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a b s t r a c t 

The structural modification of quinolone derivatives has been a hot spot in recent years, especially the 

modification of the N-1 position, which is the part that this article focuses on. In this paper, series of syn- 

thesized quinoline quaternary ammonium salts with odd and even carbon number alkyl groups in N-1 

position were used to explain the influence of the alkyl side chain on activity. With respect to all the re- 

cently synthesized twenty products, the biological activity results exhibited significant antitumor and an- 

tibacterial activity with obvious differences in the target alkyliodine substituted compounds and the an- 

tibacterial activities apparently had the prominent odd-carbon number predominance. Compound 8-((4- 

(benzyloxy)phenyl)amino)-7-(ethoxycarbonyl)-5-propyl-[1,3]dioxolo[4,5-g]quinolin-5-ium ( 4d ) was found 

to be the most potent derivative with IC 50 values of 4 ± 0.88, 4 ± 0.42, 14 ±1.96, and 32 ±3.66 against 

A-549, Hela, SGC-7901, and L-02 cells, respectively, stronger than the positive control 5-FU and MTX. Fur- 

thermore, it had the most potent bacterial inhibitory activity of MIC value against E. coli (ATCC 29213) 

and Staphylococcus aureus (ATCC 8739) at 3.125 nmol mL −1 . With respect to molecular simulations, in 

order to illustrate the possible mechanism of the difference between the series of compounds in the even 

or odd carbon chain alkyliodine substitution, this paper simulated the conceivable mode and explained 

the main interactions. Finally, we could find that the position and proportion of hydrogen bonds and 

other interactions in each series were regarded as the main reasons for this difference in activity. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

As an important antibacterial agent, quinolone has been widely

oncerned by human beings. As a fully synthetic drug, quinolone

rugs have also played a great role in the field of antibacterial and

nticancer [1–3] . Since the first synthetic quinolone drug was put

nto clinical practice in 1962, this family has a history of nearly

0 years, and it has indeed become a veteran role of antibacte-

ial drugs [4–8] . The most primitive discoveries often give people

nfinite enlightenment, guide future generations to design and syn-

hesize based on this drug and have had very successful cases, but

lso stimulated experts to explore their molecular level mechanism

f action [9–14] . For the design and development of any pharmacy,

elevant internal mechanism research is often indispensable [15–

5] . As of now, it is well known that the target of quinolone drugs

s topoisomerase, and the target of antibacterial action is topoiso-
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erase II. The main mechanism of its anticancer activity has re-

ently been discovered as an inhibitor of topoisomerase I [ 5 , 26 , 27 ].

NA topoisomerase plays an important role in the regulation of

NA transcription, replication and gene expression. Studies have

ound that DNA topoisomerases in cancer cells exhibit high levels

f expression independent of other factors. Quinolone derivatives

xhibit cytotoxicity by intercalating DNA and thus interfere with

he DNA replication process, and have achieved initial success in

rug design. For example, some anticancer agents based on topoi-

omerase I have been launched in the early 21st century. Belotecan

ydrochloride, led by Chong KunDang, has shown outstanding ad-

antages for the treatment of non-small cell lung cancer and ovar-

an cancer. The latter irinotecan hydrochloride developed by Yakult

nd Pfizer has emerged in the fight against the small cell lung can-

er, gastric cancer and solid cancer. Amaridine is another marketed

nticancer drug targeted at topoisomerase II, which is used in the

reatment of leukemia. [28–31] After the exploration of experts,

uinolones exert their biological activities by inhibiting the forma-

ion of bacterial DNA topoisomerase. The successful exploration of

https://doi.org/10.1016/j.molstruc.2020.128869
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2020.128869&domain=pdf
mailto:1000004770@ujs.edu.cn
https://doi.org/10.1016/j.molstruc.2020.128869
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Fig. 1. The parent structure of fluoroquinolones. 
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this mechanism provides the basis for the subsequent drug design.

Drug designers no longer hunted around like a headless chicken,

and since then quinolone drug design has a real design center [32–

34] . 

During the treatment of COVID-19, meantime, the chloroquine

compound with quinolone nucleus has also become a major re-

search direction for new drugs [35–37] . This drug has always ex-

isted as a mature antimalarial drug with known toxic and side ef-

fects, and the treatment in this outbreak has also played a spe-

cial role, allowing experts to see the hope of treatment. Due to its

good performance, numerous structural modifications of quinolone

core to optimize the activity have become the critical project [38–

42] . The modifications mainly occur at 1-position and 4-position

( Fig. 1 ). Among these options, the structure modification of the

quaternary amine in N-1 position optimizes its antibacterial activ-

ity and give the dual anticancer and antibacterial activities [43–48] .

The quaternary ammonium salt contains an ionized nitrogen atom

as an important sign [49] . It has also been active in the eyes of

researchers with the role of disinfection and antibacterial agents. 

Quaternary ammonium salts can be used in surfactants (mate-

rials field), disinfection and antibacterial agents (biomedical field),

and so on. They are widely used as fabric conditioners, fabric soft-

eners, insecticides, plant growth promoters, etc. In the disinfec-

tant and bactericide industry, quaternary ammonium salts have

also been adopted by the market as excellent disinfectants. For ex-

ample, in the process of COVID-19 epidemic prevention and con-

trol, they have also played an important role in eliminating viruses.

From the above considerations, the combination of both quinolone

and quaternary ammonium salt can effectively promote the activ-

ity. However, the alkyl carbon number of the quaternary ammo-

nium salt also becomes an important factor affecting the activity. 

This article summarized the published papers and summarizes

the effects of the carbon chain odd and even carbon effects in

the quaternary ammonium salt group. At the same time, a se-

ries of quinolone quaternary ammonium salt compounds combined

by this subject were used for auxiliary verification. Through the

biological activity (anticancer and antibacterial) test of all target

products, the results were combed to draw a staged conclusion,

and molecular simulations were also used to explain the possible

mechanism. 

2. Modification of quinolone N-1 position 

Due to its good antibacterial activity and convenient oral ad-

ministration, quinolone drugs have always occupied an important

position in synthetic drugs. At the same time, with the research on

structure-activity relationship in recent years, the research value of

this class of synthetic drugs has also greatly increased. Common
tructural modifications are mainly inclined to increase antibacte-

ial activity. In recent years, more and more quinolone drugs have

een used in the development of anticancer drugs, such as dini.

he common modification group is an alkyl substituent, and the

alt-forming structure modification at the N-1 position also shows

 good effect on the modification ( Scheme 1 ). Studies have shown

hat the antibacterial activity of quinolone may be determined by

wo factors, one is the drug’s ability to inhibit the target enzyme

NA gyrase, the other is the transport effect or post-rotation pro-

ess [50–57] . Therefore, it may lead to erroneous conclusions based

n the traditional minimum inhibitory concentration (MIC) with-

ut considering target enzyme factors [58–62] . This paper reports

he effects of the systematic changes of R 

1 salt-forming groups (20

ompounds) on the inhibitory effects of bacterial and cancer cell

rowth. At the same time, the structure-activity relationship in-

luding the N-1 position is defined as far as possible synthesis of

he best compounds and their activity as long as docking study of

NA topoisomerase. 

.1. Hydrocarbyl substitution 

The quinolone structural modifications that generally occured

t the N-1 position are mainly ethyl and cyclopropyl. Studies have

ound that bulky alkyl substituents have stronger antibacterial ac-

ivity. 1 and 8 position can form a ring at the same time and it

as also a common structural modification. 

.2. Quaternary ammonium salt modification 

With the development of synthetic drugs, in order to improve

he water solubility of drugs, the introduction of iodoalkyl at the

-1 position to form a quaternary ammonium salt structure has

lso become a new research direction. The parent body with an-

ibacterial activity is modified by the quaternary ammonium salt

tructure to improve the water solubility of the target product. Af-

er this modification, the oil-water partition coefficient is improved

n a reasonable direction. 

. Effects of salt formation at N-1 on biological activity 

The introduction of alkyl chains through haloalkyl can

chieve high efficiency and convenience [63 , 64] . In this paper,

odomethane, iodopropane, and iodoisopropane were used to grow

nd modify the N-1 chain to form salts, and a series of quinoline

mmonium salts with odd carbon number chains were obtained

 Scheme 2 ). The quaternary ammonium salt with even represen-

ative carbon chain is mainly synthesized from the derivatives of

odoethane and quinoline. 

. Methods and methodology 

.1. Biological activity 

.1.1. Antibacterial activity test 

The synthesized MIC values of final compounds 1–20 were eval-

ated for their antibacterial activity against E. coli (ATCC 29213)

nd Staphylococcus aureus (ATCC 8739). The DMSO solution of test

ompounds were added to the culture medium to obtain final con-

entrations of 1–50 nmol mL −1 . A standardized suspension of the

est bacterium was inoculated and incubated for 24–48 h at 37 °C,

hen the minimal inhibitory concentrations (MIC values) were cal-

ulated. In order to avoid random errors and ensure the accuracy

f the experiment, we choose ciprofloxacin and amoxicillin as the

ontrols and performed triple parallel experiments. 
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Scheme 1. Examples of common substitutions at the N-1 position of quinolone. 

Scheme 2. Schematic diagram of overall design of synthesized active derivatives. 
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.1.2. Cytotoxicity activity test 

The human lung cancer cell line (A549), human Hela cell line

HeLa), human gastric cancer cell line (SGC-7901), and normal liver

ell line (L-02) were used to evaluate the anti-proliferation of com-

ounds in five cell lines active. Anticancer drugs were jointly tested

or 5-FU and MTX as positive controls. Dissolved in DMSO and then

erformed activity tests. 
.2. Docking simulations 

AutoDock Vina 1.1.2. and MGLTools software were used to per-

orm docking simulations. In the present study, the 3D crystal

tructure of human topoisomerase I and S. aureus DNA gyrase

Topo II) reported in Protein Data Bank (PDB) were used as the re-

eptor for docking studies (PDB ID: 1TL8, 2XCT). The co-crystallized
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Scheme 3. The basic route for the synthesis of the target compound to be tested. Reagents and conditions: i) Phenethylamine, K 2 CO 3 , ACN, 80 °C, 8 h. ii) 3,4- 

Dimethoxyphenethylamine, K 2 CO 3 , ACN, 80 °C, 8 h. iii) Benzylamine, K 2 CO 3 , ACN, 80 °C, 8 h. iv) 4-Benzyloxyaniline hydrochloride, K 2 CO 3 , ACN, 80 °C, 8 h. v) R-I (Iodomethane 

( 1b ), Iodoethane ( 1c ), 1-Iodopropane ( 1d ), 2-Iodopropane ( 1e )), ACN, reflux, 2 h. vi) R-I (Iodomethane ( 2b ), Iodoethane ( 2c ), 1-Iodopropane ( 2d ), 2-Iodopropane ( 2e )), ACN, 

reflux, 2 h. vii) R-I (Iodomethane ( 3b ), Iodoethane ( 3c ), 1-Iodopropane ( 3d ), 2-Iodopropane ( 3e )), ACN, reflux, 2 h. viii) R-I (Iodomethane ( 4b ), Iodoethane ( 4c ), 1-Iodopropane 

( 4d ), 2-Iodopropane ( 4e )), ACN, reflux, 2 h. 
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structures of the target proteins were downloaded from the PDB

and prepared for docking using the docking program AutoDockV-

ina 1.1.2. and MGLTools. The docking result was analyzed and opti-

mized by Pymol 1.5.6. 

5. Result and discussion 

5.1. Chemistry 

We firstly synthesized series of ethyl-8-chloro-[1,3]dioxolo[4,5-

g]quinoline-7-carboxylate intermediate. Then it was found that

the synthetic route shown in Scheme 2 , adapted from some

related synthetic manipulations, could served as a suitable ap-

proach for the desired correspondence compounds. Subsequent

synthetic studied revealed that the novel 7-(ethoxycarbonyl) −8-

(arylamino)-[1,3]dioxolo[4,5-g]quinolin-5-ium iodide derivatives

synthesized according to Scheme-3 could be obtained in moderate

yield. The iodination of ethyl 8-(aryl)-[1,3]dioxolo[4,5-g]quinolone

-7-carboxylate derivatives with an excess of iodomethane or

iodopropane under reflux provided the target compounds

( Scheme 3 ). Finally, we elucidated the bioactivity of target

compounds from molecular docking study as having anticancer

and antitumor activities. 

5.2. The spectroscopic property of tested compounds 

Ultraviolet-visible (UV–vis) spectra were recorded on a UV-

2550 spectrophotometer using a 1 cm path length quartz cuvette

at room temperature. Spectroscopic evaluation was performed in
MSO solvent at the concentration of 5 mM. It was found that

he compounds in each series have spectral images with almost

niform absorption wavelengths, which may be caused by simi-

ar conjugated environments. Therefore, the compound in which

ethyl iodide is substituted as the representative is shown in

ig. 2 . From the result, it is with characteristic benzene ring band

hat absorption in the wavelength region of 230–270 nm. The ab-

orption peaks of the 1–3 series of spectra substituted with a ben-

ene ring at the 4-position are located at 358 nm. The compound

b with bisbenzene ring substitution has a peak at 380 nm that

s different from several other products, which may be caused by

he existence of a new conjugated environment between the C-4

enzyloxybenzene structure. 

.3. Evaluation of antibacterial activity in vitro 

The antibacterial activity test was also possessed against E. coli

ATCC 29213) and Staphylococcus aureus (ATCC 8739) as shown in

able 1 and Fig. 3 . Among the tested compounds 1a - 4e with the

ifferent 4-position N-phenyl substituent on quinoline possessed

he changed dual activity against all cancer cell and strains tested. 

In the respective series where each 4-position is the same, a

arallel comparison under the condition against S. aureus (ATCC

739) found that the compounds 1b, 1e, 2b, 2e, 3b, 3e showed

ower IC 50 values. Compounds 3b and 4b showed 8 to 4 times

he antibacterial activity compared to the reference variable, which

as likely to be due to the salt-forming modification of the com-

ound at N-1 position. This may be because the 1-position is sub-

tituted with an odd-chain alkyl chain. It is worth mentioning that
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Fig. 2. Absorption spectra of ( 1 –4 ) b in DMSO (concentration: 5 mM) at room temperature. 

Table 1 

Antibacterial screening in terms of the MIC (nmol mL −1 ) for the tested compounds in reference to Ampicillin and 

Ciprofloxacin, respectively [63 , 64] . 

Compounds MIC a / (nmol mL −1 ) ClogP b 

R 1 R 2 E. coli S. aureus 

1a CH 2 CH 2 Ph – > 50 > 50 2.53 

1b CH 2 CH 2 Ph CH 3 25 12.5 2.27 

1c CH 2 CH 2 Ph CH 2 CH 3 25 25 2.43 

1d CH 2 CH 2 Ph CH 2 CH 2 CH 3 50 50 2.89 

1e CH 2 CH 2 Ph CH 2 (CH 3 ) 2 25 6.25 3.13 

2a CH 2 CH 2 Ph(OCH 3 ) 2 – 25 50 1.56 

2b CH 2 CH 2 Ph(OCH 3 ) 2 CH 3 6.25 6.25 1.22 

2c CH 2 CH 2 Ph(OCH 3 ) 2 CH 2 CH 3 3.125 25 1.20 

2d CH 2 CH 2 Ph(OCH 3 ) 2 CH 2 CH 2 CH 3 6.25 25 2.11 

2e CH 2 CH 2 Ph(OCH 3 ) 2 CH 2 (CH 3 ) 2 6.25 6.25 2.58 

3a CH 2 Ph – > 50 25 2.18 

3b CH 2 Ph CH 3 6.25 12.5 1.97 

3c CH 2 Ph –CH 2 CH 3 12.5 25 2.02 

3d CH 2 Ph CH 2 CH 2 CH 3 6.25 6.25 2.85 

3e CH 2 Ph CH 2 (CH 3 ) 2 25 6.25 3.26 

4a PhOCH 2 Ph – 6.25 6.25 2.09 

4b PhOCH 2 Ph CH 3 6.25 3.125 1.88 

4c PhOCH 2 Ph CH 2 CH 3 3.125 3.125 2.04 

4d PhOCH 2 Ph CH 2 CH 2 CH 3 3.125 3.125 2.67 

4e PhOCH 2 Ph CH 2 (CH 3 ) 2 3.125 3.125 2.83 

Amoxicillin – – 50 25 –

Ciprofloxacin – – 25 12.5 –

a MIC (minimum inhibitory concentration) values represent the average of three readings. 
b calculated on ACD/Labs website. 
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b  

o  
he even-numbered branch substitution in series 3 gave compound

c the worst activity in this group at 25 nmol mL −1 , which ex-

remely maybe due to the iodoethyl group substitution modifica-

ion at the N-1 position. For series 4, when substituted by benzy-

oxyphenethylamine, the four alkyl substitutions all show the same

ctivity intensity at 3.125 nmol mL −1 far exceeds the reference

rug concentration of 25 nmol mL −1 in Amoxicillin and 12.5 nmol

L −1 in Ciprofloxacin of saccharin is probably because the aro-

atic hydrophobic structure of the large group at position 4 has

 greater influence on antibacterial activity, temporarily exceeding

he effect of the alkyl side chain. An overview of the overall biolog-

cal activity presents an activity advantage of odd carbon number

ubstitution. 

At the same time, the ClogP value of the compound reflects

he water solubility of the drug, which has special significance

or whether the drug can penetrate the cell membrane and en-
er the cell to play a role. Compounds tend to be more water-

oluble after salt formation, but this is also affected by the size

f the salt-forming side chain groups. We can find that the volume

f the iodoalkyl group with a 1-position substituent exhibits dif-

erent ClogP values. For example, the formation of the quaternary

mmonium salt of compound 1b (methy iodine, logP = 2.27) in-

reases the water solubility, which decreases slightly with the in-

rease in branching until the effect of products 1e ( isopropyl io-

ine, logP = 3.13) was worse than the raw material 1a (unsustitu-

ion, logP = 2.53), which also led the difference in activity. 

.4. Evaluation of cytotoxicity activity in vitro 

The conversion of a 4-position carbonyl group to a hydropho-

ic aromatic amine group to obtain target compounds, and most

f these structures contained a hydrophobic group, and then
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Fig. 3. Antibacterial screening in terms of the MIC (nmol mL −1 ) for the tested compounds against E. coli and S. aureus in reference to Ampicillin and Ciprofloxacin, respec- 

tively. 
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b  
quaternized ammonium salt at the N-1 position to form the final

product. IC 50 were assessed for their anti-proliferative activity in

above mentioned five cell lines by MTT (3-(4,5-dimethylthiazol-2-

yl) −2,5-diphenyltetrazolium bromide) assay ( Fig. 4 , Table 2 ). Com-

pared with the positive control 5-FU and MTX, all 20 compounds

showed superior anticancer activity. It is worth mentioning that

the substitution of even-numbered carbon chains into salts shows

unusual anticancer activity in each series against five cell lines. As

shown in the activity experiments ( Table 2 ), the anticancer activity

(IC 50 ) of the products with even carbon chain substitution (such as

compounds 1 –4c ) were slightly inferior to other products with odd

carbon chain in the same series of structurally modified quater-

nary ammonium salts at the 4-position. That is, among the quino-

line compounds with same substituent at the 4-position, the anti-

cell proliferation activity of the derivative substituted with the io-

doethyl at the 1-position was weaker than that of the iodomethyl,

iodopropyl, iodopropyl substituted products. For example, com-

pounds 4d of 4 ± 0.42~14 ±1.96 and 4e of 5 ± 0.64~17 ±0.41 were

2~3 times more active than 4c of 7 ± 0.48~29 ±5.79 against five

cell lines. 

5.5. Analysis of docking result 

Molecular docking is an intuitive method that initially simu-

lates the binding of compounds to sites of action. These tight in-

teractions allow it to bind strongly to Topoisomerase II, which is
onsidered a target for quinoline antibacterial effects. Therefore,

he combination model clarifies the reason for the obvious effi-

acy of these compounds from another perspective. It was of in-

erest to elucidate the mechanism by which the synthesized ac-

ive compounds persuaded their antibacterial activities ( Figs. 5–

 ). The co-crystallized structures of the target proteins of S. au-

eus were downloaded from the PDB bank and prepared for dock-

ng by AutoDockVina 1.1.2. and MGLTools (PDB ID: 2XCT). In the

nalysis of the molecule simulation results of antibacterial activ-

ty, in order to control the variables, we selected series 1 ( 1a - 1e )

nd series 3 ( 3a –3e ) with the same phenylethylamine substitu-

ion at the 4-position substituent for parallel comparison within

ach group ( Figs. 5 , 7 ). The 3D ligand interactions of the compound

b inhibitor with protein displayed affinity score −9.9 Kcal mol −1 

nd mainly showed two hydrogen bond acceptor interactions be-

ween N at 4-position of quinoline ring and bases DA 13 and DT 8

nd ionic interactions between oxygen of the carbonyl group and

mino acid residues D 437 and R 458. It also displayed Ar-H inter-

ction with bases DT 10 and DA 13 along with π- π stacks between

enzene substituent at 4-position and base DT 8 and DG 9, in addi-

ion to other hydrophobic interactions ( Fig. 5 a). Whereas the bind-

ng energies of compounds 1c and 1d were inferior to those of the

ame series of compounds, which are −8.7 and −8.9 Kcal mol −1 ,

espectively. There were no hydrogen bond interactions in com-

ound 1c binding mode. It exhibited Ar-Pi interactions between

enzene ring of quinoline ring and base DT 10, with pyridine ring
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Fig. 4. Cytotoxic concentration (IC 50 ) of tested compounds 1–20 against (a) human lung cancer cell line (A549); (b) human hela cell line (HeLa); (c) human gastric carcinoma 

cell line (SGC-7901); (d) normal hepatocyte cell line (L02) by the MTT assay. 

Table 2 

Cytotoxic concentration (IC 50 ) of tested compounds against human lung cancer cell line (A549), human hela cell line (HeLa), human gastric 

carcinoma cell line (SGC-7901), normal hepatocyte cell line (L02) and by the MTT assay [63 , 64] . 

Compounds IC 50 

R 1 R 2 A549 Hela SGC-7901 L-02 

1a CH 2 CH 2 Ph – 31 ±6.25 73 ±6.55 > 120 > 200 

1b CH 2 CH 2 Ph CH 3 54 ±5.39 36 ±0.98 89 ±1.80 139 ±13.60 

1c CH 2 CH 2 Ph CH 2 CH 3 82 ±2.49 57 ±2.77 84 ±7.49 140 ±10.35 

1d CH 2 CH 2 Ph CH 2 CH 2 CH 3 55 ±4.58 44 ±3.95 89 ±2.89 127 ±9.58 

1e CH 2 CH 2 Ph CH 2 (CH 3) 2 57 ±14.24 51 ±2.94 73 ±4.18 131 ±8.08 

2a CH 2 CH 2 Ph(OCH 3 ) 2 – 94 ±4.63 73 ±4.83 > 120 > 200 

2b CH 2 CH 2 Ph(OCH 3 ) 2 CH 3 > 120 > 120 114 ±1.81 > 200 

2c CH 2 CH 2 Ph(OCH 3 ) 2 CH 2 CH 3 > 120 > 120 > 120 > 200 

2d CH 2 CH 2 Ph(OCH 3 ) 2 CH 2 CH 2 CH 3 > 120 > 120 > 120 > 200 

2e CH 2 CH 2 Ph(OCH 3 ) 2 CH 2 (CH 3) 2 > 120 > 120 > 120 > 200 

3a CH 2 Ph – 46 ±18.96 > 120 > 120 > 200 

3b CH 2 Ph CH 3 49 ±5.42 30 ±2.06 74 ±4.99 125 ±9.67 

3c CH 2 Ph CH 2 CH 3 59 ±7.95 35 ±0.87 110 ±2.52 131 ±7.10 

3d CH 2 Ph CH 2 CH 2 CH 3 38 ±7.32 39 ±1.82 92 ±2.76 121 ±15.18 

3e CH 2 Ph CH 2 (CH 3) 2 90 ±3.21 68 ±4.96 > 120 > 200 

4a PhOCH 2 Ph – 17 ±0.95 > 120 > 120 > 200 

4b PhOCH 2 Ph CH 3 47 ±8.39 45 ±14.13 85 ±11.62 124 ±8.45 

4c PhOCH 2 Ph CH 2 CH 3 12 ±1.48 7 ± 0.48 29 ±5.79 13 ±1.41 

4d PhOCH 2 Ph CH 2 CH 2 CH 3 4 ± 0.88 4 ± 0.42 14 ±1.96 32 ±3.66 

4e PhOCH 2 Ph CH 2 (CH 3) 2 5 ± 0.64 7 ± 1.05 17 ±0.41 54 ±4.88 

5-FU – – 98 ±0.72 109 ±2.81 113 ±1.07 > 200 

MTX – – 60 ±9.14 107 ±1.97 84 ±7.47 185 ±13.10 

a  

8  

t  

a  

p  

d  

D  

m  

w  

t  

i  

D  

c  

a  

3  

t  
nd base DG 9 and base DA 13, with benzene ring substituent at

-position and base DC 12. It also displayed ionic interactions be-

ween benzene ring and R 458 with between pyridine ring and

mino acid residue E 477 in addition to π- π interaction of N-

henyl ring with base DT 8 ( Fig. 5 b). Compound 1d exhibited hy-

rogen bond donor interaction between N at 4-position and base

T 10. However, it displayed a similar low affinity score ( −8.9 Kcal

ol −1 ) to docking mode of 1c . It revealed three Ar-H interactions
ith bases DT 10, DA 13 and DT 8, besides π- π interactions be-

ween quinolone core and bases DG 9 and DC 12 in addition to

onic interaction of N-phenyl ring with amino acid residues K 417,

 437, R 458, respectively ( Fig. 5 c). In contrast, 1e with an odd

arbon number chain at N-1 position showed excellent inhibitory

ctivity against S. aureus with affinity score −9.4 Kcal mol −1 . Its

D ligand interaction revealed one hydrogen bond donor between

he imine N and amino acid residue D 437 in addition to π-H
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Fig. 5. The 3D binding mode of derivative 1 b - e in the binding site of S. aureus DNA gyrase (Topo II, PDB ID: 2XCT). (a) Docking of compound 1b ; (b) Docking compound 

1c ; (c) Docking of compound 1d ; (d) Docking of compound 1e . ([H] Hydrogen Bonds are shown in pink and the yellow represents [ π ] π- π accumulation. Marine and gray 

represent [CH- π ] π-H and hydrophobic bonds involved in amino acid bonding, respectively. [Cation- π /Anion- π ] Ion- π bonds are colored in green). 

Fig. 6. The 3D binding mode of derivatives 2 b - e in the binding site of S. aureus DNA gyrase (Topo II, PDB ID: 2XCT). (a) Docking of compound 2b ; (b) Docking compound 

2c ; (c) Docking of compound 2d ; (d) Docking of compound 2e . ([H] Hydrogen Bonds are shown in pink and the yellow represents [ π ] π- π accumulation. Marine and gray 

represent [CH- π ] π-H and hydrophobic bonds involved in amino acid bonding, respectively. [Cation- π /Anion- π ] Ion-Pi bonds are colored in green). 

 

 

 

 

 

 

 

 

d  

m  

o  
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π  

p  

t  

w  

t  
interactions of the quinoline ring also with base DT 10, DG 9, and

DA 13, respectively, besides another π-H interaction between ben-

zene ring introduced at position 8 with amino acid residue F 1123.

And the spatial position of the compound at the binding site was

very appropriate which would greatly be the cause of its good in-

teractions and desired potency ( Fig. 5 d). 

When the quinoline 4-position substituent is N-benzyl ( 3a-e ), it

is also fascinating to examine compounds with a long odd or even-

numbered carbon substituent at 4-position of quinolone core. The
ocking mode of compound 3b had an affinity score at −9.8 Kcal

ol −1 ( Fig. 7 a). In the combined mode, the π- π interactions that

ccupied a large proportion between quinoline ring and bases DG

, DC 12, and DA 13, respectively, played a major role. Moreover,

- π stacks also existed between benzene ring introduced at N-1

osition and base DT 8. There was also a hydrogen bond recep-

or interaction between oxygen atom in dioxamol and base DC 12,

hich plays a role in determining the conformation direction of

he entire structure in addition some other ion interactions and
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Fig. 7. The 3D binding mode of derivatives 3 b - e in the binding site of S. aureus DNA gyrase (Topo II, PDB ID: 2XCT). (a) Docking of compound 3b ; (b) Docking compound 

3c ; (c) Docking of compound 3d ; (d) Docking of compound 3e . ([H] Hydrogen Bonds are shown in pink and the yellow represents [ π ] π- π accumulation. Marine and gray 

represent [CH- π ] π-H and hydrophobic bonds involved in amino acid bonding, respectively. [Cation- π /Anion- π ] Ion-Pi bonds are colored in green). 

Fig. 8. The 3D binding mode of derivatives 4 b - e in the binding site of S. aureus DNA gyrase (Topo II, PDB ID: 2XCT). (a) Docking of compound 4b ; (b) Docking compound 

4c ; (c) Docking of compound 4d ; (d) Docking of compound 4e . ([H] Hydrogen Bonds are shown in pink and the yellow represents [ π ] π- π accumulation. Marine and gray 

represent [CH- π ] π-H and hydrophobic bonds involved in amino acid bonding, respectively. [Cation- π /Anion- π ] Ion-Pi bonds are colored in green). 

v  

a  

f  

a  

t  

i

i  

p  

b  

i  

h  

i  

n  

i  
an der Waals forces. As for the compound 3c substituted with

n even ethyl chain at the N-1 position, it showed a weaker ef-

ect consistent with the antibacterial activity ( Fig. 7 b). The oxygen

tom at the ‘bottom’ of the compound is some 2.9 Å away from

he DNA amine N of base DC 12, indicating that the oxygen atom

s acting as an only O hydrogen-bond receptor. In this model, π- π
nteractions between compound and DNA bases takes up the main
art of the force. In addition, there are other ionic and hydropho-

ic forces between the compound and the protein chain. Accord-

ng to the above, in the absence of CH- π fixation, it also lacks one

ydrogen bond effect than the odd-chain-substituted compounds

n the same series, which may prove its SAR simulation mecha-

ism. Whereas the corresponding compounds 3d, 3e perform well

n biological activity, and the docking results contain two hydrogen
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Table 3 

Docking residues around the active pocket against S. aureus (PDBID: 2XCT). 

Entry Affinity score Interaction with receptor MIC 

(PDBID 2XCT) (kcal ·mol −1 ) [H] π-H π- π Ion-Pi Hydrophobic 

bond 

S. aureus 

1b −9.9 DC12 DA13 DT8 DG9 R458 D437 DT10 12.5 

1c −8.7 DA13 DG9 DT10 DC12 R458 E477 25 

1d −8.9 DT10 DT8 

DA13 DT10 

DG9 DC12 R458 K417 D437 50 

1e −9.4 D437 DT10 DA13 DG9 DT8 R458 F1123 6.25 

2b −9.8 G459 D437 DA13 DT8 R458 D437 S1048 6.25 

2c −8.7 D437 DA13 R1122 G459 D437 25 

2d −9.3 DT8 

G459 DA13 R458 D437 K417 F1123 25 

2e −9.8 DG9 R458 DA13 DT8 R1122 S1084 F1123 6.25 

3b −9.3 DC12 DG9 DA13 R458 DC12 

DG9 DT8 

R1122 12.5 

3c −9.3 DC12 DA13 DG9 DT8 R1122 25 

3d −9.0 D437 DT10 DT8 K417 R458 6.25 

3e −9.2 R458 DG9 DT8 DA13 DC12 

DG9 

R458 6.25 

4b −9.9 D437 F1122 DT10 DC12 

DG9 D437 

DT8 R458 F1122 3.125 

4c −9.2 DA13 F1123 DT8 DG9 R458 R1122 3.125 

4d −8.8 DA13 DA13 F1123 DC12 DT8 D437 R1122 3.125 

4e −8.9 R1122 D437 DG9 DT10 F1123 S1084 R1122 3.125 

Table 4 

Docking residues around the active pocket against Human topoisomerase I (PDBID: 1TL8). 

PDBID Entry Affinity score 

(kcal ·mol −1 ) 

Interaction with receptor 

1TL8 1b −10.2 TPC11 DA13 DT10 Q633 H632 R488 R364 K532 I535 

1c −9.8 TPC11 DT10 DG12 K532 K425 

1d −9.7 TPC11 DA13 DT10 Q633 H632 R488 R364 

1e −9.6 TPC11 DT10 DA112 K425 K532 
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bonding interactions, which may also be the mainly reason why

these two odd-chain substituted compounds have outstanding ac-

tivity ( Fig. 7 c, d). In addition, in compound 3d , there are π-H inter-

actions between the benzene ring and the bases DT 8 and DA 13,

respectively, and this force also exists between the 8-substituted

benzene ring base DT 10, besides some other ionic bonds. The

action of compound 3e also complements the antibacterial activ-

ity results, with the acceptor hydrogen bond between R 458 and

carbonyl oxygen and the 4-position N and D 437 donor hydrogen

bonds. Moreover, there are other CH- π interactions, which are be-

tween the quinoline parent ring and the bases DT 8, DA 13, DC 12

and DG 9, severally. Through the above, these molecular docking

analyses find the most potent 2XCT inhibitors mechanism or mode

for the prevention and treatment of infections caused by S. aureus

( Table 3 ). 

We also analyzed the anticancer activity and docked to simulate

its mechanism of action. The target of its action is topoisomerase I,

so the proteins we downloaded from the PDB database were pro-

cessed after docking (PDBID: 1TL8). The docking found that the

compounds with alkyl substituents were very close to the dock-

ing position and direction. In order to facilitate the explanation of

the effect of the action force, we selected series 1 (compounds 1b -

1e ) for comparison and explanation ( Fig. 9 , Table 4 ). Compound 1b

showed pleasant docking parameters, with a docking binding en-

ergy of −10.2 Kcal mol −1 , the highest in this series, which also

masterly proved that the introduction of the quaternary ammo-

nium salt iodomethyl side chain greatly improves the anticancer

activity of the compound. There are multiple π- π stacking interac-

tions between the pyridine ring of the compound and the base DT
05, between TPC 11 and the quinoline ring in the parent ring, and

etween the parent benzene ring and the base DA 113. At the same

ime, there are five ionic Pi bonds of the compound with amino

cid Q 633, amino acid H 632, amino acid R 488, amino acid R 364

nd amino acid K 532, respectively. In addition, there are some hy-

rophobic effects, for example, the N-benzyl substituent and the

mino acid I 535 are tightly connected by the hydrophobic bond.

hese forces are the main representative forces of molecular sim-

lation in this series. In contrast, compound 1d with odd carbon

umber has almost the same spatial arrangement and spatial force

s compound 1b with affinity at −9.7 Kcal mol −1 . In addition to

he lack of I535 hydrophobic bond, the simulation results are al-

ost identical, which may be one of the reasons why its biological

ctivity is slightly lower than that of 1b (stronger than other in

eries 1). The affinity of compound 1e with odd alkyl substituent

hain is - 9.6 Kcal mol −1 , which is almost weaker than that of

ompound 1c ( −9.8 Kcal mol −1 ). However, it was found that there

s a reasonable hydrogen bond between TPC 11 and carbonyl oxy-

en except for some necessary π- π stacks. Finally, we analyzed the

inding mode of compound 1c and find that it was quite different

n this group. First, its spatial distribution is very different from

ther similar compounds, and the amino acid distribution around

t is also scarcely visible to the naked eye. Secondly, the binding of

ompound 1c with 1Tl8 mainly depends on the π- π interactions

etween the pyridine and benzene ring of the parent core and TPC

1, between the base DT 10 and the pyridine ring, and between the

-benzyl substituent and the base DG 112, which seemed to be the

ame as the former compounds. However, the ion-Pi bonds that

lay the role of spatial positioning were very rare, only of com-
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Fig. 9. The 3D binding mode of derivatives 1 b-e in the binding site of Human topoisomerase I (PDB ID: 1TL8). (a) Docking of compound 1b ; (b) Docking compound 1c ; (c) 

Docking of compound 1d ; (d) Docking of compound 1e . ([H] Hydrogen Bonds are shown in pink and the yellow represents [ π ] π- π accumulation. Green and gray represent 

Ion-Pi interaction and Hydrophobic bonds involved in amino acid bonding, respectively). 

Fig. 10. The 3D binding mode of derivatives 4d in the binding site of Human topoisomerase I (PDB ID: 1TL8). ([H] Hydrogen Bonds are shown in pink and the yellow 

represents [ π ] π- π accumulation. CH-Pi interaction involved in amino acid bonding is colored by marine). 
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ound with amino acid K 532 and amino acid K 425 have cation-Pi

ction, respectively, which may also be the reason for their weak

ction. And may also be listed as the reason for its poor anticancer

ctivity to 1b in the aspect of molecular docking. 

According to the anticancer activity data, the activity of com-

ound 4d in the odd chain is the most prominent, so it is neces-

ary to carry out targeted analysis of the compound. The docking

f 4d displayed he binding affinity of −9.3 Kcal mol −1 ( Figs. 10 , 11 ).

n the binding site of the enzyme displayed mainly hydrogen bond

cceptor interactions through the oxygen of benzodioxoles with

PC 11, it also existed between the carbonyl oxygen and base DA

13, in addition between the oxygen of arylamine and amino acid
esidue K 425, and hydrogen bond donor interaction between the

 at the 4-position and base DG 112. The compound also displayed

- π interactions of arylamine-substituted group with DG 112, and

H- π interactions of arylamine-substituted group and base DA 113.

t also displayed other hydrophobic and cation interactions. Ac-

ording to the above analysis, even if the activities of the odd

r even alkyl side chains were different, it is undoubted that the

ubstituted compounds have outstanding antitumor activity. The

nteractions and affinity scores of the compounds suggest that the

arget compounds can served as an antitumor drug against cancer

ells. 
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Fig. 11. Orthogonal views in two-dimensional spatial structure of 1Tl8–4d fusion protein. The active site of compound 4d (lightblue, sticks) in DNA of protein. Molecular 

figures generated with Pymol 1.5.6 shown in publication type. 
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6. Conclusion 

A summary of the common substitutions of several quinolone

at the N-1 position was explored, and at the same time, the bi-

ological activity of the 20 compounds we synthesized with the

odd and even carbon numbers of the alkyl side chain of the

quaternary ammonium salt at the N-1 position were performed

to explore the structure-activity relationship. The present study

describes the design and bioactivities of twenty new quinoline

derivatives as promising antimicrobial and antitumor agents based

on DNA gyrase and DNA Topo I. Among the synthesized deriva-

tives, twelve compounds ( 1b, 1e, 2b, 2e, 3b, 3d, 3e, 4a, 4b, 4c,

4d , and 4e ) showed promising antibacterial activities against tested

E. coli and S. aureus bacterial strains more potent than amoxicillin

and ciprofloxacin as reference. In the results of anticancer activ-

ity, compound 4d showed very high antitumor activity, no matter

in A549, SCG-7901, or HeLa cell line and become the most ideal

dual active product. SAR study pointed out the importance of the

4-position substituted with hydrophobic phenyl rings and the N-1

position substituted with iodized salt to the antibacterial potency.

Besides, the substitution of alkyl side chains with improved wa-

ter solubility is a necessary condition for obtaining the best an-

tibacterial and anticancer activity. In actual experiments, the cLog

P value emphasizes its effect on the increase in the antibacterial

activity of the quaternized ammonium products. In addition, dock-

ing study that substitution with odd carbon chain are essential for

optimal antibacterial activities than even carbon chain ( 1c, 2c, 3c )

and also discern the possible mechanism for their antibacterial po-

tency. It revealed strong binding interactions in DNA gyrase active

site on odd carbon chain and weak binding on even carbon chain.

Anticancer activity docking in DNA Top I also revealed the possi-

ble mechanism of odd and even alkyl side chain activity, showing

a clear difference in action. The study of N-1 substitution could lay

a foundation for the follow-up study. 
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