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Abstract: The quinolone drugs such as ciprofloxacin, norfloxacin, and levofloxacin are well-known 

antibacterial agents with low cytotoxic activity. However, modifying these drugs could improve their 

cytotoxic activity against cancer cells and switch their potential towards anticancer activity. We 

describe the chromanone oxime analogs of ciprofloxacin, norfloxacin, and levofloxacin as potential 

cytotoxic agents. The cytotoxic activity of target compounds (A-F) was evaluated against two cancer 

cell lines (HepG2, hepatocellular liver carcinoma, and CT26, Murine colon carcinoma) and a normal 

epithelial cell line, namely CHO (Chinese hamster ovary) by using MTT colorimetric assay. 

Furthermore, the binding properties of the representative analog (norfloxacin derivative) were 

investigated by docking study and molecular dynamics simulation.  
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1. Introduction 

Quinolones are synthetic drugs that have been widely prescribed as antibacterial agents 

worldwide for several decades [1-4]. The most important characteristic of quinolones is the 

inhibition of bacterial topoisomerase II enzymes, known as DNA gyrase. The enzymes DNA 

topoisomerase type II are ATP-dependent and cleave both strands of the DNA helix to manage 

the topology and conformation of DNA. Indeed, these enzymes are essential for regulating 

replication and transcription processes [5,6].  

As catalytic inhibitors of topoisomerase type II, the quinolone drugs bind to the 

catalytic intermediate enzyme-DNA complex. Consequently, the DNA helix breaks, causing a 

cascade of cell death [7,8]. Quinolones contain a functionalized bicyclic ring with a 4-oxo-3-

carboxylic acid moiety which binds to the DNA. The 6-fluoro group and the C-7 substituent 

interact with the target enzyme [9-11]. 

Identifying structural and functional differences of type II topoisomerases in 

microorganisms and mammals highlighted them as suitable targets for chemotherapeutic 

agents [12, 13]. Accordingly, some quinolone analogs have displayed potent activity against 
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the human topoisomerase type II. For example, vosaroxin is a new anticancer quinolone 

derivative with topoisomerase-II inhibition, which can be useful in patients with acute myeloid 

leukemia [14-17]. It should be noted that there are several reports about the anticancer 

properties of 7-piperazinyl quinolones such as norfloxacin, ciprofloxacin, and enoxacin. These 

quinolone antibacterials display cytotoxic activities toward various cancer cells. Although the 

cytotoxicity of quinolones is mainly related to their ability for topoisomerase II inhibition, other 

mechanisms include induction of apoptosis, cell cycle arrest at the S/G2 phase, inhibition of 

migration, and metastasis may be involved in their anticancer action [18-20]. In some cases, 

the introduction of a substituent on the piperazinyl moiety of 7-piperazinyl quinolones can 

improve the anticancer activity. For example, we have previously reported the cytotoxic 

activity of several N-substituted piperazinyl quinolones against melanoma (SKMEL-3), breast 

carcinoma (MCF-7), and epidermoid carcinoma (A431), bladder carcinoma (EJ), colon 

carcinoma (SW480) and cervical carcinoma (KB) cell lines. The obtained results indicated that 

the N-[2-(5-chlorothiophen-2-yl)ethyl] piperazinyl quinolones act as potential cytotoxic agents 

[21]. Furthermore, a number of quinolones containing N-(2-oxyiminoethyl)piperazinyl moiety 

at the C7-position were tested against ACHN, MCF-7, A172, SKMEL-3, KB, A549, and 

A2780 cancer cell lines. Certainly, the benzyloxyimino derivatives of ciprofloxacin and 

norfloxacin had respectable cytotoxicity against tested cell lines [22]. 

Previously, we synthesized 7-(4-(4-(hydroxyimino)chroman-3-yl)piperazin-1-yl)-

quinolones derived from norfloxacine, ciprofloxacin, and levofloxacin [23]. In this report, we 

describe in vitro cytotoxicity evaluation and in silico study of these chromane-quinolone 

derivatives compared to their parent compounds (Figure 1).  

 
Figure 1. Structure of 7-piperazinyl quinolones (A, C, E) and their related chromanone oxime analogs (B, D, 

F). 
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2. Materials and Methods 

2.1. MTT cytotoxicity assay. 

The parent quinolones ciprofloxacin, norfloxacin, and N-desmethyl-levofloxacin and 

the synthesized chromane-quinolone derivatives were examined for their in vitro cytotoxic 

activities by MTT colorimetric assay against two cancer cell lines (HepG2, liver hepatocellular 

carcinoma and  CT26, Murine colon carcinoma) and a normal epithelial cell line namely CHO 

(Chinese hamster ovary). The stock solutions of quinolone derivatives were prepared in 

dimethyl sulfoxide (DMSO) at the concentration of 100 µM. Subsequently,  the stock solutions 

were mixed with a culture medium to obtain the required concentrations. It should be noted 

that the concentration of DMSO was up to 1% in the final culture medium. For each cell line, 

104 cells/well were seeded in Dulbecco's modified Eagle's medium (DMEM) (90 μl), 

supplemented with 10% fetal bovine serum (FBS), 100 unit/ml penicillin-G, and 100 μg/ml 

streptomycin. The 96-well  plates were incubated in a CO2 incubator at 37 °C for 24 h. Then, 

the provided solutions of test compounds were added to each well, and incubation lasted for 48 

h. Subsequently,  10 μl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) solution (5 mg/ml) was added to each well, and incubated for 4 h. After careful removal 

of the medium, DMSO (200 μl) was added to each well, and the plates were shaken for 15 min 

to dissolve formazan crystals. Then, the absorbance was determined using a microplate reader 

(Bioteck) at 570 nm wavelength [24]. Each compound was assessed in triplicates. Cisplatin 

was used as a positive control. The percentage of the viable cells in each well was calculated 

in comparison to the control well (without drugs). The obtained concentration-response curves 

in the GraphPad Prism software (version 5.00 for Windows, G.S., San Diego, CA) were used 

to determine the IC50 values of compounds. 

2.2. Docking study. 

A molecular docking study was performed to predict how the synthesized compounds 

interact with the target protein Topoisomerase II enzyme and determine the binding mode of 

the most potent compound F, with the active site. In this study, the crystal structure of the 

Human Topoisomerase IIa ATPase AMP-PNP complex (PDB code: 1ZXM) was extracted 

from the protein data bank. The quinolone drugs were docked at the active site of 

Topoisomerase IIa using the Auto-Dock software (version 4). To prepare the protein structure, 

non-polar hydrogens were merged, and Kollman charges were assigned. On the other hand, 

ligands were prepared by adding non-polar hydrogens and assigning Gasteiger charges. 

Lamarckian genetic algorithm (LGA) was applied for docking runs in the Auto-Dock software. 

The following parameters were set for LGA runs: GA runs= 100; maximum generations= 

27000; gene mutation rate= 0.02; and crossover rate= 0.8. Based on the obtained free energy 

of binding, the best pose of each docking was selected and visualized with the Discovery Studio 

program (V16.1.0.15350). For docking validation, the structure of the co-crystallized ligand 

was removed from the original complex structure (PDB codes: 1ZXM) and re-docked by using 

the docking protocol. The root means square deviation (RMSD) of the ligand atoms in the re-

docked and crystallographic structures was used to validate the docking protocol [25]. The co-

crystallized ligand (phosphor amino phosphonic acid-adenylate ester) was re-docked into the 

target protein's active site with an RMSD of 0.89 Å. 
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2.3. Molecular dynamics simulation. 

We performed molecular dynamics (MD) simulation in the GROMACS molecular 

dynamics software (5.0.6) for 20 ns [26]. This experiment helped us analyze the stability of 

protein structure and molecular interaction of protein target (1ZXM ) and complex with 

compound F. The PRODRG web server was used to generate ligand topology [27]. The system 

of solvated protein in a cubic box containing 26907 TIP3P water molecules was neutralized by 

adding 7 chloride ions. The steepest descent energy minimization was performed for 10000 

steps. Then, NPT and NVT ensembles at a temperature of 300 K and 1 bar for 100 ps position 

restrain with a step size of 2 fs were applied for pre equilibrium. The long-range electrostatic 

interactions were calculated by using Particle Mesh Ewald (PME) method. A final 20 ns run 

was used for the MD simulation of the whole system. The final visualization of the structure 

was conducted using VMD software [28]. The 2D plotting of RMSD, total energy, and the 

radius of gyration were analyzed by the XmGrace package. 

3. Results and Discussion 

3.1. Cytotoxic activity. 

Cytotoxic activities of the synthesized chromane-quinolone derivatives (B, D, and F) 

and parent quinolones (ciprofloxacin, norfloxacin, and N-desmethyl-levofloxacin) are 

presented in Figures 2 and 3, and Table 1. The obtained results revealed that the norfloxacin 

derivative F had the highest cytotoxicity against the HepG2 cancer cell line (IC50 = 31.1 μg/ml). 

Its toxicity against HepG2 was 3-fold more than that of the parent compound norfloxacin (E). 

Also, compound F with IC50 value of 28.0 μg/ml exhibited potent activity against CT26 cancer 

cells while showing weak toxicity toward CHO cell line. Compound B as a ciprofloxacin 

derivative was more potent than ciprofloxacin (A) against cancer cell lines (HepG2 and CT26) 

while displaying less toxicity against CHO normal cells. In the case of levofloxacin derivative 

D the CT26 cancer cells were more sensitive (IC50 = 44.1 μg/ml) than HepG2 and CHO.       

The obtained results demonstrated that the 4-(hydroxyimino)chromane moiety has an 

essential role in cytotoxic activity. Indeed, incorporating the bulky bicyclic moiety on the 

piperazine ring of fluoroquinolones significantly increases their cytotoxic activity. Based on 

the predicted logP for test compounds (Table 1), the chromane-quinolone derivatives have 

more lipophilic character compared to the parent quinolones. 
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Figure 2. Effect of compounds (A-F) against two cancer lines HepG2, CT26, and normal cell line CHO after 48 

h incubation. Data were expressed as mean ± standard deviation of the mean (n = 3). 
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Figure 3. Effect of compounds (A-F) against two cancer lines HepG2, CT26, and normal cell line CHO after 48 

h incubation. Cisplatin was used as a reference drug. Data were expressed as mean ± standard deviation (n = 3). 

Difference is significant (***P<0.001, ** P<0.01, * P<0.05). 

Table 1. Structures and cytotoxic activities of tested compounds (A-F).  

Compound Structure 
IC50 (µg/ml) 

Log P 
HepG2 CT26 CHO 

Ciprofloxacin 

(A) 

 

247.7 ± 4.4 123.9 ± 6.3 108.6 ± 2.2 1.32 

B 

 

115.5 ± 3.3 20.0 ± 1.2 160.2 ± 3.2 2.79 

Desmethyl 

levofloxacin 

(C) 

 

140.6 ± 4.3 82.7 ± 1.1 240.0 ± 4.6 0.97 

D 

 

69.6 ± 1.4 44.1 ± 5.4 121.8 ± 1.7 2.44 

Norfloxacin 

(E) 

 

98.7 ± 4.4 13.4 ± 0.8 136.0 ± 3.1 1.37 

F 

 

31.1 ± 1.1 28.0 ± 6.2 112.7 ± 1.8 2.83 

Cisplatin 

 

 

 

0.9 ± 0.1 1.2 ± 0.1 5.5 ± 0.2 - 

3.2. Docking study. 

The docking study showed that the norfloxacin counterpart (compound F) was well 

positioned in the binding site of the DNA-Topoisomerase II complex. All the amino acid 

residues that interacted with the protein structure were presented in Figures 4 and 5. Compound 

F is bound to the topoisomerase II enzyme through hydrophobic interactions in the best binding 

pose. Also, this binding is potentiated by two hydrogen bonds. The hydroxyl group of tyrosine 
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amino acid in chain B formed a hydrogen bond with the fluoro atom of the quinolone ring 

(bond length: 3.15 Å); the second hydrogen bond was formed between the oxygen atom of 

Asn120 (chain A) with the hydroxyl of oxime moiety in the chromane ring (bond length: 2.40 

Å).  

The 3D model of docking between compound F and the binding pocket of the protein 

target (Figure 4) showed that the quinolone backbone of compound F interacts with Val158, 

Gln97, Thr159, and Glu155. The Lys157 residue in chain A interacted with quinolone and was 

stabilized by π-cation interaction. Furthermore, residues of Arg98 and Lys157 in chain A 

formed hydrophobic interactions. Several residues in chain A including Thr215, Ile118, Ile88, 

Ile125, Ala167, and Phe142, engaged with chromane moiety via van der Waals interactions. 

Moreover, two residues of Ile217 and Ala157 had additional hydrophobic interactions with this 

part of the molecule.  

 
Figure 4. 3D presentation for the interaction between compound F and topoisomerase II  (PDB code: 1ZXM). 

Compound F is depicted by sticks and balls. 
 

 

Figure 5. 2D molecular docking model of compound F (left) and norfloxacin (right) with topoisomerase II. 
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In the binding mode of norfloxacin (E), while several hydrogen bonds with the active 

site of topoisomerase II were observed, only Val90 residue engaged with the N1-ethyl moiety 

of norfloxacin via hydrophobic interaction. Therefore, molecular docking analysis showed that 

compound F is mainly stabilized by hydrophobic and van der Waals interactions than its 

counterpart norfloxacin. Furthermore, the docking study showed the proper binding of the 

chromane-quinolone hybrid F with the binding pocket of human topoisomerase II. 

3.3. Molecular dynamics simulation. 

MD simulations have been carried out to determine the dynamic behavior and stability 

of protein structure and its complex with compound F. We used the best pose docked of 

compound F to perform molecular dynamics studies. The crystal structure of the Human 

Topoisomerase IIa ATPase AMP-PNP complex (PDB code: 1ZXM) was used as protein 

structure (chains A and B). The RMSD was used to analyze the structural stability of complex 

protein-ligand in water for the 20 ns simulation. As depicted in Figure 6, the RMSD trajectory 

of protein (black) reached equilibrium at 5000 ps and maintained its stability during MD 

simulation. Furthermore, the RMSD trajectory of protein-compound F complex (red) reached 

the equilibrium at 6500 ps and stabilized during MD simulation. 

A comparison of the RMSD plots indicated that RMSD value for the lonely protein is 

less than that of the complex (0.25 vs. 0.3 nm). Moreover, the radius of gyration is an important 

geometrical parameter to determine conformational stability and protein structure 

compactness. The computation of this parameter indicated the conformational changes and 

dynamic stability of the target and the complex (protein-compound F) [29-32]. As shown in 

Figure 7, the Rg value of both protein and complex protein-ligand remains stable from 3500 ps 

during MD simulation. This finding revealed that the binding of compound F did not change 

during the MD simulation. Furthermore, the MD analysis demonstrated that the total energy of 

the complex (protein-compound F) is stable compared to the total energy plot of protein alone 

(Figure 7). 

 
Figure 6. RMSD plots of 1ZXM protein alone (black) and in complex with the compound F (red) in water at 

300 K during 20 ns MD simulation. 
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(a) 

(b) 

Figure 7. (a) Radius of gyration (Rg) of 1ZXM protein alone (black) and in complex with the compound F (red) 

in water during 20 ns MD simulation; (b) Total energy of 1ZXM protein alone (black) and in complex with the 

compound F (red). 

4. Conclusions 

To find new anticancer agents, we recently focused on the modified fluoroquinolones 

as potential topoisomerase II inhibitors. Three chromanone oxime analogs of quinolones 

(including ciprofloxacin, norfloxacin, and levofloxacin) would be a good choice for evaluating 

their cytotoxicity due to their C7 bulky functionality and higher lipophilicity, which required 

for the anticancer potential of quinolones. The in vitro MTT assay revealed that all compounds 

have greater cytotoxicity than their parent quinolones. The higher potency was observed with 

ciprofloxacin derivative (B) against CT26 Murine colon carcinoma cells (IC50 = 20 µg/ml), 

being 6-fold more active than ciprofloxacin (A). However, the norfloxacin derivative (F) 

showed potent activity against both cancer cell lines (HepG2 and CT26) with lower toxicity 

toward normal cells. The docking study of norfloxacin derivative (F) into the active site of 

topoisomerase II indicated the additional hydrophobic bindings with the target enzyme with 

respect to the parent quinolone. The proper binding of norfloxacin derivative with the human 

topoisomerase II was further confirmed by molecular dynamics simulation. The higher potency 

of the synthesized compounds would be due to the better interaction with the target enzyme 

and/or greater permeability in the cancer cells. 

https://doi.org/10.33263/BRIAC133.222
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC133.222  

 https://biointerfaceresearch.com/ 10 of 11 

 

Funding 

This research received no external funding.  

Acknowledgment 

The authors wish to thank the support of the Research Council of Mazandaran University of 

Medical Sciences. The in vitro study in this work was related to the Pharm.D. thesis of MHP 

(Faculty of Pharmacy, Mazandaran University of Medical Sciences). 

Conflicts of Interest 

This article has no conflict of interest. 

References 

1.  Arab, H.; Faramarzi, M.A.; Samadi, N.; Irannejad, H.; Foroumadi, A.; Emami, S. New 7-

piperazinylquinolones containing (benzo[d]imidazol-2-yl)methyl moiety as potent antibacterial agents. Mol. 

Divers. 2018, 22, 815-825, https://doi.org/10.1007/s11030-018-9834-3.  

2.  Assar, S.; Nosratabadi, R.; Khorramdel Azad, H.; Masoumi, J.; Mohamadi, M.; Hassanshahi, G. A Review 

of Immunomodulatory Effects of Fluoroquinolones. Immunol. Invest. 2021, 50, 1007-1026, 

https://doi.org/10.1080/08820139.2020.1797778. 

3.   Jia, Y.; Zhao, L. The antibacterial activity of fluoroquinolone derivatives: An update (2018-2021). Eur. J. 

Med. Chem. 2021, 224, 113741, https://doi.org/10.1016/j.ejmech.2021.113741.  

4.  Baggio, D.; Ananda-Rajah, M.R. Fluoroquinolone antibiotics and adverse events. Aust. Prescr. 2021, 44,161-

164, https://doi.org/10.18773/austprescr.2021.035. 

5.  Wetzel, C.; Lonneman, M.; Wu, C. Polypharmacological drug actions of recently FDA approved antibiotics. 

Eur. J. Med. Chem. 2021, 209, 112931, https://doi.org/10.1016/j.ejmech.2020.112931. 

6.  Man, R.J.; Zhang, X.P.; Yang, Y.S.; Jiang, A.Q.; Zhu, H.L. Recent progress in small molecular inhibitors of 

DNA Gyrase. Curr. Med. Chem. 2021, 28, 5808-5830, 

https://doi.org/10.2174/1871529X21666210202113128. 

7.  Millanao, A.R.; Mora, A.Y.; Villagra, N.A.; Bucarey, S.A.; Hidalgo, A.A. Biological effects of quinolones: 

a family of broad-spectrum antimicrobial agents. Molecules. 2021, 26, 7153, 

https://doi.org/10.3390/molecules26237153. 

8.  Mazurek, Ł.; Ghilarov, D.; Michalczyk, E.; Pakosz, Z.; Metelev, M.; Czyszczoń, W.; Wawro, K.; Behroz, I.; 

Dubiley, S.; Süssmuth, R.D.; Heddle, J.G. Pentapeptide repeat protein QnrB1 requires ATP hydrolysis to 

rejuvenate poisoned gyrase complexes. Nucleic Acids Res. 2021, 49, 1581-1596, 

https://doi.org/10.1093/nar/gkaa1266. 

9.  Emami, S.; Shafiee, A.; Foroumadi, A. Structural features of new quinolones and relationship to antibacterial 

activity against Gram-positive bacteria. Mini Rev. Med. Chem. 2006, 6, 375-386, 

https://doi.org/10.2174/138955706776361493.  

10.  Emami, S.; Shafiee, A.; Foroumadi, A. Quinolones: recent structural and clinical developments. Iran. J. 

Pharm. Res. 2005, 3, 123-136, https://doi.org/10.22037/ijpr.2010.628.  

11.  Ahadi, H.; Emami, S. Modification of 7-piperazinylquinolone antibacterials to promising anticancer lead 

compounds: synthesis and in vitro studies. Eur. J. Med. Chem. 2020, 187, 111970, 

https://doi.org/10.1016/j.ejmech.2019.111970.  

12.  Bisacchi, G.S.; Hale, M.R. A "double-edged" scaffold: Antitumor power within the antibacterial quinolone, 

Curr. Med. Chem. 2016, 23, 520-577, https://doi.org/10.2174/0929867323666151223095839.  

13.  Vann, K.R.; Oviatt, A.A.; Osheroff, N. Topoisomerase II poisons: converting essential enzymes into 

molecular scissors. Biochemistry. 2021, 60, 1630-1641, https://doi.org/10.1021/acs.biochem.1c00240.  

14.  Mithula, S.; Nandikolla, A.; Murugesan, S.; Kondapalli, V.G. 1,8-naphthyridine derivatives: an updated 

review on recent advancements of their myriad biological activities. Future Med. Chem. 2021, 13, 1591-

1618, https://doi.org/10.4155/fmc-2021-0086. 

https://doi.org/10.33263/BRIAC133.222
https://biointerfaceresearch.com/
https://doi.org/10.1007/s11030-018-9834-3
https://doi.org/10.1080/08820139.2020.1797778
https://doi.org/10.1016/j.ejmech.2021.113741
https://doi.org/10.18773/austprescr.2021.035
https://doi.org/10.1016/j.ejmech.2020.112931
https://doi.org/10.2174/1871529X21666210202113128
https://doi.org/10.3390/molecules26237153
https://doi.org/10.1093/nar/gkaa1266
https://doi.org/10.2174/138955706776361493
https://doi.org/10.22037/ijpr.2010.628
https://doi.org/10.1016/j.ejmech.2019.111970
https://doi.org/10.2174/0929867323666151223095839
https://doi.org/10.1021/acs.biochem.1c00240
https://doi.org/10.4155/fmc-2021-0086


https://doi.org/10.33263/BRIAC133.222  

 https://biointerfaceresearch.com/ 11 of 11 

 

15.  Ojha, M.; Yadav, D.; Kumar, A.; Dasgupta, S.; Yadav, R. 1,8-Naphthyridine derivatives: A privileged 

scaffold for versatile biological activities. Mini Rev. Med. Chem. 2021, 21, 586-601, 

https://doi.org/10.2174/1389557520666201009162804. 

16.  Al-Nuaimi, A.; Al-Hiari, Y.; Kasabri, V.; Haddadin, R.; Mamdooh, N.; Alalawi, S.; Khaleel, S. A novel class 

of functionalized synthetic fluoroquinolones with dual antiproliferative - antimicrobial capacities. Asian Pac. 

J. Cancer Prev. 2021, 22, 1075-1086, https://doi.org/10.31557/APJCP.2021.22.4.1075. 

17.  Huang, C.Y.; Yang, J.L.; Chen, J.J.; Tai, S.B.; Yeh, Y.H.; Liu, P.F.; Lin, M.W.; Chung, C.L.; Chen, C.L. 

Fluoroquinolones suppress TGF-beta and PMA-induced MMP-9 production in cancer cells: Implications in 

repurposing quinolone antibiotics for cancer treatment. Int. J. Mol. Sci. 2021, 22, 11602, 

https://doi.org/10.3390/ijms222111602. 

18.  Yadav, V.; Talwar, P. Repositioning of fluoroquinolones from antibiotic to anticancer agents: An 

underestimated truth. Biomed. Pharmacother. 2019, 111, 934-946, 

https://doi.org/10.1016/j.biopha.2018.12.119. 

19.  Xu, H.; Mao, M.; Zhao, R.; Zhao, Q. Enoxacin exerts anti-tumor effects against prostate cancer through 

inducing apoptosis. Technol. Cancer Res. Treat. 2021, 20, https://doi.org/10.1177/1533033821995284. 

20.  Kloskowski, T.; Szeliski, K.; Fekner, Z.; Rasmus, M.; Dąbrowski, P.; Wolska, A.; Siedlecka, N.; Adamowicz, 

J.; Drewa, T.; Pokrywczyńska, M. Ciprofloxacin and levofloxacin as potential drugs in genitourinary cancer 

treatment-the effect of dose-response on 2D and 3D cell cultures. Int. J. Mol. Sci. 2021, 22, 11970, 

https://doi.org/10.3390/ijms222111970. 

21.  Foroumadi, A.; Emami, S.; Rajabalian, S.; Badinloo, M.; Mohammadhosseini, N.; Shafiee, A. N-Substituted 

piperazinyl quinolones as potential cytotoxic agents: structure-activity relationships study. Biomed. 

Pharmacother. 2009, 63, 216-220, https://doi.org/10.1016/j.biopha.2008.01.016. 

22.  Rajabalian, S.; Foroumadi, A.; Shafiee, A.; Emami, S.; Functionalized N-(2-oxyiminoethyl) piperazinyl 

quinolones as new cytotoxic agents. J. Pharm. Pharm. Sci. 2007, 10, 153-158.  

23.  Emami, S.; Foroumadi, A.; Samadi, N.; Faramarzi, M.A.; Rajabalian, S. Conformationally constrained 

analogs of N-substituted piperazinylquinolones: synthesis and antibacterial activity of N-(2,3-dihydro-4-

hydroxyimino-4H-1-benzopyran-3-yl)-piperazinylquinolones. Arch. Pharm. 2009, 342, 405-411, 

https://doi.org/10.1002/ardp.200800182. 

24.  Ahadi, H.; Shokrzadeh, M.; Hosseini-Khah, Z.; Ghassemi Barghi, N.; Ghasemian, M.; Emadi, E.; Zargari, 

M.; Razzaghi-Asl, N.; Emami, S. Synthesis and biological assessment of ciprofloxacin-derived 1,3,4-

thiadiazoles as anticancer agents. Bioorg. Chem. 2020, 105, 104383, 

https://doi.org/10.1016/j.bioorg.2020.104383. 

25.  Haghighijoo, Z.; Hemmateenejad, B.; Edraki, N.; Miri, R.; Emami, S. Multi-structure docking analysis of 

BACE1 crystal structures and non-peptidic ligands. J. Mol. Graph. Model. 2017, 76, 128-135, 

https://doi.org/10.1016/j.jmgm.2017.06.023. 

26.  Abraham, M.J.; Murtola, T.; Schulz,; R. Páll, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High 

performance molecular simulations through multi-level parallelism from laptops to supercomputers. 

SoftwareX 2015, 1, 19-25, https://doi.org/10.1016/j.softx.2015.06.001. 

27.  van Aalten, D.M.; Bywater, R.; Findlay, J.B.; Hendlich, M.; Hooft, R.W.; Vriend, G. PRODRG, a program 

for generating molecular topologies and uniquemolecular descriptors from coordinates of small molecules. J. 

Comput. Aided Mol. Des. 1996, 10, 255-262, https://doi.org/10.1007/BF00355047. 

28.  Humphrey, W.; Dalke, A.; Schulten, K. VMD: visual molecular dynamics. J. Mol. Graph. 1996, 14, 33-38, 

https://doi.org/10.1016/0263-7855(96)00018-5. 

29.  Lobanov, M.; Bogatyreva, N.; Galzitskaia, O. Radius of gyration as an indicator of protein structure 

compactness. Mol. Biol. 2008, 42, 623-628.  

30.  Singh, J.; Sangwan, N.; Chauhan, A.; Sarma, P.; Prakash, A.; Medhi, B.; Avti, P.K. Screening and 

identification of phytochemical drug molecules against mutant BRCA1 receptor of breast cancer using 

computational approaches. Mol. Cell. Biochem. 2022, 477, 885-896, https://doi.org/10.1007/s11010-021-

04338-4. 

31.  Arooj, M.; Shehadi, I.; Nassab, C.N.; Mohamed, A.A. Physicochemical stability study of protein-benzoic 

acid complexes using molecular dynamics simulations. Amino Acids 2020, 52, 1353-1362, 

https://doi.org/10.1007/s00726-020-02897-2. 

32.  Ravikumar, C.; Selvan, S.T.; Saminathan, M.; Safin, D.A. Crystal structure, quantum computational, 

molecular docking and in vitro anti-proliferative investigations of 1H-imidazole-2-thione analogues 

derivative. J. Mol. Struct. 2022, 1250, 131833, https://doi.org/10.1016/j.molstruc.2021.131833. 

https://doi.org/10.33263/BRIAC133.222
https://biointerfaceresearch.com/
https://doi.org/10.2174/1389557520666201009162804
https://doi.org/10.31557/APJCP.2021.22.4.1075
https://doi.org/10.3390/ijms222111602
https://doi.org/10.1016/j.biopha.2018.12.119
https://doi.org/10.1177/1533033821995284
https://doi.org/10.3390/ijms222111970
https://doi.org/10.1016/j.biopha.2008.01.016
https://doi.org/10.1002/ardp.200800182
https://doi.org/10.1016/j.bioorg.2020.104383
https://doi.org/10.1016/j.jmgm.2017.06.023
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1007/BF00355047
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1007/s11010-021-04338-4
https://doi.org/10.1007/s11010-021-04338-4
https://doi.org/10.1007/s00726-020-02897-2
https://doi.org/10.1016/j.molstruc.2021.131833

