
Vol.:(0123456789)1 3

https://doi.org/10.1007/s11224-022-01878-3

ORIGINAL RESEARCH

Multi‑targeted molecular docking, drug‑likeness and ADMET studies 
of derivatives of few quinoline‑ and acridine‑based FDA‑approved 
drugs for anti‑breast cancer activity

Lai Cong Sing1 · Anitha Roy2 · Lok Yong Hui1 · Chan Sook Mun1 · Harish Rajak3 · Rohini Karunakaran4,5 · 
Veerasamy Ravichandran1,5,6 

Received: 15 November 2021 / Accepted: 6 January 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Quinoline- and acridine-based drugs are widely used as anti-breast cancer agents. These drugs act through various mecha-
nisms of action; for example, neratinib acts on epidermal growth factor receptor 1 (EGFR) and human epidermal receptor type 
2 (HER2) enzymes, whereas amsacrine and pyrazoloacridine act on topoisomerase II enzymes. The objective of the present 
study was to explore and compare the interaction mechanism of knowledge-based designed derivatives of FDA-approved 
quinoline- and acridine-based drugs. The above-stated cancer proteins were collected from PDB, prepared by correcting 
any broken chains, removing water and adding charges. Docking studies were performed in the PyRx docking tool, and 
Discovery Studio Visualizer was used to visualize the molecular interactions. The result obtained found that neratinib had a 
better binding affinity towards EGFR and HER2 but weaker binding affinity towards topoisomerase IIα and topoisomerase 
IIβ. On the other hand, amsacrine and pyrazoloacridine were found to have better binding scores in topoisomerase IIα and 
topoisomerase IIβ instead of EGFR and HER2, as already proved experimentally. All the designed molecules have shown 
better binding affinity to their favourable enzymes and other enzymes involved in breast cancer development. The outcome 
reveals that the designed quinoline- and acridine-based drugs derivatives could be examined as a potent inhibitory drug of 
breast cancer for their strong multi-targeted inhibition ability and reactivity. Further synthesis, in vitro and in vivo investiga-
tions of designed derivatives may be done to prove their therapeutic potential in breast cancer treatment.
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Introduction

Cancer is commonly depicted as a chronic abnormal cell 
disorder in which the ab-normal cell is growing uncon-
trollably. With its unrestricted cell proliferation, it can be 
invasive, metastatic and continuously spread to different 
parts of our body and affect the organs' functions. Breast 
cancer is one of the most aggressive malignant tumours 
in women. The statistic obtained in GLOBACAN 2020 
found that breast cancer represents 1 in the four cancers 
diagnosed in women globally [1].

As males and females have identical breast tissues, 
breast cancer also occurs in males. According to research 
done by Siegel et  al. (2020), the estimated number of 
breast cancer new cases in the year 2020 of the USA is 
279,100 people (2620 male and 276480 female) [2]. About 
15% of the total cancer deaths of women were due to breast 
cancer, which was around 630 thousand women around the 
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world each year [3]. According to the American Cancer 
Society, in the USA, one out of eight women is diagnosed 
with breast cancer in their lifetime. The American Cancer 
Society Cancer Action network states that black women 
are 40% more likely to die from breast cancer than white 
women. Every 13 min. a woman loses her life due to breast 
cancer [4]. It has been estimated that the worldwide inci-
dence of women breast cancer will reach around 3.2 mil-
lion new cases annually in 2050 [5]. Thus, it is essential 
to find effective preventive and treatment measures as the 
number showed the huge magnitude of breast cancer inci-
dence. Although advances in technology in health care 
and medical sciences made early detection of the disease 
possible, treatment can be started as soon as diagnosed. 
However, there are many unanswered questions regarding 
the molecular mechanisms that underline certain forms of 
this cancer [6].

The epidermal growth factor receptor (EGFR) family 
contains transmembrane tyrosine kinases: HER1, HER2, 
HER3 and HER4 (also known as ERBB1, ERBB2, ERBB3 
and ERBB4, respectively). EGFR overexpression is widely 
observed in breast cancer. EGFR overexpression deter-
mines abnormal regulation of the cells natural function 
(e.g. cell proliferation, differentiation and survival). Over-
expression of EGFR causes strong stimulation of down-
stream signalling pathways responsible for inducing cell 
growth, cell differentiation, cell motility, apoptosis and 
cell cycle progression [7]. Thus, EGFR inhibition is a 
rational approach for developing anti-breast cancer thera-
pies [8].

DNA encodes important genetic information, and it 
plays an important role in maintaining cellular function 
such as replication, encoding information, gene expres-
sion, recombination and mutation. Therefore, topological 
properties of DNA, such as under-winding and overwind-
ing, tangling, knotting, are essential as the topological 
properties influence major nucleic processes [9]. DNA 
topoisomerase is an enzyme that alters the topological 
properties of the DNA By formation of transient single-
stranded (topoisomerase I) or double-stranded (topoi-
somerase II); topoisomerase releases the helical tension 
from the unwinding of DNA helix because of replication 
and transcription of DNA.

In human cells, there are a total of six genes encoding six 
topoisomerases (topoisomerase I, mitochondrial topoisomer-
ase I, topoisomerase IIα, topoisomerase IIβ, topoisomerase 
IIIα and topoisomerase IIIβ). In this research study, we 
only focus on topoisomerase II as the target binding pro-
tein. There are two forms of topoisomerase II: topoisomer-
ase IIα and topoisomerase IIβ. Topoisomerase IIα acts as 
a biomarker for cell proliferation as it is overexpressed in 
proliferating cells, whereas topoisomerase IIβ is evenly dis-
tributed in all cells. Topoisomerase IIα and topoisomerase 

IIβ are 70% identical in amino acid sequences. However, 
they are encoded in humans by genes on different chro-
mosomes. Topoisomerase IIα and topoisomerase IIβ are 
encoded by genes on chromosomes 17 and 3, respectively 
[10]. The topoisomerase II activity recognises and binds 
the first double-stranded DNA chain (G-segment) on the 
DNA gate and then the second double-stranded DNA chain 
(T-segment) at the N-terminal domain through ATPase 
domain dimerization. A covalent complex formed between 
DNA and topoisomerase II after the cleavage of G-segment. 
After that, T-segment will pass through the transient break 
of the G-segment, mediated through ATP hydrolysis. Then, 
relegation of G-segment occurs, the C-gate and N-gate open, 
and G-segment and T-segment are released [11]. As topoi-
somerase II activities are heavily related to the topological 
changes in DNA, which affects the process of cell prolif-
eration, the inhibition of topoisomerase II has become an 
effective strategy in breast cancer therapy, especially topoi-
somerase IIα inhibition as topoisomerase IIα overexpression 
contributes to cancer cell proliferation [12]. Hence, EGFR, 
HER2 and topoisomerase II were selected for the present in 
silico study than other enzymes and receptors responsible 
for breast cancer.

Quinoline- and acridine-based drugs are widely used 
in the pharmaceutical field. The prominent ones include 
antiviral (e.g. saquinavir), antibacterial (e.g. gatifloxacin, 
sparfloxacin, fluoroquinolones, ciprofloxacin), anthelmin-
tic (e.g. oxamniquine), antifungal-antiprotozoal (e.g. clio-
quinol), anti-malarial (e.g. quinidine, quinine, chloroquine, 
mefloquine, primaquine, amodiaquine, etc.), antituberculo-
sis (e.g. ciprofloxacin, moxifloxacin), local anaesthetic (e.g. 
dibucaine), antiasthmatic (e.g. montelukast) and antipsy-
chotic (e.g. brexpiprazole aripiprazole) [13]. Examples 
of quinoline drugs used in cancer treatment are neratinib, 
pelitinib, dovitinib, tipifamib, quarfloxin and roquinimex, 
and acridine drugs are amsacrine and pyrazoloacridine. The 
main hypothesis of the present work was that the designed 
quinolone- and acridine-based drugs derivative could have 
same drug-likeness properties as selected drugs and have 
better molecular interaction with multiple binding sites in 
breast cancer than the known drugs used in the present study.

Although many drug discoveries to combat breast cancer 
have been done [9, 14–28], there is no direct treatment or 
drug that is fully effective or completely cure all types of 
breast cancer [3]. Many studies have been done on quino-
line derivatives in treating breast cancer. The ideal drugs 
for anti-cancer are that they can act on most of the enzymes 
involved in breast cancer development. Unfortunately, until 
today, there are no anti-cancer agents that meet this crite-
rion. To improve the therapeutic potential and expand the 
scope of drugs, one of the methods used is to design new 
derivatives from already approved drugs by modifying struc-
tural features. This prompted us to carry out the present 
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multi-targeted molecular docking study on quinolone- and 
acridine-based drugs derivatives against different enzymes 
involved in breast cancer development and predicted molec-
ular interactions. The outcome of the present study reveals 
that the modified drug structures possess better binding effi-
cacy towards the target than their parent compounds. Pre-
dicted ADMET studies of all these compounds indicate lipo-
philic, low gastrointestine absorbable and no blood–brain 
barrier permeable properties.

Materials and Methods

The structure of chemical compounds (NRT, AMS and 
PZA) was collected from the online database Pubchem, 
and 3D structures of breast cancer enzymes (EGFR, 
HER2, topoisomerase IIα and topoisomerase IIβ) were 
collected from Protein Data Bank. The modelling soft-
ware such as Chem Office-16 (http://​www.​cambr​idges​oft.​
com/​Ensem​ble_​for_​Chemi​stry/​detai​ls/​Defau​lt.​aspx?​fid=​
16), Discovery Studio Visualizer 3.0 (https:// discover.3ds.
com/discovery-studio-visualizer-download), Swiss Protein 
Data Base Viewer (https://​spdbv.​vital-​it.​ch/), Open Babel 
(http://​openb​abel.​org/​wiki/​Main_​Page), PyRx (https://​
pyrx.​sourc​eforge.​io/), and AutoDock Vina (http://​vina.​
scrip​ps.​edu/) was used in the present study. Online tools 
such as Swiss ADME (http://​www.​swiss​adme.​ch/) and 
ProTox-II (https://​tox-​new.​chari​te.​de/​protox_​II/​index.​php?​
site=​compo​und_​search_​simil​arity) were also used.

Preparation of Ligands

The structure of the NRT, AMS and PZA was downloaded 
from PubChem, and designed derivatives (NRT1, AMS1 
and PZA1) (Fig. 1) were drawn using the Chem Draw tool 
of Chem Office-16 and then saved as either a .sdf or .mol 
file for further use. Then, the structures were checked for 
ADMET and Lipinski rule of five by using online tools 
SwissADME and ProTox-II.

Preparation of Proteins

The crystallographic structure of enzymes of breast can-
cer, which were EGFR (Fig. 2A), HER2 (Fig. 2B), topoi-
somerase IIα (Fig. 2C) and topoisomerase IIβ (Fig. 2D), 
was downloaded from Protein Data Bank (PDB) and 
checked for any broken chain or any other missed atoms 
or chain in the structure using Swiss Protein Data Base 
Viewer and corrected. The information about the enzyme's 
active site was retrieved from PDB, gathered from related 
published articles, or found out by using Discovery 

Studio Visualizer. Then, water and other heteroatoms were 
removed from the structure of the protein, and the protein 
structures were saved in PDB format [29].

Docking Studies

The compounds and protein/enzyme structures were 
uploaded in the docking tool PyRx. The selected chemi-
cal compounds were imported into Open Babel within the 
Python Prescription Virtual Screening Tool (PyRx) and 
subjected to energy minimization. The energy minimiza-
tion was performed with the Universal Force Field (UFF) 
using the conjugate gradient algorithm. The total number 
of steps was set to 200, and the number of steps for update 
set to 1. In addition, the minimization was set to stop at an 
energy difference of less than 0.1 kcal/mol. After energy 
minimization, both chemical compounds and protein/
enzyme structure were saved as ‘.pdbqt’ format using the 
Open Babel tool in PyRx. When the compounds converted 
to ‘.pdbqt' format in Open Babel within PyRx, the charges 
can be automatically added to generate ligand atomic coor-
dinates for docking. PyRx is using PyBabel charges, by 
default. Then, the active binding site grid box was gener-
ated for the enzymes by using PyRx [29]. The docking 
simulation was run at an exhaustiveness of 8 and set to 
only output the lowest 9 energy poses. The conformational 
search algorithm used in PyRx is Lamarckian genetic algo-
rithm. The docking output files were analysed for the inter-
actions between the chemical compounds with the amino 
acid of protein using Discovery Studio Visualizer [30]. 
First, the validation and evaluation of the docking pro-
tocol were performed by re-docking the ligand extracted 
from the crystallographic structure of the protein using the 
PyRx tool. The root means square deviation (RMSD) for 
the extracted ligand conformations was below 2 Å when 
compared to the crystallographic form of the ligand [31].

After docking, the docking or binding score was saved in 
‘.csv’ format. Autodock Vina was used to separating com-
plex conformers into an individual one. Then, the docking 
output files were analysed by Discovery Studio Visualizer 
to find the interactions between the chemical compounds 
with an amino acid of the protein. The best conformer was 
selected based on the docking score and better non-covalent 
hydrogen bond interaction. The pictures of the docking pose 
and interactions were collected and saved [30].

Results and Discussion

The present research work evaluated the known quinoline 
and acridine drugs, and their designed derivatives for drug-
likeness and ADME (absorption, distribution, metabolism 
and excretion) analysis through the SwissADME online 

651Structural Chemistry (2022) 33:649–669

http://www.cambridgesoft.com/Ensemble_for_Chemistry/details/Default.aspx?fid=16
http://www.cambridgesoft.com/Ensemble_for_Chemistry/details/Default.aspx?fid=16
http://www.cambridgesoft.com/Ensemble_for_Chemistry/details/Default.aspx?fid=16
https://spdbv.vital-it.ch/
http://openbabel.org/wiki/Main_Page
https://pyrx.sourceforge.io/
https://pyrx.sourceforge.io/
http://vina.scripps.edu/
http://vina.scripps.edu/
http://www.swissadme.ch/
https://tox-new.charite.de/protox_II/index.php?site=compound_search_similarity
https://tox-new.charite.de/protox_II/index.php?site=compound_search_similarity


1 3

Fig. 1   Structure of A) neratinib (NRT), B) amsacrine (AMS), C) pyrazoloacridine (PZA), D) NRT1, E) AMS1, F) PZA1
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tool and toxicity prediction by ProTox-II. The results are 
shown in Table 1. The drug-likeness and ADMET of known 
drugs were calculated for comparison. From Table 1, it is 
seen that all designed derivatives were found to have suit-
able ADMET values compared to known drugs and fulfilled 
the drug-likeness properties, except both NRT and NRT1 
with a molecular weight of >500 g/mol, and NRT, AMS, 
NRT1 and AMS1 have logP value of >5.0. The predicted 
molecular weight of AMS1 is 96 g/mol more than AMS. 
The number of rotatable bonds in PZA1 is just half of the 
number of rotatable bonds present in PZA. The topological 
polar surface area values are less than 130. There are not 
many changes in other drug-likeness properties of the known 
drugs and their designed derivatives. All the compounds 
showed no blood brain barrier permeant property with good 

bioavailability score of 0.55. Except AMS1, all other com-
pounds showed immunotoxicity in online tool prediction. 
Predicted LD50 of AMS1 and PZA1 is better than their par-
ent drug. The computation prediction of drug-likeness and 
ADMET properties indicated that the designed derivatives 
could behave as drug with tolerable pharmacokinetic proper-
ties, even though both known and designed derivatives were 
showing some violation.

Then, docking studies were carried out on known  
quinolone-based drug neratinib (NRT), and acridine-based  
drugs amsacrine (AMS) and pyrazoloacridine (PZA) and 
their derivatives (Fig. 1) to understand their interaction with 
breast cancer proteins (Fig. 2). The coordinate and distance 
of the x, y and z axes of the grid boxes of each protein mol-
ecule are shown in Table 2, which were determined with 

Fig. 2   Structure of breast cancer proteins A) EGFR (PDB ID: 1M17); B) HER2 (PDB ID: 3RCD); C) topoisomerase IIα (PDB ID: 4FM9); D) 
topoisomerase IIβ (PDB ID: 4G0V)

Table 1   Drug-likeness, pharmacokinetics and ADMET properties of known quinoline- and acridine-based drugs and their derivatives

Known quinolone-based drugs: NRT, AMS, PZA, designed quinolone- and acridine-based compounds: NRT1, AMS1, PZA1

Properties Neratinib
(NRT)

Amsacrine
(AMS)

Pyrazoloacridine
(PZA)

NRT1 AMS1 PZA1

Molecular Weight (g/mol) 557.05 393.46 367.40 578.11 489.57 374.35
logP 5.59 5.40 3.64 5.70 5.74 4.28
Hydrogen bond acceptor 2 2 1 3 1 2
Hydrogen bond donor 7 4 5 7 3 5
Rotatable bond 12 5 6 12 5 3
Topological Polar surface area (A) 237.57 88.70 91.90 119.74 55.63 108.89
GI absorption Low High High Low Low High
BBB permeant No No No No No No
Bioavailability Score 0.55 0.55 0.55 0.55 0.55 0.55
Hepatotoxicity Inactive Active Inactive Inactive Active Active
Carcinogenicity Inactive Active Active Inactive Active Active
Immunotoxicity Active Active Active Active Inactive Active
Cytotoxicity Inactive Inactive Inactive Inactive Inactive Inactive
Predicted LD50 (mg/kg) 4000 53 580 1000 1400 1400
Predicted Toxicity class 5 3 4 4 4 4
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the help of a Discovery Studio Visualizer, and the same val-
ues were used for the docking of the designed compounds. 
Table 3 shows the binding affinity of the known quinoline 
base drugs and designed quinoline base compounds with the 
targets. Table 4 shows the interacted amino acids of breast 
cancer proteins with the known and designed quinoline 
base compounds. Table 5 shows the donors and acceptors 
of compounds and amino acids involved in the formation of 
hydrogen bond. In majority of the C-H bond interaction, the 
“carbon” comes from the drug molecule.

NRT, AMS and PZA showed the binding score of 
-7.7 kcal/mol, -6.9 kcal/mol and -6.4 kcal/mol, respec-
tively, against EGFR. Among all these three ligands, 
NRT showed the highest affinity towards EGFR than 
the other two ligands. Figure 3A–C shows the interac-
tions between NRT and EGFR. NRT formed a strong 
conventional hydrogen bond with Leu694 (1.85Å), one 

weak carbon-hydrogen bond with Val693 (3.72Å), alkyl 
interaction with Cys773 (3.97Å) and Arg817 (4.21Å), 
and a pi-alkyl interaction with Phe699 (3.93Å) of EGFR. 
AMS formed conventional hydrogen bonds with Lys721 
(2.01Å) and Asn818 (2.37Å), pi-anion interaction with 
Asp831 (3.21Å) and pi-alkyl interaction with Cys773 
(4.35Å and 4.93Å) and Arg817 (4.49Å and 4.52Å) of 
EGFR. Figure 3D–F shows the interactions between AMS 
and EGFR. PZA formed carbon-hydrogen bonds with 
Asn818 (3.73Å) and Asp831 (3.33Å), pi-anion interac-
tion with Asp831 (3.95Å and 4.46Å) and a pi-sulphur 
interaction with Cys773 (5.66Å). Three hydrophobic pi-pi 
interactions at Phe699 with 4.33Å, 4,47Å and 5.64Å, 
and a pi-alkyl interaction with Arg817 (4.26Å) were also 
observed. The interaction of PZA and EGFR is shown in 
Fig. 3G–I.

NRT, AMS and PZA showed the binding score of -7.8 
kcal/mol, -6.8 kcal/mol and -6.6 kcal/mol, respectively, 
against HER2. From here, it is obvious that NRT had the 
highest affinity among the three ligands binding to HER2. 
NRT formed a conventional hydrogen bond with Cys805 
with 2.16Å, carbon-hydrogen bond with Arg849 (3.78Å), 
alkyl interactions with Cys805 and Arg849 (4.49Å and 
4.53Å, respectively), pi-alkyl interactions with Val734 
(4.58Å), Cys805 (4.74Å), Ala751 (4.79Å), Arg849 
(4.97Å), Phe731 (5.14Å) and Leu852 (5.32Å). The inter-
action of NRT and HER2 is shown in Fig. 4A–C. The 
interactions of AMS and HER2 are shown in Fig. 4D–F. 
AMS formed conventional hydrogen bonds with Lys753 
(2.57Å, 2.78Å) and Arg849 (2.72Å). It also formed pi-
anion and pi-sigma interaction with Asp863 with 3.35Å 
and 3.93Å, respectively. AMS had alkyl interaction with 
HER2 at Val734 (4.91Å) and pi-alkyl hydro-phobic inter-
action with Lys753 (3.99Å, 4.08Å, and 5.15Å), Leu796 
(5.23Å), Val734 (4.89Å) and Ala751 (5.22Å). PZA formed 
strong hydrogen bonds with HER2 at Cys805 and Asp863, 
with distances of 2.42Å and 2.61Å, respectively. PZA also 
formed carbon-hydrogen bonds with Leu796 (3.66Å) and 
Gly732 (3.76Å). Besides, it formed pi-sigma interactions 
with Val734 at 3.80Å, and alkyl interaction with Lys753 
(4.24Å) and Leu796 (4.71Å). PZA also formed pi-alkyl 
interactions with Val 734 (4.44Å and 5.13Å), Ala751 

Table 2   Coordinate of the x, y and z centres of grid boxes of breast 
cancer proteins with dimensions

Protein molecule x- centres
(dimension)

y-centres
(dimension)

z-centre
(dimension)

EGFR 22.08
(25 Å)

0.26
(25 Å)

52.77
(25 Å)

HER2 –12.42
(25 Å)

–13.83
(25 Å)

–23.29
(25 Å)

Topoisomerase IIα 17.59
(25 Å)

39.24
(25 Å)

25.29
(25 Å)

Topoisomerase IIβ 23.84
(25 Å)

116.03
(25 Å)

37.64
(25 Å)

Table 3   Binding affinity (kcal/mol) of quinolone- and acridine-based 
drugs and designed derivatives with protein targets of breast cancer

S. No Drugs and 
their designed 
derivatives

Binding affinity (kcal/mol)

EGFR HER2 Topoisomerase 
IIα

Topoisomerase 
IIβ

1 NRT –7.7 –7.8 –6.9 –6.4
2 AMS –6.9 –6.8 –7.9 –7.2
3 PZA –6.4 –6.6 –7.1 –7.0
4 NRT1 –8.3 –8.0 –7.9 –7.8
5 AMS1 –9.5 –9.4 –10.1 –9.9
6 PZA1 –7.1 –7.9 –7.9 –7.7
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(4.91Å) and Cys805 (5.08Å). Figure 4G–I shows the inter-
actions between PZA and HER2.

For the binding to topoisomerase IIα, the greatest bind-
ing affinity was observed in AMS (binding score: –7.9 kcal/
mol), followed by PZA (binding score: –7.1 kcal/mol) and 
lastly NRT (binding score: –6.9 kcal/mol). Figure 5A–C 
shows the interactions between NRT and topoisomerase 
IIα. NRT formed strong hydrogen bonding with Glu712 
(2.50Å) and Asp683 (2.43Å) and weak carbon-hydrogen 
bonding with Ser709 (2.94Å) and Asp832 (3.44Å). NRT 
also formed alkyl interaction with amino acid Leu685 
(3.88Å) and Leu705 (4.78Å), and pi-alkyl interactions 
with Pro593 (4.69Å) and Leu705 (4.61Å) of topoisomerase 

IIα protein. AMS formed predominant hydrogen bonding 
with Lys614 and Glu682 with the distances of 2.96Å and 
2.11Å, respectively. It also interacted with the amino acid 
of Arg672 by pi-cation interaction (3.94Å), with Leu592 
(5.16Å), Pro593 (4.86Å, 5.14Å) by pi-alkyl interaction. 
Figure 5D–F shows the interactions between AMS and 
topoisomerase IIα. Compared to AMS and NRT, PZA had 
shown different types of interaction with topoisomerase 
IIα. PZA. formed a strong hydrogen bond with Gln544 
(2.24Å), weak carbon-hydrogen bonds with Arg713 
(3.58Å), Lsy614 (3.35Å, 3.78Å) and Asp545 (3.62Å), 
and a pi-hydrogen bond with Gln544 (4.04Å). Figure 5G–I 
shows the interactions between PZA and topoisomerase 

Table 4   Amino acids of protein targets of breast cancer involved in interactions with quinolone- and acridine-based drugs and designed deriva-
tives

Enzymes NRT AMS PZA NRT1 AMS1 PZA1

Amino acids involved in the interaction
EGFR
Hydrogen bond/
C-H bond

Val693, Leu694 Lys721, Asn818 Asp831, Asn818 Phe699, Glu738,
Cys773, Asp776,
Asp813, Lys851

Ala698, Asn818 Lys721

Hydrophobic Phe699, Cys773,
Arg817

Cys773, Arg817 Phe699, Arg817 Phe699, Cys773,
Lys851

Phe699, Ile735,
Cys773, Arg817

Phe699, Cys773

Others Asp831 Cys773, Asp831 Asp831 Lys721, Glu738,
Asp831

Arg817, Arg831

HER2
Hydrogen bond/
C-H bond

Cys805, Arg849 Lys753, Arg849 Gly732, Leu796,
Cys805, Asp863

Leu796, Arg849,
Thr862

Ala730 Cys805

Hydrophobic Phe731, Val734,
Ala751, Cys805,
Arg849, Leu852

Val734, Ala751,
Lys753, Leu796,
Asp863

Val734, Ala751,
Lys753, Leu796,
Cys805

Cys805, Arg849,
Val884, Pro885

Ala730, Phe731,
Val734, Ala751,
Lys753, Leu852,
Val884, Pro885

Phe731, Val734,
Ala751, Cys805,
Phe1004

Others Asp863 Asp863 Asp863
Topoisomerase IIα
Hydrogen bond/
C-H bond

Asp683, Ser709,
Glu712, Asp832

Lys614, Glu682 Gln544, Asp545,
Lys614, Arg713

Arg672, Glu682,
Ser709, Asp832

Gln544, Leu685,
Lys701, Glu712

Gln544, Lys614,
Ser709, Arg713

Hydrophobic Pro593, Leu685,
Leu705

Leu592, Pro593 Phe706, Arg713,
His758, His759

Leu592, Leu705 Pro593, Leu685,
Leu705

His758, His759

Others Arg672 Arg675, Glu682
Topoisomerase IIβ
Hydrogen bond/
C-H bond

Gly776 Lys505, Arg729 Asp561, Asp726,
Ser730, Gly741,
Gln742

Ser480, Glu477,
Asp557, Ala768,
His775, Gly776

Arg729 Ser730, Gly741,
Gln742, Ile872

Hydrophobic Arg729, Lys739,
Tyr773, Ala779

Arg729, Lys739,
Pro740, His775,
Ala779

Arg729 Ala768 Arg729, Lys739,
Pro740, Ala779,
Leu845

His775, Ala779,
Ile872

Others Arg561, Arg729 Arg729 Glu853, Lys744 Arg729

655Structural Chemistry (2022) 33:649–669



1 3

Table 5   Donor–acceptor pairs 
in hydrogen bond formation

Enzyme Compounds Type H-Donor H-Acceptor

EGFR NRT H-bond UNK1:NH Leu694:O
C-H bond UNK1:C Val693:O

AMS H-bond Lys721:N UNK1:O
UNK1:C Asn818:O

PZA C-H bond UNK1:C Asn818:O
UNK1:C Asp831:OD2

NRT1 H-bond UNK1:NH Asp813:O
UNK1:NH Lys851:O
UNK1:OH Cys773:O
UNK1:OH Asp776:O

C-H bond UNK1:C Phe699:O
UNK1:C Glu738:O

AMS1 H-bond UNK1:NH Ala698:O
UNK1:NH Asn818:O

PZA1 H-bond Lys721 UNK1:O
HER2 NRT H-bond Cys805:N UNK1:N

C-H bond Arg849:NE UNK1:O
AMS H-bond Lys753:N UNK1:O

ARG849:NE UNK1:O
PZA H-bond Cys805:N UNK1:O

UNK1:NH Asp863:OD2
C-H bond UNK1:C Leu796:O

UNK1:C Gly732:O
NRT1 H-bond UNK1:NH Arg849:O

C-H bond UNK1:C Leu796:O
UNK1:C Thr862:O

AMS1 pi-donor hydrogen bond UNK1 Ala730:O
PZA1 H-bond Cys805:N UNK1:O

Topoisomerase IIα NRT H-bond UNK1:NH Glu712:O
UNK1:NH Asp683:O

C-H bond UNK1:C Ser709:O
UNK1:C Asp832:O

AMS H-bond Lys614:N UNK1:O
UNK1:NH Glu682:O

PZA H-bond UNK1:NH Gln544:O
C-H bond Arg713:C UNK1:O

UNK1:C Lsy614:O
UNK1:C Asp545:O

pi-donor hydrogen bond UNK1 Gln544:O
NRT1 H-bond Ser709:N UNK1:O

Arg672:N UNK1:O
UNK1:OH Glu682:O
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IIα. PZA formed hydrophobic interaction with topoisomer-
ase IIα by forming pi–pi stack with His758 (5.18Å), and 
pi–pi T-shaped with His 759 (4.77Å, 4.98Å). Other than 
that, it also formed pi-alkyl with Phe706 (4.96Å) and 
Arg713 (5.27Å) of topoisomerase IIα.

Among the three drugs, AMS showed the highest binding 
affinity towards topoisomerase IIβ with a –7.2 kcal/mol bind-
ing score, followed by PZA with a slightly lower binding 
affinity with a –7.0 kcal/mol, and lastly, NRT with a binding 
score of –6.4 kcal/mol. NRT showed a prominent hydrogen 

bond interaction to topoisomerase IIβ at Gly776 (1.91Å), pi-
cation at Arg729 (4.89Å), pi-anion at Asp561 (3.72Å) and 
pi–pi T-shaped interaction at Tyr773 (5.75Å). Moreover, an 
alkyl interaction was observed at Lys739 (4.48Å), and pi-
alkyl interaction was observed at Arg729 and Ala779 with 
the distance of 5.11Å and 4.59Å, respectively. Figure 6A–C 
shows the interactions between NRT and topoisomerase 
IIβ. AMS formed a permanent hydrogen bond interaction at 
Lys505 (2.85Å). At Arg729, there were three different inter-
actions formed by AMS, which were permanent hydrogen 

Table 5   (continued) Enzyme Compounds Type H-Donor H-Acceptor

C-H bond UNK1:C Glu682:O
pi-donor hydrogen bond UNK1 Asp832:O

AMS1 H-bond UNK1:NH Lys701
UNK1:NH Glu712

pi-donor hydrogen bond UNK1 Gln544:O
UNK1 Leu685:O

PZA1 UNK1:NH Gln544:O
Lys614:N UNK1:O
Arg713:N UNK1:O

C-H bond Ser709:NE UNK1:O
Topoisomerase IIβ NRT H-bond Gly776:N UNK1:O

AMS H-bond Lys505:N UNK1:O
UNK1:NH Arg729:O

PZA H-bond Gln742:N UNK1:O
Gly741:N UNK1:O

C-H bond UNK1:C Asp726:O
pi-donor hydrogen bond UNK1 Ser730:O

NRT1 H-bond UNK1:NH Glu477:O
His775:N UNK1:N
Gly776:N UNK1:N
UNK1:OH Ala768:O

C-H bond UNK1:C Asp557:O
UNK1:C Glu477:O
Ser480:N UNK1:O

AMS1 H-bond UNK1:NH Arg729:O
PZA1 H-bond Gly741:N UNK1:O

Gln742 :N UNK1:O
Ile872:N UNK1:O

pi-donor hydrogen bond UNK1 Ser730:O
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Fig. 3   A, D, G) 3D interaction; B, E, H) docking pose of hydrogen bonding interaction; C, F, I) 2D interaction diagram of NRT, AMS and PZA 
with EGFR
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Fig. 4   A, D, G) 3D interaction; B, E, H) docking pose of hydrogen bonding interaction; C, F, I) 2D interaction diagram of NRT, AMS and PZA 
with HER2
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bonding, pi-cation and pi-sigma interaction at 2.85Å, 4.49Å 
and 3.56Å, respectively. Pi–pi T-shaped interaction was 
also observed at His775 (4.95Å), and pi-alkyl interactions 
were observed at Arg729(4.83Å), Ala779 (4.58Å), Pro740 
(5.30Å) and Lys739 (5.49Å). The interactions between 
A.M.S. and topoisomerase IIβ are shown in Fig. 6D–F. PZA 

formed permanent hydrogen bonding at Gly741 (2.58Å) and 
Gln742 (1.94Å), weak carbon-hydrogen bonding at Asp561 
(3.48Å) and Asp726 (3.68Å), and a pi-donor hydrogen inter-
action at Ser730 (2.43Å). Pi-alkyl were also observed at 
Arg729 (4.32Å, 4.71Å and 4.83Å). Figure 6G–I shows the 
interactions between PZA and topoisomerase IIβ.

Fig. 5   A, D, G) 3D interaction; B, E, H) docking pose of hydrogen bonding interaction; C, F, I) 2D interaction diagram of NRT, AMS and PZA 
with topoisomerase IIα
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Docking results of designed quinoline and acridine 
derivatives

The binding scores are shown in Table 3, and the amino 
acids that interacted with chemically designed quinoline 
derivatives are shown in Table 4.

AMS1 had shown the required lowest binding energy for 
binding to the EGFR target, with the binding score –9.5 kcal/
mol, followed by NRT1 with the binding score of –8.3 kal/

mol and lastly, PZA1 with the binding score of –7.1 kcal/
mol. Figure 7A–C shows the interactions between NRT1 and 
1M17. NRT1 formed strong hydrogen bonds with Asp776 
(2.49Å), Lys851 (2.63Å), Asp813 (2.83Å) and Cys773 
(2.96Å), weak car-bon-hydrogen bond with Glu738 (3.38Å) 
and Phe699 (3.51Å), pi-anion interactions with Asp831 
(3.78Å and 3.95Å), pi-sigma interaction and pi–pi stacked 
interaction with Phe699 (3.44Å, 5.43Å, respectively), alkyl 
interaction with Cys773 (5.11Å) and pi-alkyl interaction 

Fig. 6   A, D, G) 3D interaction; B, E, H) docking pose of hydrogen bonding interaction; C, F, I) 2D interaction diagram of NRT, AMS and PZA 
with topoisomerase IIβ
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with Lys851 (5.26Å). AMS1 formed strong hydrogen bonds 
with Ala698 (2.43Å) and Asn818 (2.49Å), pi-cation interac-
tion with Lys721 (4.57Å), pi-anion interactions with Asp831 
(3.36Å) and Glu738 (3.76Å), pi–pi stacked interaction with 
Phe699 (5.15Å) and pi-alkyl interaction with Cys773 (4.29Å 
and 4.54Å), Arg817 (4.47Å and 4.48Å) and Ile735 (5.34Å). 
Figure 7D–F shows the interactions between N.R.T. and 
EGFR. PZA1 formed a conventional hydrogen bond with 

Lys721 (2.19Å), pi-cation interaction with Arg817 (3.93Å), 
pi-anion with Asp831 (3.42Å and 3.86Å), pi–pi stacked 
interaction with Phe699 (3.99Å, 4.30Å, 5.02Å and 5.23Å) 
and alkyl interaction with Cys773 (4.54Å). The interaction 
between PZA1 and EGFR is shown in Fig. 7G–I.

The three designed drugs NRT1, AMS1 and PZA1 
showed a binding score of -8.0 kcal/mol, -9.4 kcal/mol 
and -7.9 kcal/mol, respectively, binding towards HER2. 

Fig. 7   A, D, G) 3D interaction; B, E, H) docking pose of hydrogen bonding interaction; C, F, I) 2D interaction diagram of NRT1, AMS1 and 
PZA1 with EGFR
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Figure 8A–C shows the interactions between NRT1 and 
HER2. NRT1 formed a conventional hydrogen bond with 
Arg849 (2.17Å), carbon-hydrogen bond with Thr862 
(3.35Å) and Leu796 (3.51Å), pi-anion interaction with 
Asp863 (4.53Å), alkyl interactions with Pro885 (5.25Å) 
and Val884 (5.43Å) and pi-alkyl interactions with Cys805 
(4.51Å) and Arg849 (4.96Å). Figure  8D–F shows the 
interactions between AMS1 and HER2. AMS1 formed a 
pi-donor hydrogen bond interaction with Ala730 (2.81Å), 
pi-anion interactions with Asp863 (3.36Å, 4.47Å), and a 

pi-sigma interaction with Val734 (3.67Å). AMS1 also had 
pi–pi T-shaped interaction with Phe731 (4.86Å and 5.13), 
alkyl interactions with Ala751 (4.36Å) and Leu852 (4.63Å) 
and pi-alkyl hydrophobic interactions with Ala730 (4.12Å 
and 5.30Å), Lys753 (4.21Å), Val884 (4.93Å and 5.03Å) 
and Pro885 (5.04Å). Figure 8G–I shows the interactions 
between PZA1 and HER2. PZA1 formed conventional 
hydrogen bonds with Cys805 (1.83Å and 2.86Å), pi-sigma 
interactions with Cys805 (3.85Å) and Val734 (4.00Å), and 
pi–pi stacked interaction with Phe1004 (5.51Å). Other than 

Fig. 8   A, D, G) 3D interaction; B, E, H) docking pose of hydrogen bonding interaction; C, F, I) 2D interaction diagram of NRT1, AMS1 and 
PZA1 with HER2

663Structural Chemistry (2022) 33:649–669



1 3

that, PZA1 also formed pi-alkyl interactions with Ala751 
(4.51Å), Cys805 (4.53Å and 5.39Å) and Phe731 (5.27Å).

In the binding interaction with topoisomerase IIα, 
AMS1 showed the highest binding affinity, with a –10.1 
kcal/mol binding score. The binding score for both 
NRT1 and PZA1 was the same, which was –7.9 kcal/
mol. Figure 9A–C shows the interactions be-tween NRT1 

and topoisomerase IIα. NRT1 formed strong hydrogen 
bonds with Glu682 (1.94Å), Ser709 (3.02Å) and Arg672 
(3.26Å). It also formed a weak carbon-hydrogen bond 
with Glu682 (3.76Å). Other than that, it formed a pi-donor 
hydrogen bond with Asp832 (3.99Å), a pi-sigma interac-
tion with Leu592 (3.86Å) and an alkyl interaction with 
Leu705 (4.34Å). AMS1 formed strong hydrogen bonds 

Fig. 9   A, D, G) 3D interaction; B, E, H) docking pose of hydrogen bonding interaction; C, F, I) 2D interaction diagram of NRT1, AMS1 and 
PZA1 with topoisomerase IIα
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with Glu712 (2.52Å) and Lys701 (2.56Å). AMSA1 also 
formed a pi-cation interaction with Arg675 (4.28Å) and 
a pi-anion interaction with Glu682 (3.70Å). However, 
it formed pi-donor hydrogen bonds with Gln544 and 
Leu685 (3.70Å and 3.72 Å, respectively), pi-sigma inter-
actions with Leu705 (3.34Å, 3.40Å, 3.59Å and 3.63Å), 
and pi-alkyl interactions with Leu705 (4.67Å), Leu685 
(5.12Å) and Pro593 (5.16Å and 5.17Å). Figure 9D–F 
shows the interactions between AMS1 and topoisomerase 
IIα. PZA1 formed strong hydrogen bonds with Gln544 
(2.51Å), Arg713 (2.94Å) and Lys614 (3.09Å), and weak 
carbon-hydrogen bonds with Ser709 (3.20Å) and Arg713 
(3.48Å). It also formed pi–pi T-shaped interactions with 
His759 (5.04Å) and a pi-alkyl inter-action with His758 
(4.42Å). Figure 9–I shows the interactions between PZA1 
and topoisomerase IIα.

The binding affinity to topoisomerase IIβ was found to 
be highest for AMS1 (binding score: –9.9 kcal/mol), and 
NRT1 and PZA1 showed roughly the same binding score, 
which was –7.8 kcal/mol and –7.7 kcal/mol, respectively. 
NRT1 formed conventional hydrogen bonds with Ala768 
(2.00Å), Glu477 (2.12Å), His775 (2.18Å) and Gly776 
(2.79Å) and car-bon-hydrogen bonds with Glu477 (3.53Å), 
Ser480 (3.57Å) and Asp557 (3.78Å). It also formed alkyl 
interaction with Ala768 (4.89Å). Figure 10A–C shows the 
interactions between NRT1 and topoisomerase IIβ. AMS1 
showed a conventional hydrogen bonding with Arg729 
(3.06Å). It also formed pi-cation interaction with Lys744 
(2.68Å) and pi-anion interactions with Glu853 (4.29Å and 
4.30Å). Other than that, AMS1 also formed a pi-sigma 
interaction with Arg729 (3.71Å), an alkyl interaction with 
Lys739 (4.40Å), and pi-alkyl interactions with Ala779 
(4.06Å), Pro740 (4.46Å), Arg729 (4.81Å), Pro740 (4.93Å) 
and Leu845 (5.28Å). Figure 10D–F shows the interactions 
between AMS1 and topoisomerase IIβ. Figure 10G–I shows 
the interactions between PZA1 and topoisomerase IIβ. PZA1 
formed strong hydrogen bonds with Gly741, Gln742 and 
Ile872 (2.38Å, 2.47Å and 2.78Å, respectively), a pi-cation 
interaction with Arg729 (4.37Å), a pi-donor hydrogen bond 
with Ser730 (2.68Å), a pi–pi T-shaped interaction with 
His775 (4.99Å), an alkyl interaction with Ile872 (4.10Å) 
and pi-alkyl interactions with Ala779 (4.75Å).

NRT is a pan-Her inhibitor, which irreversibly binds to 
tyrosine kinase of HER family protein and forms a covalent 
complex, which suppresses the tyrosine kinase activity of 
EGFR and HER2. NRT competes with high concentrations 
of cellular ATP [32]. This results in a decrease in phos-
phorylation activation of the downstream signalling path-
way, which eventually inhibits tumour cell proliferation and 
decreases the survival of the cells [33]. A higher dose of 
NRT could lead to cell apoptosis [32]. NRT is an oral tyros-
ine kinase inhibitor. NRT interacted with Cys773 in EGFR 
and Cys805 in HER2 at the cleft of the ATP binding site 

of the kinase domain of HER family, causing NRT to be 
highly specific in selective binding both EGFR and HER2 
[33]. This can be observed in this molecular docking study 
as NRT showed higher binding efficacy in EGER and HER2, 
with binding score –7.7 kcal/mol and –7.8 kcal/mol, respec-
tively, while lower binding affinity in topoisomerase IIα and 
topoisomerase IIβ, with binding score -6.9 kcal/mol and -6.4 
kcal/mol, respectively.

In the designed molecule NRT1, NRT was designed to 
bind to tyrosine kinase with a higher affinity to prevent 
receptor phosphorylation and give a stronger cell prolif-
eration inhibition effect. Both the interaction of NRT on 
Cys773of EGFR and Cys805 of HER2 was retained. In 
EGER, NRT reacts with Cys773 by alkyl interaction with 
3.97Å. After modification to NRT1 molecules, NRT1 
reacted with Cys773 with alkyl interaction (5.11Å) and 
strong hydrogen bonding (2.94Å) at the hydroxyl group 
added after drug designation, which led to higher specificity 
of this drug towards EGFR. The hydroxyl group added after 
the drug was designed also formed a strong hydrogen bond 
with Asp776 (2.49Å). Overall, NRT1 formed more hydro-
gen bonding (six hydrogen bonds) than NRT (two hydrogen 
bonds) and more hydrophobic interaction towards EGFR 
leading to improvement of binding score form –7.7 kcal/
mol (NRT) to –8.3 kcal/mol (NRT1). In HER2, NRT reacts 
with Cys805 through hydrogen bond (2.16Å), alkyl interac-
tion (4.49Å) and pi-alkyl interaction (4.74Å) with a binding 
score of –7.8 kcal/mol. Besides at reaction at Cys805, NRT 
mostly forms hydrophobic interaction with HER2 like pi-
alkyl bonds. After modification of the drug, NRT1 formed 
a slightly higher binding score, –8.0 kcal/mol. The number 
of hydrogen bonds increased from two to three after struc-
ture modification. The appearance of pi-anion interaction 
with Asp863 and different hydrophobic interactions between 
NRT1 and HER2 were observed, which led to an increase in 
binding affinity. However, the reaction of NRT1 on Cys805 
was lesser than that of NRT as there is only a pi-alkyl inter-
action (4.51Å) observed. This shows that NRT1 is not that 
high selectively binding to HER2 after modification.

In interaction with topoisomerase IIα (PDB ID: 4FM9), 
NRT formed a hydrogen bond and hydrophobic interaction 
(alkyl and pi-alkyl), giving a binding score of -6.9 kcal/
mol. After drug structure modification, the bonding affin-
ity increased to –7.9 kcal/mol. The improvement of bind-
ing affinity may be due to an increase of hydrogen bonding 
interaction as an additional pi-donor hydrogen bond was 
observed after drug modification,

whereas in topoisomerase IIβ, the binding score of 
NRT improved from –6.4 kcal/mol to –7.8 kcal/mol after 
drug structure modification. NRT interacted with topoi-
somerase IIβ with hydrogen bonds, electrostatic interac-
tions (pi-cation, pi-anion) and hydrophobic interaction 
(pi–pi T-shaped, alkyl and pi-alkyl). The binding score 
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improved after structure modification as the number of 
hydrogen bonds interacting between NRT1 and topoi-
somerase IIβ increased. The number of hydrogen bonds 
formed by NRT was only one, a conventional hydrogen 
bond at Gly776 (1.91Å). After structure modification, 
the number of hydrogen bonds increased to seven which 
were four conventional hydrogen bonds at His775 (2.18Å), 
Gly776 (2.79 Å), Glu477 (2.12 Å) and Ala768 (2.00 Å) 

and carbon-hydrogen bonds at Ser480 (3.57 Å), Glu477 
(3.53 Å) and Asp557 (3.78Å).

AMS is demonstrated to function as a topoisomerase II 
poison. It is used as anti-cancer chemotherapy combined with 
other drugs [34]. AMS binds to DNA through intercalation; 
besides interacting with DNA, it also targets and inhibits 
topoisomerase II. The cytotoxic effect is the highest in the 
S phase of the cell cycle topoisomerase II level are at the 

Fig. 10   A, D, G) 3D interaction; B, E, H) docking pose of hydrogen bonding interaction; C, F, I) 2D interaction diagram of NRT1, AMS1 and 
PZA1 with topoisomerase IIβ
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maximum. AMS is widely used in treating refractory acute 
Hodgkin’s and non-Hodgkin’s lymphomas as well as lympho-
cytic and non-lymphocytic leukaemia. AMS is also used as 
a treatment option in other type of cancer, including breast 
cancer. From the chemistry point of view, AMS consists of 
two moieties; the lower part containing the quinoline group 
is responsible for DNA intercalation. In contrast, the upper 
part with the 4’-aminomethanesulfonmanisidide head group 
is responsible for topoisomerase II inhibitor [34]. The head 
group involves the poisoning effect via ligand–protein inter-
action, and it should be effective in forming topoisomerase 
II-DNA complex without the lower part intercalating body 
[35]. As the targeted protein in this research focuses on the 
HER family and topoisomerase II, the drug modification of 
AMS was done only on the head group without changing the 
lower part structure. AMS was effective in topoisomerase IIα 
and topoisomerase IIβ, with a binding score of –7.9 kcal/mol 
and –7.2 kcal/mol, respectively. Compared to topoisomerase 
II, the binding to EGFR and HER2 was seemed to be low 
effective, with the binding score of –6.9 kcal/mol and –6.8 
kcal/mol, respectively.

AMS interacted with topoisomerase IIα with various 
bonding including hydrogen bonds, electrostatic interac-
tions (pi-cation) and hydrophobic interaction (pi-sigma and 
pi-alkyl), giving a binding score of –7.9 kcal/mol. After drug 
modification, the binding score increased to –10.1 kcal/mol. 
Although the number of hydrogen bonds formed of AMS1 
with topoisomerase IIα and AMS with topoisomerase IIα 
is the same, the hydrophobic interaction is more significant 
in AMS1, and pi-anion interaction, pi-hydrogen bonds that 
were not obtained in AMS were observed in AMS1. AMS 
interacted with topoisomerase IIβ with hydrogen bonding, 
electrostatic interaction (pi-cation), hydrophobic interaction 
(pi-sigma, pi–pi T-shaped and pi-alkyl) and other interaction 
such as pi-lone pair interaction. In AMS1, additional pi-
anion interactions, pi–pi stacked interactions and alkyl inter-
actions were observed. Thus, the binding score increased 
from –7.2 kcal/mol to –9.9 kcal/mol.

In EGER (PDB ID: 1M17), AMS showed a binding score 
of –6.9 kcal/mol; the binding score increased to –9.5 kcal/
mol after structure modification. Both AMS and AMS1 
showed pi-alkyl binding to Cys773, with distances 4.34Å, 
4.93Å and 4.29Å, 4.54Å, respectively. Hydrogen bond-
ing, electrostatic interaction (pi-anion) and hydrophobic 
interaction (pi-alkyl) were observed in AMS interaction 
with EGFR, and additional pi-cation interactions and pi–pi 
stacked interactions were observed in AMS1, whereas in 
HER2 (PDB ID: 3RCD), AMS showed the least binding 
affinity, with a –6.8 kcal/mol binding score. The binding 
score increased to –9.4 kcal/mol after structure modifi-
cation. Both AMS and AMS1 did not show any binding 
towards Cys805. AMS interacts with HER2 with hydrogen 

bonding, electrostatic interaction (pi-anion) and hydropho-
bic interaction (pi-sigma, alkyl and pi-alkyl). After structure 
modification, AMS1 showed weaker hydrogen bonding but 
higher electrostatic interaction (pi-anion), and hydrophobic 
interaction (pi-sigma, alkyl, and pi-alkyl) and additional 
pi–pi T-shaped interaction towards HER2. Like AMS, PZA 
anti-cancer properties are due to its action on DNA inter-
calation and topoisomerase enzymes. In preclinical data, 
PZA showed an advantage as it had a cyto-toxic effect on 
non-cycling cells. Most importantly, it overcame multi-drug 
resistance in a broad spectrum of human tumour cell lines, 
including breast cancer tumour cells [36]. However, dock-
ing studies on PZA are still minimal as PZA is still under 
clinical trial for its anti-cancer efficacy and safety. Thus, 
the binding affinity of PZA on each targeted enzyme was 
studied, and the drug's structure was modified to increase the 
binding affinity. PZA formed hydrogen bonds and hydropho-
bic bonds (pi–pi staked, pi–pi T-shaped and pi-alkyl) when 
binding to topoisomerase IIα with a binding score of –7.1 
kcal/mol. After structure modification, PZA1 produced had 
a more excellent binding score of –7.9 kcal/mol. Although 
the hydrophobic interaction decreases after drug structure 
modification, the modified drug's binding affinity was due 
to the decreasing bond length and an increasing number of 
strong hydrogen bonds formed between the drug and topoi-
somerase IIα. This can be seen as a new strong hydrogen 
bond formed at Lys614 with the hydroxyl group of the modi-
fied drug, which was previously observed as a weak carbon-
hydrogen bond in PZA.

In the interaction between PZA and topoisomerase IIβ, 
only a few types of bonding were observed: hydrogen bonds 
and hydrophobic bonds (pi-alkyl), giving a binding score of 
–7.0 kcal/mol. After drug structure modification, a greater 
binding score was obtained, –7.7 kcal/mol. After drug struc-
ture modification, PZA1 showed a variety of interactions on 
topoisomerase IIβ, including hydrogen bond interactions, 
hydrophobic interaction (pi-alkyl) and additional pi-donor 
hydrogen bonding, electrostatic interaction (pi-cation, pi-
anion) and hydrophobic interaction (pi-sigma, alkyl, pi–pi 
T-shaped). The binding of PZA on EGFR involved various 
bonding including hydrogen bonds, electrostatic interaction 
(pi-anion) and hydrophobic bonds (pi-sigma, pi–pi stacked 
and pi-alkyl), giving a binding score of –6.4 kcal/mol. The 
binding score increased to –7.1 kcal/mol after structural 
modification. In interaction with HER2, the binding score 
of PZA was –6.6 kcal/mol and increased to –7.3 kcal/mol 
after structural modification. Both PZA and PZA1 interacted 
with HER2 with various bonding, including hydrogen and 
hydrophobic bonds (pi-sigma and pi-alkyl). Alkyl interac-
tion was observed in P.Z.A. but absent after structure modi-
fication, whereas pi–pi stacked interaction was only pre-
sent after modifications. Looking into the interaction with 
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Cys805, P.Z.A. formed a hydrogen bond with 2.42Å and 
pi-alkyl interaction with 5.08Å. After drug modification, 
PZA1 formed two hydrogen bonds with 1.84Å and 2.87Å 
and pi-alkyl interaction with 4.53Å and 5.40Å, showing that 
PZA1 have a higher binding selectivity on HER2 after struc-
tural modification.

Conclusions

In this in silico study, the molecular interaction of neratinib, 
amsacrine and pyrazoloacridine with various breast cancer 
enzymes EGFR, HER2, topoisomerase IIα and topoisomer-
ase IIβ was studied. The result obtained found that neratinib 
had a better binding affinity towards EGFR and HER2 but 
weaker binding affinity towards topoisomerase IIα and β. On 
the other hand, amsacrine and pyrazoloacridine were found to 
have a better binding score in topoisomerase IIα and β instead 
of EGFR and HER2. Thus, all designed quinolone and acri-
dine derivatives showed improved binding affinity towards 
various targeted enzymes than the parent drugs. Moreover, all 
the designed derivatives also show drug-likeness, ADMET 
and pharmacokinetic properties as like neratinib, amsacrine 
and pyrazoloacridine. Designed derivative of AMS and PZA 
showed better predicted LD50 than the parent drugs. Hence, 
these compounds can be further optimized with molecu-
lar dynamic studies, will be synthesized and evaluated for 
in vitro and in vivo anti-breast cancer activity.
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