 
its feature that increases the effect of other drugs as an ef-
flux inhibitor (Machado et  al.  2018). Compound E (GSK-
693) (Martínez-hoyos et  al.  2016) and compound F (Shirude 
et  al.  2013), which are methylthiazole-thiadiazole hybrids, 
have been reported in the literature as drug candidates due to 
their very low minimal inhibition concentration (MIC) values 
and nanomolar InhA inhibition.

Jazayeri et al., who designed thiadiazole-gatifloxacin hybrids, re-
ported that these compounds showed strong antibacterial effects, 
especially against Gram-positive bacteria (Jazayeri et al. 2009). 
In our previous study, we conjugated 1,3,4-thiadiazole and 
fluoroquinolone structures and reported their antitubercular 
and antibacterial effects (Demirci et  al.  2018). In our current 
study, 1,3,4-thiadiazole and thiazole conjugates were designed 
based on ciprofloxacin and norfloxacin (Figure  1). Our de-
sign strategy was to combine 2-amino-1,3,4-thiadiazole and 
4-aryl-2-aminothiazole derivatives with an ethanone bridge at 
the N4 position of the piperazine residue found in fluoroquino-
lones. Purity and identity of the synthesized compounds were 

FIGURE 1    |    Design strategy of new heterocylic conjugates of fluoroquinolones: (a) Isolation of thiazole/thiadiazole moiety from structures [A]–
[F]; (b) attachment of the -NH-CO-CH2- linker; (c) Hybridization with norfloxacin/ciprofloxacin.
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confirmed by IR, 1H-NMR, 13C-NMR, and high-resolution mass 
spectral data besides elemental analysis.

2   |   Methods

2.1   |   Chemistry

Ciprofloxacin hydrochloride (CAS number: 85721–33-1) was 
donated by Atabay. Norfloxacin (CAS number: 70458–96-7), 
all starting materials, reagents, and solvents were of high-
grade commercial products purchased from Sigma Aldrich 
or Merck. Compounds 13, 14, and acetazolamide were com-
mercially supplied from Sigma Aldrich. While TLC studies of 
compounds 21–30 were carried out using chloroform: acetone 
(90:10, h/h), studies of compounds 31–40 were carried out using 
dichloromethane: ethyl acetate: ethanol (60:30:10 h/h/h) mobile 
phase. Melting points (°C, uncorrected) were determined using 
Schmelzpunktbestimmer SMP II basic model melting point 
apparatus. Elemental analysis was performed using the LECO 
CHNS-932 instrument, and the results were found to be consis-
tent with the assigned structures. Infrared spectra were recorded 
on a Shimadzu FTIR 8400S, and data are expressed in wave-
numbers, ν (cm−1). 1H- and 13C NMR (decoupled) spectra were 
recorded on Bruker AVANCE-DPX 400 at 300 MHz; the chemi-
cal shifts were expressed in δ (ppm) downfield from tetrameth-
ylsilane (TMS) using DMSO-d6 as solvent. High-resolution mass 
spectra were acquired using Jeol JMS700 instrument.

2.2   |   General Procedure for the Synthesis 
of Compounds 1–5

0.001 mol of 2-bromo-4′-substituted acetophenone compound 
and 0.002 mol of thiourea are mixed in 15 mL of isopropanol 
at room temperature on a magnetic stirrer for 2 h. The reaction 
medium is neutralized by treatment with NaHCO3 solution (5%, 
w/v). The crude product is first washed with a large amount of 
water, and after drying, it is purified by crystallization with a 
suitable solvent. Analytical data of compounds 1–5 are given in 
the Data S1.

2.3   |   General Procedure for the Synthesis 
of Compounds 11, 12, and 15

2.3.1   |   Method for Compounds 11 and 12

Concentrated HCl (20 mL), 0.026 mol of carboxylic acid (formic 
acid or acetic acid) and 0.022 mol of thiosemicarbazide were 
heated under reflux for 5 h. The reaction is monitored by TLC. 
After the reaction is complete, the medium was neutralized with 
a 40% NaOH solution. After the precipitated product is filtered, it 
is washed or crystallized with ethanol.

2.3.2   |   Method for Compound 15

Acetazolamide (0.02 mol) was dissolved in 4 mL of HCl and 
60 mL of anhydrous ethanol and heated under reflux at 80°C for 
approximately 4 h. After ethanol was partially evaporated, the 

resulting suspension was allowed to cool. The precipitated prod-
uct was recrystallized from water.

Analytical data of compounds 11, 12, and 15 are given in the 
Data S1.

2.4   |   General Procedure for the Synthesis 
of Compounds 6–10 and 16–20

0.001 mol of amine compound (compounds 1–5 and 11–15) is 
dissolved in dichloromethane (DCM) or dimethylformamide 
(DMF) in the presence of 0.002 mol of triethylamine (TEA). 
0.0015 mol α-chloroacetylchloride is added very slowly to the 
reaction medium and stirred at room temperature for 2 h. The 
reaction is followed by TLC, and the product is obtained by 
evaporating the solvent. The crude product is purified by crys-
tallization with a suitable solvent. Analytical data of compounds 
6–10 and 16–20 are given in the Data S1.

2.5   |   General Procedure for the Synthesis 
of Compounds 21–30 and 31–40

0.001 mol of the acetamide derivative (6–10 and 16–20) and 
0.001 mol of norfloxacin or ciprofloxacin are mixed by dissolv-
ing separately in N,N-DMF. 0.0015 mol NaHCO3 is added to the 
medium. The reaction mixture is stirred with heating not to ex-
ceed 70°C under reflux for 24 h. The reaction is followed by TLC. 
After the reaction is complete, the medium is neutralized with 
glacial acetic acid. After the precipitated product is filtered, it 
is washed with ethanol. Analytical data of compounds 21–40, 
except compounds 31 and 35, are given in the Data S1.

2.5.1   |   7-[4-(2-{[1,3,4-Thiadiazol-2-Yl]Amino}-2-
Oxoethyl)piperazin-1-Yl]-1-Cyclopropyl-6-Fluoro-4-
Oxo-1,4-Dihydroquinoline-3-Carboxylic Acid 31

Light brown powder. M.p. 166°C. Rf 0.29, Yield 28%. Elemental 
analysis calculated for C21H21FN6O4S. 2 H2O; C 49.60, H 4.96, 
N 16.53, S 6.31; found C 49.53, H 4.91, N 17.13, S 6.67. IR (cm−1): 
3448, 3088 (O-H and N-H str); 1705, 1626 (C=O str). 1H NMR 
(DMSO-d6, 300 MHz) δH: 1.19–1.34 ppm (m, 4H, cyclopropyl-
CH2-); 2.73–2.89 ppm (m, 4H, piperazine H3, H5); 3.37–3.49 ppm 
(m, 6H, piperazine H2, H6 and -COCH2 with water peak in 
DMSO-d6); 3.83 ppm (s, 1H, cyclopropyl-CH); 7.57 ppm (d, 1H, 
J = 7.5 Hz, Ar-H8); 7.94 ppm (d, 1H, J = 13.2 Hz, Ar-H5); 8.65 ppm 
(s,1H, Ar-H2); 9.19 ppm (s,1H, thiadiazole -CH-); 12.41 ppm (s, 
1H, amide NH); 15.21 ppm (s, 1H, -COOH). HRMS (ESI+) m/z 
calculated/found: 472.1324/472.1328 (M+).

2.5.2   |   7-[4-(2-{[5-Sulfamoyl-1,3,4-Thiadiazol-2-Yl]
Amino}-2-Oxoethyl)piperazin-1-Yl]-1-Cyclopropyl-6-
Fluoro-4-Oxo-1,4-Dihydroquinoline-3-Carboxylic Acid 35

Light yellow powder. M.p. > 350°C. Rf 0.47, Yield 72%. Elemental 
analysis calculated for C21H22FN7O6S2. 5/2 H2O; C 42.28, H 4.56, 
N 16.43, S 10.75; found C 41.86, H 4.57, N 16.55, S 10.65. IR (cm−1): 
3364, 3272, 3045 (O-H and N-H str); 1711, 1616 (C=O str). 1H 
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NMR (DMSO-d6, 300 MHz) δH: 1.20–1.36 ppm (m, 4H, cyclopro-
pyl CH2); 2.73 ppm (bs, 4H, piperazine H3, H5); 3.36–3.55 ppm 
(m, 6H, piperazine H2, H6 and -COCH2 with water peak in 
DMSO-d6); 3.84 ppm (s, 1H, cyclopropyl CH); 7.53–7.98 ppm (m, 
2H, Ar-H8, H5); 8.34 ppm (bs, 2H, -SO2NH2); 8.66 ppm (s,1H, 
Ar-H2); 15.22 ppm (s, 1H, -COOH). HRMS (ESI+) m/z calcu-
lated/found: 473.1402/473.1408 [M + H-SO2NH2]

+.

2.6   |   Antimycobacterial Activity

MIC values of all newly synthesized fluoroquinolone deriva-
tives against M. tuberculosis H37Rv were determined using the 
MABA method. Their cytotoxicity was assessed in eukaryotic 
RAW 264.7 mouse macrophages, while the DNA supercoiling 
activity of these compounds was evaluated using Mtb-specific 
assay kits (Inspiralis Ltd., Norwich, UK). Results are offered in 
Table 1. Compound 35, demonstrating the strongest antituber-
cular potential, was tested under nutrient starvation conditions 
in M. tuberculosis H37Rv cultures grown in Middlebrook 7H9 

medium supplemented with OADC (Figure 2). Detailed experi-
mental procedures are provided in the Data S1.

2.7   |   Antibacterial and Antifungal Activity

The antibacterial and antifungal activities of compounds 
21–40, along with standard reference drugs, were initially as-
sessed using the agar well diffusion method against a panel 
of microbial strains: Escherichia coli (E. coli) ATCC35218, 
Yersinia pseudotuberculosis (Y. pseudotuberculosis) ATCC911, 
Klebsiella pneumoniae (K. pneumoniae) ATCC13883, 
Pseudomonas aeruginosa (P. aeruginosa) ATCC43288, 
Staphylococcus aureus (S. aureus) ATCC25923, Methicillin-
resistant clinical strain of Staphylococcus aureus (MRSA), 
Enterococcus faecalis (E. faecalis) ATCC29212, Listeria mono-
cytogenes (L. monocytogenes) ATCC 43251, Bacillus cereus (B. 
cereus) 709 Roma, Mycobacterium smegmatis (M. smegma-
tis) ATCC607, Candida albicans (C. albicans) ATCC60193, 
and Saccharomyces cerevisiae (S. cerevisiae) RSKK 251 (See 

TABLE 1    |    Antituberculosis activity of fluoroquinolone derivatives 21–40 synthesized from ciprofloxacin and norfloxacin.

Compound Lab ID codes R1 R2

M. tuberculosis 
MIC (μg/mL)

Cytotoxicity  
(% inhibitiona)

Supercoiling 
assay  

(IC50, in μM)

21 KUC140103 Adamantyl Cyclopropyl 25 ND ND

22 KUC140107 4-methoxyphenyl Cyclopropyl 12.5 ND ND

23 KUC140113 4-chlorophenyl Cyclopropyl 6.25 42.16 ND

24 KUC140117 4-bromophenyl Cyclopropyl > 25 ND ND

25 KUC140121 4-fluorophenyl Cyclopropyl 25 ND ND

26 KUC140104 Adamantyl Ethyl 12.5 ND ND

27 KUC140108 4-methoxyphenyl Ethyl > 25 ND ND

28 KUC140114 4-chlorophenyl Ethyl > 25 ND ND

29 KUC140118 4-bromophenyl Ethyl > 25 ND ND

30 KUC140122 4-fluorophenyl Ethyl > 25 ND ND

31 KUC140132 -H Cyclopropyl 6.25 21.56 ND

32 KUC140129 -CH3 Cyclopropyl > 25 ND ND

33 KUC140135 -C2H5 Cyclopropyl 12.5 ND ND

34 KUC140140 -CF3 Cyclopropyl 6.25 18.78 ND

35 KUC140137 -SO2NH2 Cyclopropyl 1.56 9.54 5.6 ± 0.16

36 KUC140133 -H Ethyl 12.5 ND ND

37 KUC140130 -CH3 Ethyl 12.5 ND ND

38 KUC140136 -C2H5 Ethyl > 25 ND ND

39 KUC140141 -CF3 Ethyl > 25 ND ND

40 KUC140138 -SO2NH2 Ethyl 12.5 ND ND

Ciprofloxacin 1.56 31.54 11.2 ± 0.98

Norfloxacin 3.125 22.64 13.56 ± 1.64

Note: Values written in bold indicate the most active compounds.
aAt 25 μg/mL on RAW 264.7 cell line.
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Table  S1, in the Data  S1). The antimicrobial activities of all 
new fluoroquinolone derivatives were quantitatively evalu-
ated in the respective broth media using the double microdi-
lution method, and the MIC values (μg/mL) were determined 
in 96-well ELISA microplates (Barry et al. 1999). Results are 
offered in Table 2. Complete experimental details are provided 
in the Data S1.

2.8   |   In Silico Studies

The molecular modeling studies of compound 35 were con-
ducted against the crystal structures of DNA gyrase or type 
IIA topoisomerase from M. tuberculosis (PDB ID: 5BS8) and S. 
aureus (PDB ID: 2XCT) using the Schrödinger GLIDE module 
to better understand its interaction with type II topoisomerase 
(Ayipo et al. 2023b). To evaluate the stability of compound 35 
within the protein structure under a solvent environment, a 
molecular dynamics (MD) simulation was carried out using the 
Desmond module of the Schrödinger LLC package (Abdelgawad 
et al. 2022; Farhan et al. 2022; Osmaniye et al. 2022; Shaw 2021). 
Detailed protocols of the in silico studies are provided in the 
Data S1.

3   |   Results

3.1   |   Design Strategy

Given the urgent need for novel antibacterial and antimyco-
bacterial agents, hybrid molecules combining known bioactive 
motifs have gained increasing interest. The design strategy of 
the compounds 21–40 is given in Figure  1. In this study, thi-
azole and thiadiazole moieties, which are well documented 
for their broad antimicrobial and antimycobacterial activities 
(Foroumadi et  al.  2006; Machado et  al.  2018; Martínez-hoyos 
et  al.  2016; Nandurkar et  al.  2023; Shirude et  al.  2013; Tatar 
et  al.  2016), were selected for conjugation with two second-
generation fluoroquinolones, ciprofloxacin and norfloxacin. 
The piperazine ring, particularly the N4 position, was chosen 

as the modification site due to its accessibility and tolerance for 
side-chain derivatization without significant loss of antimicro-
bial potency (Demirci et al. 2018).

To facilitate the conjugation, a 2-oxoethyl (acetyl) linker was in-
troduced between the fluoroquinolone core and the heterocyclic 
moieties, ensuring optimal flexibility and spatial orientation for 
potential binding interactions with bacterial target enzymes. 
The design aimed to enhance the intrinsic activity of fluoro-
quinolones, improve their selectivity, and potentially overcome 
resistance mechanisms associated with DNA gyrase and to-
poisomerase IV inhibition (Froelich-ammon and Osheroff 1995; 
Nieto et al. 2005; Wiles et al. 2010).

Additionally, structural variations were introduced by modify-
ing the R1 substituents on the azole rings (e.g., adamantyl, aryl, 
and sulfamoyl groups) to explore their effects on antimicrobial 
potency. Particular emphasis was placed on the thiadiazole 
derivatives, given previous findings indicating superior activ-
ity profiles compared to thiazole analogs (Demirci et al. 2018; 
Jazayeri et  al.  2009; Martínez-hoyos et  al.  2016; Shirude 
et  al.  2013). This rational hybridization strategy was expected 
to produce compounds with both potent antibacterial and an-
timycobacterial activities, as validated by biological evaluation.

3.2   |   Chemistry

Target molecules 21–40 were synthesized according to the syn-
thetic route shown in Scheme 1. The 2-aminothiazole deriva-
tives 1–5 used in our study were obtained from the reaction of 
bromomethylketones with thiourea and were converted into 
the corresponding chloroacetamide derivatives 6–10 by reac-
tion with 2-chloroacetyl chloride. 2-Amino-1,3,4-thiadiazoles, 
compounds 11 and 12, were obtained by refluxing formic 
acid or acetic acid with thiosemicarbazide in acidic medium. 
2-Amino-1,3,4-thiadiazole derivatives carrying ethyl and tri-
fluoromethyl substitutions at position 5 (compounds 13 and 
14, respectively) were obtained from commercial sources. 
5-Sulfamoyl-1,3,4-thiadiazole-2-amine, compound 15, was 

FIGURE 2    |    Antimycobacterial activity of the compound 35 against M. tuberculosis in the nutrient starvation model. The bacterial count estima-
tion (Mean ± SD, n = 3) for both control and treated groups was performed using the MPN assay. Compound 35 demonstrated a notable inhibition of 
M. tuberculosis growth in this model compared to the control (p < 0.0001), as analyzed through two-way ANOVA using GraphPad Prism Software.

Compound tested Log reduction MIC (µg/mL)

Compound 35 (KUC140137) 1.0 folds 1.56

Isoniazid 1.5 folds -

Ciprofloxacin 1.8 folds -

Rifampicin 1.8 folds -

Moxifloxacin 2.0 folds -
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obtained from the hydrolysis of commercially available ac-
etazolamide in acidic medium. In the next step, compounds 
11–15 were reacted with 2-chloroacetyl chloride to obtain 
chloroacetamides 16–20.

The obtained chloroacetamides 6–10 and 16–20 were reacted 
with norfloxacin and ciprofloxacin in DMF in a weakly basic 
medium in the last step, and target molecules 21–40 were syn-
thesized. Following the isolation process, the crude products 
were crystallized from appropriate solvents. The purity of the 
synthesized compounds was checked by TLC and elemental 
analysis, and their structures were confirmed by IR, 1H NMR, 
13C NMR, and mass spectral data.

The vibrational frequencies identified by FTIR analysis of the 
target compounds 21–40, notably the carboxylic acid C=O 
stretching (1738–1700 cm−1), the conjugated ketone C=O 
stretching (1705–1684 cm−1), the amide C=O stretching (1630–
1616 cm−1), and the broad O-H/N-H stretching bands (3448–
3032 cm−1), exhibit strong concordance with the spectral data 
previously reported for structurally analogous fluoroquino-
lone and azole derivatives (Abdel-aziz et al. 2013; Foroumadi 
et al. 2003; Kulabaş et al. 2022; Mohammed et al. 2016; Pandit 
et al. 2016). This correlation with established literature values 
reinforces the reliability of the functional group assignments 
and substantiates the structural elucidation of the target com-
pounds. The remaining vibration bands were observed at ex-
pected regions.

1H-NMR spectra of compounds 21–40 showed proton sig-
nals corresponding to carboxylic acid groups as singlets at 

15.65–15.14 ppm, while acetamide NH protons appeared as sin-
glets at 12.46–11.95 ppm. However, the NH peak corresponding 
to the acetamide group was not observed in the 1H-NMR spectra 
of compounds 33, 34, 35, 39, and 40, and it was thought that the 
relevant proton was replaced by D2O. Singlets in the range of 
8.96–8.65 ppm were attributed to the H2 protons of the quino-
lone rings. Additionally, the H5 protons of the quinolone rings 
were observed as doublets at 7.97–7.82 ppm. Distinct doublets 
for the H8 protons of the quinolone rings were identified at 
7.65–7.19 ppm. The quinolone H5 and H8 protons were found to 
couple with fluorine atoms at the 6th position of the ring, with 
coupling constants for the H5 protons calculated as J = 13.2 Hz 
and for the H8 protons as J = 7.82–7.97 Hz. The piperazine H2, 
H6, and -COCH2 peaks were observed at 3.33–3.61 ppm with 
the water peak in DMSO-d6. Finally, SO2NH2 protons were 
detected at 8.34 ppm for compounds 35 and 40. The 1H NMR 
results for compounds 21–40 were consistent with literature 
reports (Abdel-aziz et al. 2013; Foroumadi et al. 2003; Kulabaş 
et al. 2022; Mohammed et al. 2016; Pandit et al. 2016).

When the 13C-NMR spectra of compounds 23, 28, 32, and 37 
were examined, the signals corresponding to the conjugated 
ketone carbons of the quinolone rings were observed at 176.07–
176.27 ppm. Moreover, the carboxylic acid groups were identi-
fied by peaks at 165.87–166.24 ppm (Türe et al. 2019). These 
spectra confirmed our target structure by a previously absent 
carbonyl (C=O) peak of the acetamide group within the range 
of 168.42–168.81 ppm. While C-2 carbons of the quinolone 
ring resonated between 145.16–145.50 ppm, C-6 carbons were 
detected in the range of 152.86–153.51 as doublets with robust 
coupling constants of 247.5–255 Hz. Finally, -CH2- carbon of 

SCHEME 1    |    Synthetic route to target fluoroquinolones 21–40. Key to reagents and conditions: (a) thiourea, isopropanol, rt.; (b) ClCH2COCl, 
TEA, DCM; (c) CFX/NFX, NaHCO3, DMF; (d) thiosemicarbazide, conc. HCl, reflux. Compounds 13 and 14 were commercially supplied; compound 
15 were prepared as described in experimental section.

Compound R1 Compound R1 R2 Compound R1 R2

1, 6 adamantyl 21 adamantyl cyclopropyl 26 adamantyl ethyl

2, 7 4-methoxyphenyl 22 4-methoxyphenyl cyclopropyl 27 4-methoxyphenyl ethyl

3, 8 4-chlorophenyl 23 4-chlorophenyl cyclopropyl 28 4-chlorophenyl ethyl

4, 9 4-bromophenyl 24 4-bromophenyl cyclopropyl 29 4-bromophenyl ethyl

5, 10 4-fluorophenyl 25 4-fluorophenyl cyclopropyl 30 4-fluorophenyl ethyl

11, 16 H 31 H cyclopropyl 36 H ethyl

12, 17 methyl 32 methyl cyclopropyl 37 methyl ethyl

13, 18 ethyl 33 ethyl cyclopropyl 38 ethyl ethyl

14, 19 trifluoromethyl 34 trifluoromethyl cyclopropyl 39 trifluoromethyl ethyl

15, 20 sulfamoyl 35 sulfamoyl cyclopropyl 40 sulfamoyl ethyl
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the acetamide moiety appeared at 59.69–59.79 ppm (Demirci 
et al. 2018). These findings are found to be consistent with the 
literature.

To confirm the structure of synthesized compounds, HMBC 
spectra of selected compounds 23, 28, 32, and 37 were exam-
ined. The interactions of the carbonyl group of acetamide 
with the H3 and H5 protons (2.73–2.80 ppm) on the pipera-
zine ring confirmed that this carbon resonated in the range 
168.42–168.81 ppm. Also, the peak observed in the range 
165.87–166.24 ppm was attributed to the carbonyl of carboxylic 
acid, due to its contour with the H2 proton of the quinolone ring 
around 8.66 and 8.96 ppm. The peak observed around 176.07–
176.27 ppm was attributed to the carbonyl of the ketone group, 
due to its contour with the H2 and H8 (7.19–7.58 ppm) protons 
(See Data S1).

High-resolution ESI mass spectra of compounds 21–40 were 
recorded and confirmed their molecular weights. The mass 
analysis of the synthesized compounds gave [M + Na]+ and 
[M + K]+ ion peaks, besides correct molecular ion peaks cor-
responding to [M + H]+. Among the synthesized compounds, 
for compounds 35 and 40, which contain a sulfamoyl residue, 
instead of the molecular ion peak, the [M + H-SO2NH2]+ peak 
was detected.

Of the synthesized fluoroquinolone–thiadiazole hybrids, com-
pound 32 was synthesized using the same method as described 
by Pandit et al. (2016). Due to a difference in the melting point 
of this compound compared to the reported value, we provided 
a complete structural characterization, including 13C-NMR and 
elemental analysis, which were not included in the mentioned 
study. Additionally, we evaluated the antibacterial activity of 
compound 32 against a broader spectrum of bacteria. Moreover, 
this study presents for the first time the antibacterial and an-
tituberculosis activities, DNA gyrase inhibition, and molecular 
modeling studies of both the previously reported and newly syn-
thesized fluoroquinolone derivatives.

3.3   |   Biological Studies

3.3.1   |   Antimycobacterial Activity Studies

All synthesized compounds 21–40 were screened for their an-
timycobacterial activity against M. tuberculosis H37Rv strain 
using microplate alamar blue assay (MABA) and their MIC 
results were determined (Table  1). Ciprofloxacin and norflox-
acin were used as reference drugs for comparison of the anti-
tuberculosis activity results of the compounds 21–40. Twelve 
fluoroquinolone derivatives out of twenty synthesized target 
compounds exhibited antimycobacterial activity by a MIC value 
of 25 μg/mL or lower. The MIC values of the active compounds 
ranged from 1.56 to 25 μg/mL. The remaining eight compounds 
with MICs higher than 25 μg/mL were assumed to be inactive 
and were excluded from further studies.

Cytotoxicity studies were conducted only for four target mol-
ecules (compounds 23, 31, 34, and 35) with MIC values of 
6.25 μg/mL or less. For this purpose, the % inhibition values 
of the compounds applied at a concentration of 25 μg/mLon 

the RAW 264.7 cell line were determined, and it was observed 
that compounds 31, 34, and 35 induced 21.56, 18.78, and 9.54% 
inhibition, respectively. These cytotoxicity rates were lower 
than those of ciprofloxacin and norfloxacin, indicating that 
compounds 31, 34, and 35 are more reliable in terms of selec-
tive toxicity against the mycobacterial pathogen. According 
to the screening results, compounds 23, 31, 34, and 35 were 
identified as the most active representatives of the target 
compounds.

When the structure–activity results obtained against M. tu-
berculosis H37Rv were evaluated, it was clearly seen that cip-
rofloxacin derivatives exhibited lower MIC values on average 
compared to the norfloxacin derivatives. On the other hand, 
thiadiazole ring attachment in both ciprofloxacin and norfloxa-
cin derivatives resulted in higher activity than thiazole hybrids. 
It is noteworthy that the most active derivatives emerged in com-
pounds 31–35, in which the thiazole ring was conjugated with 
ciprofloxacin.

Compound 35, which had the strongest antitubercular effect, was 
found to have the same potency as ciprofloxacin (MIC = 1.56 μg/
mL) and was twice as effective as norfloxacin. However, this 
compound exhibited a cytotoxicity profile that was three times 
safer than ciprofloxacin and two times safer than norfloxacin. 
Compound 35, which emerges as the lead compound in this 
study, was selected for the DNA gyrase supercoiling assay. The 
supercoiling assay was also conducted for reference drugs nor-
floxacin and ciprofloxacin. As a result of this assay, the IC50 
value of compound 35 was found to be 5.6 ± 0.16 μM, and it was 
found to be more effective against the DNA gyrase enzyme than 
the reference drugs.

In our previous study conducted by Kulabaş et  al., the 
compound with the structure 7-{4-([{4-sulfamoylphenyl}
amino]-2-oxoethyl)piperazin-1-yl}-1-cyclopropyl-6-f luoro-4-
oxo-1,4-dihydroquinoline-3-carboxylic acid was determined to 
be the most effective molecule against M. tuberculosis H37Rv 
strain (Kulabaş et  al.  2022). When we compare this molecule 
with compound 35 in our current study, its structural common 
points are that it is derived from ciprofloxacin, carries an N-aryl 
acetamide side chain in the 4th position of the piperazine ring, 
and carries a sulfamoyl residue. It is noteworthy that both com-
pounds have the lowest MIC value in their series, a lower toxic-
ity profile than the reference drugs, and high activity against the 
DNA gyrase enzyme. The contribution of the sulfamoyl group 
in binding to the target enzyme is discussed in the molecular 
docking section.

3.3.2   |   Nutrient Starvation Model

Mycobacterium tuberculosis (Mtb) can exist in an asymptom-
atic state, showing its growth only when the host's immune 
system is weakened. New medications should target the effec-
tiveness against this type of Mtb, commonly known as latent or 
dormant TB. Dormancy in bacteria is induced through a nutri-
ent starvation model by subjecting the culture to PBS depriva-
tion for a period of 6 weeks. The nutrient starvation model has 
been previously validated as a reliable method to mimic the 
non-replicating persistent state of Mycobacterium tuberculosis 
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and has been successfully utilized in earlier studies (Kulabaş 
et al. 2022; Wayne and Hayes 1996). Therefore, this model pro-
vides relevant insights into the potential efficacy of compound 
35 against latent TB infections.

To evaluate the potential inhibitory activity of compound 35 
(KUC140137) against dormant mycobacterial forms, the nutrient 
starvation model was employed at a concentration of 10 μg/mL 
(Figure 2). Compound 35 demonstrated inhibition with a log re-
duction of 1.0-fold, whereas isoniazid, ciprofloxacin, rifampicin, 
and moxifloxacin, all at equivalent concentrations, exhibited log 
reductions of 1.5, 1.8, 1.8, and 2.0, respectively, in comparison to 
the control. This implies that compound 35 had some impact on 
the dormant type of M. tuberculosis strain while showing prom-
ising activity against actively growing mycobacteria.

3.3.3   |   Antimicrobial Activity Studies

The antibacterial activity of the synthesized fluoroquinolone 
hybrids of thiazoles 21–30 and thiadiazoles 31–40 on Gram-
positive, Gram-negative, and non-Gram-stainable bacterial 
strains as well as yeast-like fungi was examined using agar-
well diffusion (Table S1; see in the Data S1) and microdilution 
(Table 2) techniques. It was observed that among the test com-
pounds, those forming larger zone diameters also had lower 
MIC values.

The majority of the synthesized compounds exhibited a spec-
trum of antimicrobial activity with varying proportions against 
the bacterial species tested. While all synthesized compounds 
21–40 exhibited a higher activity profile, especially against 
Gram-negative pathogen groups, they were not effective against 
L. acidophilus, which represents a group of beneficial bacte-
ria in the flora. Compound 31 derived from ciprofloxacin was 
identified as the most potent antimicrobial agent with a MIC 
of < 0.63 μg/μL for all Gram-negative bacteria tested (Table 2). 
This value is comparable to ciprofloxacin and norfloxacin used 
as standard drugs. While compounds 34 and 35, which are 
thiadiazole-CIP hybrids, showed MIC values of 1.28 and 2.51 μg/
mL, respectively, against S. aureus, compound 35 was identified 
as the most effective derivative against the MRSA strain.

The fact that the synthesized fluoroquinolone derivatives were 
not effective against Candida species demonstrated the selec-
tive and mechanistic effects of these molecules. The marginal 
or no effect of these molecules against Lactobacillus acidophi-
lus confirmed that they are germicidal only against pathogens. 
Since potent antibiotics have disruptive effects on the intestinal 
flora, the lack of antibacterial effect of compound 21–40 against 
non-pathogenic L. acidophilus makes them more advantageous 
than existing antibiotics. Additionally, it is noteworthy that de-
rivatives that are effective against Mycobacterium smegmatis 
were also found to be effective against M. tuberculosis. It was 
determined that compounds 33, 34, and 35, which were the most 
effective against M. smegmatis, were also effective against M. 
tuberculosis.

The most effective derivatives against both Gram-negative 
and Gram-positive bacteria were compounds 31–35, which are 
thiadiazole-ciprofloxacin hybrids, as they presented lower MIC 

values against both Gram-positive and Gram-negative bacteria. 
This series also includes the most potent derivatives against S. 
aureus and MRSA strains. In particular, the MIC of compound 
34 against S. aureus of 1.28 μg/mL is almost the same as that of 
ciprofloxacin and norfloxacin used as references.

The 20 synthesized molecules can be classified into four struc-
tural types: thiazole–CIP, thiazole–NOR, thiadiazole–CIP, 
and thiadiazole–NOR. When the activities of these groups are 
compared according to the antibacterial screening results, 
their average potencies can be ranked as: thiadiazole-CIP > 
thiadiazole-NOR > thiazole-CIP > thiazole-NOR for both 
Gram-negative and Gram-positive strains.

Compound 31 was identified as the most promising lead com-
pound for antibacterial screening, with the lowest MIC values 
(< 0.63 μg/mL), particularly against Gram-negative bacteria. 
This broad-spectrum compound was also among the most ef-
fective compounds against Gram-positive S. aureus and MRSA 
strains.

3.4   |   Structure–Activity Relationship (SAR) 
Analysis

The antimicrobial and antimycobacterial activities of the syn-
thesized fluoroquinolone-azole hybrids (compounds 21–40) re-
vealed several important structure–activity relationships:

•	 Nature of the heterocyclic moiety: Compounds bearing thia-
diazole rings exhibited overall higher antimycobacterial 
and antibacterial activities than their thiazole analogs, sug-
gesting the superior bioactivity of thiadiazole scaffolds in 
this series.

•	 Core fluoroquinolone structure: Ciprofloxacin-based deriv-
atives were generally more potent than their norfloxacin 
counterparts, highlighting the beneficial effect of the cyclo-
propyl substitution at position 1 on the quinolone core.

•	 Effect of R1 substituents: Substituents on the azole moiety 
significantly influenced biological activity. In particular, 
the presence of a sulfamoyl group (as in compound 35) 
markedly enhanced both antimycobacterial and antibacte-
rial effects, likely due to improved binding affinity to the 
DNA gyrase enzyme.

•	 Hydrophobic substituents: Adamantyl and aryl substitu-
tions (e.g., 4-chlorophenyl and 4-bromophenyl) generally 
conferred moderate activity, although no consistent trend 
favoring bulky hydrophobic groups was observed across all 
assays.

•	 Activity spectrum: Compounds with thiadiazole structures 
(especially 31–35) displayed broad-spectrum antibacterial 
activity, effective against both Gram-positive and Gram-
negative bacteria, while maintaining selectivity by sparing 
non-pathogenic Lactobacillus strains and yeast-like fungi.

Overall, the findings indicated that hybridization with thiadi-
azole units, maintaining a ciprofloxacin core, and introducing 
polar functional groups such as sulfamoyl were favorable strate-
gies for enhancing antibacterial and antimycobacterial potency.
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3.5   |   In Silico Studies

3.5.1   |   Molecular Docking

To gain a deeper understanding of the molecular interactions 
involved, docking studies were performed with both M. tuber-
culosis DNA gyrase (PDB ID: 5BS8) and S. aureus DNA gyrase 
(PDB ID: 2XCT). These studies aimed to explore the binding 
interactions of the compounds with the active sites of each 
enzyme, providing insights into specific residues and binding 
modes that contribute to the compounds' inhibitory potential. 
Fluoroquinolones interact with DNA gyrase with particu-
lar domains and conformations, preventing catalysis of DNA 
strand passage and stabilizing DNA-enzyme complexes that 
impede the DNA replication process and cause double breaks 
in the DNA, resulting in their bactericidal effect. The most ac-
tive compound, 35, was subjected to molecular docking simu-
lations using Schrödinger Glide software based on its potential 
antimycobacterial actions. The binding interaction of the com-
pound, 35, is completely consistent with the mode of action 
of fluoroquinolones. Compound 35 binds in the middle of the 
two active sites, with the fluoroquinolone scaffold positioned 
between the stretched DNA's two central base pairs.

For the proteins 5BS8 and 2XCT, the Glide docking score of com-
pound 35 was found to be −10.563 kcal/mol and −8.544 kcal/
mol, respectively. Maestro's ligand interaction tool was used 
to generate the 2D and 3D graphical representations of the li-
gand–protein interactions shown in Figure 3. The 2D diagram 
showed a crucial hydrogen bond with Arg128 through the car-
boxylic group of the quinolone ring in the M. tuberculosis DNA 
gyrase target. Additionally, the amino group of terminal sul-
fonamide and the DNA nucleotide bases exhibit bidentate hy-
drogen bonding (DC H13 and DG H13). On the other hand, the 
quinolone scaffold forms Van der Waals contacts with the DA 
G11 and DA H15, notably π–π interactions, with binding energy 
of −12.578 kcal/mol and −10.958 kcal/mol, respectively, which 
is comparable to that of the reference moxifloxacin (Figure 3) 
(Blower et al. 2016).

The docking analysis of compound 35 in the active site of S. 
aureus DNA gyrase indicated that it was stabilized inside the 
active site through strong van der Waals contacts with the nu-
cleotide bases of DNA DG G9 and DT E8 with binding energies 
of −8.461 kcal/mol and −12.542 kcal/mol, respectively. It also 

demonstrated an additional type of interaction with the nu-
cleotide bases of DNA through bidentate hydrogen bonds (DA 
G11 and DA H11) (Figure 3). Compound 35 demonstrated sim-
ilar binding interactions to co-crystallized ciprofloxacin, with 
the exception of a metal coordinate bond with the Mn+2 ion. 
Biochemical investigations suggested that the interaction with 
the Mn+2 ion greatly enhances rates of enzyme-mediated DNA 
breakage (Bax et al. 2010).

3.5.2   |   MD Simulation

Because docking only provides a preparatory indication of a 
compound's fitness inside the active site of DNA gyrase from M. 
tuberculosis (5BS8) and S. aureus (2XCT), the binding poses of 
compound 35 were subjected to MD simulations, which enabled 
interpretation of the structural details, conformational flex-
ibility, and stability of the protein–ligand complexes. The root 
mean square deviation (RMSD), root mean square fluctuation 
(RMSF), and radius of gyration (rGyr) of each of the MD tra-
jectories were compared and assessed for stability. The RMSD 
is the mean deviation in atom displacement over time from the 
beginning (reference) frame in the protein–ligand complex. A 
lower RMSD value during the MD simulation indicates that the 
protein–ligand complex is more stable, while a higher RMSD 
value signifies that the protein–ligand complex is less stable 
(Ahmad et al. 2022a; Girase et al. 2022).

Figure 4 shows the RMSD of the Cα atoms of DNA gyrase pro-
tein throughout the simulation based on the reference frame 
backbone. The maximum RMSD value of protein Cα atoms of 
5BS8-35 complex is 3.59 Å, which indicates that the complex 
was maintained constantly during the simulation time. While 
2XCT of the 2XCT-35 complex exhibited minor conformational 
changes with an average RMSD value of 1.98 Å from 0 to 44 ns, it 
shifted to 2.5 Å around 45–64 ns and thereafter stabilized with a 
mean RMSD of 2.20 Å from 67 ns and over the simulation time. 
Both complexes exhibit a plateau in RMSD values and struc-
tural convergence during the first 12 ns of the 100 ns simulation 
period.

A further investigation of the structural flexibility of the pro-
tein–ligand complexes, as evaluated by RMSF, indicated that 
the 5BS8-35 complex exhibited more noticeable variations, 
with residual indexes of 248–248, 485–488, 654–658, 730–733, 

FIGURE 3    |    (A) 3D and 2D diagrams illustrate the binding mode of compounds 35 interacted with the active site of M. tuberculosis DNA gyrase 
(PDB ID: 5BS8) enzyme. (B) 3D and 2D diagrams illustrate the binding mode of compounds 35 interacted with the active site of S. aureus DNA gyrase 
(PDB ID: 2XCT). Hydrogen bonds are indicated by pink arrows, while π–π stacking interactions are shown as green lines.
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980–982, and 1219–1221, and RMSFs of 4.30 Å, 5.20 Å, 3.78 Å, 
3.70 Å, 3.99 Å, and 4.24 Å, respectively. The remaining amino 
acid residues had lesser fluctuations with RMSF ranging be-
tween 0.6–3.5 Å (Figure 5). The amino acids that fluctuate more 
in the 2XCT-35 complex during simulation include residual 
index 318–322, 576–569, 1092–1135, 1244–1247, and 1367–1375, 
all of which have RMSF greater than 3.5 Å. The amino acids that 
were stable and fluctuated less during simulation had an average 
RMSF of 0.40–3.0 Å (Figure 6). In general, large variations cor-
responding to RMSF values suggest greater flexibility and fewer 
stable bonds, while low fluctuations imply well-structured com-
plex areas and fewer distinct bonds (more stable bonds) (Ghosh 
et al. 2021; Radwan et al. 2022). The minimal residue movement 
seen with the 5BS8 protein contributes to its structural stability, 
which is consistent with the RMSD finding in this study, where 

it was found to be the most stable in contrast to the 2XCT-35 
complex.

The radius of gyration (RGyr) of a protein–ligand complex sys-
tem may be described as the distribution of atoms around its axis. 
One of the most crucial markers for forecasting a macromole-
cule's structural activity is the computation of RGyr, which rep-
resents oscillations in complex compactness (Ayipo et al. 2023a; 
Boulaamane et al. 2023; Zrieq et al. 2021). As a consequence, the 
stability of compound 35 in complex with the 5BS8 and 2XCT 
proteins was studied throughout a 100-ns simulation time, as 
shown in Figure 7. Smaller and more consistent changes in the 
compound 35 RGyr value revealed that the complex was stable 
and compact, resulting in increased interaction between 5BS8 
and the ligand. The average RGyr for compound 35 in complex 

FIGURE 4    |    Time-dependent RMSD plots of 5BS8-35 complex (Blue) and 2XCT-35 complex (orange) obtained from 100 ns MD simulation 
Trajectories.

FIGURE 5    |    RMSF of Cα atoms of the 5BS8-35 complex where the ordinate is individual amino acid fluctuation (Å) and the abscissa is the resid-
ual number.
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with 5BS8 and 2XCT was found to be 5.401 Å and 6.431 Å, re-
spectively, indicating that the active site of the target proteins 
does not cause significant conformational changes.

To understand the protein motion in response to the ligand 
binding, principle component analysis (PCA) of Ca atoms was 
studied. PCA could project the high-dimensional protein dy-
namics into the low-dimensional space by extracting essential 
data points representing eigenvectors and eigenvalues that re-
flect the corresponding protein motion and the direction of mo-
tion (Ahmad et al. 2022b; Bharadwaj et al. 2022). The PCA score 
plot reveals different cluster formations (Figure 8). The 2XCT-35 
complex forms a broad cluster (orange), showing a substantial 
divergence in contrast to the 5BS8-35 complex (blue). This is 
reasonable as compound 35 exhibits a minor divergence when 
a complex is formed with the 2XCT protein. In conclusion, the 

correlation between the PCA results and the RMSD and RMSF 
results strengthens the investigation's validity.

4   |   Conclusion

Twenty new thiazole/thiadiazole-fluoroquinolone conjugates 
with potential antibacterial and antituberculous effects were de-
signed and synthesized. According to structure–antibacterial ef-
fect relationships, ciprofloxacin derivatives were more effective 
than norfloxacin derivatives. On the other hand, thiadiazole de-
rivatives were also found to be more effective than thiazole de-
rivatives. The target compounds appeared overall more effective 
against Gram-negative bacteria than Gram-positive bacteria. 
The most effective derivative in the antibacterial effect screen-
ing was compound 31, which is a thiadiazole-ciprofloxacin 

FIGURE 6    |    RMSF of Cα atoms of the 2XCT-35 complex where the ordinate is individual amino acid fluctuation (Å) and the abscissa is the resid-
ual number.

FIGURE 7    |    Time-dependent radius of gyration (RGyr) plot of 5BS8-35 complex (Blue) and 2XCT-35 complex (orange), obtained from 100 ns MD 
simulation trajectories.
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hybrid and does not contain substituents at the R1 position. The 
fact that the molecules found to have potent antibacterial effects 
did not show any effect against yeast-like fungi and the non-
pathogenic L. acidophilus strain was an indication that the effect 
of these compounds was selective.

While norfloxacin derivatives were found to be low or inef-
fective in antimycobacterial effect studies conducted on M. 
tuberculosis H37Rv strain, the most effective derivatives were 
from the thiadiazole-ciprofloxacin series. Of these, the most 
promising molecule was compound 35, which is a thiadiazole-
ciprofloxacin hybrid and contains a sulfamoyl residue at the R1 
position. Further studies on compound 35 demonstrated that 
this lead compound inhibits DNA gyrase with a lower IC50 
than ciprofloxacin and norfloxacin and exhibits lower toxicity 
towards RAW 264.7 macrophages. Studies using the nutrient 
starvation model revealed that compound 35 also exerted a re-
markable effect against dormant-type M. tuberculosis, although 
not as much as the reference drugs.

In silico molecular docking studies with S. aureus DNA gyrase 
(PDB ID: 2XCT) and M. tuberculosis DNA gyrase (PDB ID: 
5BS8) show that compound 35 binds to the middle of the two ac-
tive sites, with the fluoroquinolone residue located between the 
two central DNA base pairs. For the validity of docking studies, 
a 100-ns MD simulation was performed. According to the PCA 
analysis results, the stability of the complexes formed between 
compound 35 and the DNA gyrase proteins of M. tuberculosis 
and S. aureus was demonstrated.
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