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Abstract

Cancer is a leading cause of death globally, claiming about 9.6 million lives
and approximately 420 million new cases of cancer will be diagnosed in the
world by the year 2025. The aim of this study was to synthesize and computa-
tionally evaluate pharmacological potential of some derivatives of 9-amino-3-
phenylacridone, as topoisomerase II (Topo II) inhibitors. In this study, 10 de-
rivatives of 3-phenyl-9-aminoacridone were chemically synthesized and
characterized, and the potential pharmacological indications of these com-
pounds were computationally predicted by methods such as ADMET predic-
tion, molecular target prediction and molecular docking. The results showed
that two derivatives (58e and 58j) were non-permeant of blood-brain barrier,
and this property was found similar to that of amsacrine and etoposide. The re-
sults of molecular docking of the ten derivatives of 3-phenyl-9-aminoacridone
that were synthesized in this work showed that the synthetic compounds
(58a-j) and the standard drugs have overall best binding affinities for human
acetylcholine esterase than butyrylcholinesterase, and overall best binding af-
finities for human topo IIa than human topo II3. Overall, the results of this
study suggest that the synthetic compounds 58a, 58c, 58f, 58g, and 58i could
probably inhibit topo Ila by catalytic inhibition as seen with amsacrine, but
only 58b and 58e possessed DNA non-intercalation properties as seen with
etoposide, serving as topo II poison. In conclusion, this study showed that
3-phenyl-9-aminoacridone derivatives are potential inhibitor of topo Ila/f
both by catalytic inhibition and poison as non-intercalator of DNA.
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1. Introduction

Cancer is a disorder that results from genetic or epigenetic alterations in the so-
matic cells and has abnormal cell growth which may be spread to other body
parts. They form a subset of neoplasm. The unregulated growth of cells in a
group is called neoplasm or tumor and they form a lump or mass and may be
distributed diffusely [1] [2]. Cancer is a leading cause of death globally (about
9.6 million deaths) and approximately 15 million new cancer cases will be diag-
nosed as the world population reached 7.5 billion by 2020 [3], and about 420
million new cases of cancer by 2025 [2]. Cancer cells utilize multiple strategies
such as high glycolytic flux, redox signalling and modulation of autophagy to
avoid cell death and overcome nutritional deficiency [4].

Topoisomerase (Topo) is an established target for anticancer drugs and is
known to be responsible for regulating the topological constraints in DNA. Topo
IT inhibitors are classically divided into catalytic inhibitors and Topo II poisons,
according to their mechanism of action. According to Okoro and Fatoki [5],
topo II catalytic inhibitors destroy cancer cells through the inhibitions of Topo II
enzymatic activities, thus preventing the formation of topo II-DNA complex
without increasing DNA cleavage, via the mechanisms of action that include in-
terfering with DNA binding, inhibiting cleavage of the DNA molecule, ATP hy-
drolysis, and binding to the ATP binding site, whereas Topo II poisons destroy
cancer cells by increasing the amount of covalent Topo II-DNA complexes and
preventing the religation of the cleaved DNA strands, thus forming unwanted
double strand breaks that are toxic to the cells, and, subsequently, leading to
apoptosis.

Most of the first-line agents for treating cancer are Topo II poisons, such as
etoposide (non-intercalator), doxorubicin, and m-amsacrine (intercalator), but
due to side effects, such as risk of cardiotoxicity and secondary malignancies,
that are often encountered during the use of DNA poisonous drugs, research is
now shifting towards the discovery of Topo II catalytic inhibitors, which have
good pharmacokinetics profiles [5].

In silico approaches that involve virtual high-throughput screening (VHTS),
three-dimensional quantitative structure activity and relationship (3D-QSAR),
molecular docking, and ADME/Tox prediction have been applied to study po-
tential inhibitors of Topo Ila [6] [7]. The present study builds on the previous
report from our lab on some acridone derivatives [8]. The aim of this study was
to synthesize and computationally evaluate pharmacological potential of some

derivatives of 9-amino-3-phenylacridone, as topoisomerase II inhibitors.
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2. Materials and Methods
2.1. Organic Synthesis

General procedure for the synthesis 9-aminoacridone derivatives con-
taining 3-Phenyl group synthesis (58a-58;j)

STEP I:. 5-substituted-1,3-cyclohexanedione (1.5 mmol) and 2-amino-4,5-
substituted-benzonitrile (1.5 mmol) were suspended in a diluted aqueous solu-
tion of hydrochloric acid (60 mmol, 50 - 60 ml) at 80°C - 90°C. At the end of the
reaction (progress monitored by TLC), the reaction mixture was cooled, filtered,
and washed thoroughly with water.

STEP II: To a round-bottomed flask containing 10 ml of tetrahydrofuran
(THF), cuprous chloride (0.0165 g, 0.167 mmol) and potassium carbonate (0.046
g, 0.333 mmol), 5-substituted enaminone (1 mmol) wad added and the reaction
mixture was refluxed for the indicated time (~6 h) (monitored by TLC). The hot
mixture was filtered into hexane, wherein precipitate separated and filtered off
to get moderate to good yield acridone derivatives with 3-phenyl and 9-amino
groups (Figure 1).

9-amino-7-chloro-3-phenyl-3,4-dihydroacridin-1(2H)-one (58a) Light Yel-
low solid, mp = 250°C - 252°C. IR (neat) 3311, 3169, 2959, 1609, 828 cm™; 'H
NMR (DMSO) 2.0 - 2.2 (m, 2H), 2.4 - 2.8 (m, 2H), 3.0 - 3.5 (m, 2H), 7.0 - 7.5
(d, 5H), 7.5 - 8.0 (d, 2H), 8.5 - 8.7 (d, 2H), 10 (br, s, 1H). '*C (400 MHz, DMSO)
0 200.43, 163.60, 154.29, 144.09, 132.66, 130.97, 129.37, 129.01, 127.32, 123.21,
119.9, 105.72, 46.54, 41.66, 40.62, 40.20, 39.78, 38.58.

9-amino-7-bromo-3-phenyl-3,4-dihydroacridin-1(2H)-one (58b) Light
Yellow solid, mp = 257°C - 259°C. IR (neat) 3334, 3175, 2950, 1640, 829 cm™}; 'H
NMR (DMSO) 2.0 - 2.2 (m, 2H), 2.4 - 2.8 (m, 2H), 3.0 - 3.5 (m, 2H), 7.0 - 7.5
(d, 5H), 7.5 - 8.0 (d, 2H), 8.5 - 8.7 (d, 2H) 10 (br, s, 1H). *C (400 MHz, DMSO)
4 200.54, 163.81, 154.23, 146.96, 143.87, 135.46, 130.79, 129.06, 127.31, 127.13,

NC Ry
+ :©/ HCI 60 mmol \Q
R1 HoN 2-3h,90°C
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Figure 1. Synthesis of 3-phenyl-9-aminoacridone derivatives.
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126.20, 119.93, 117.79, 105. 71, 36.41, 41.38, 40.24, 39.82, 39.20, 38.50.
9-amino-7-fluoro-3-phenyl-3,4-dihydroacridin-1(2H)-one (58c) Light Yel-
low solid, mp = 280°C - 281°C. IR (neat) 3318, 3162, 2953, 1619, 841 cm-1; 'H
NMR (DMSO) 62.0 - 2.2 (m, 1H), 2.4 - 2.8 (m, 2H), 3.0 - 3.3 (m, 3H), 7.0 - 7.5
(d, 6H), 7.5 - 8.0 (d, 2H), 8.0 - 8.5 (d, 2H), 10 (br, s, 1H). *C (400 MHz, DMSO)
4 200.51, 162.50, 145.47, 144.08, 131.39, 129.02, 127.32, 127.06, 121.56, 108.31,
108.08, 105.35, 46.55, 41.50, 40.51, 40.30, 39.67, 39.46, 38.63.
9-amino-7-chloro-3-(4-methoxyphenyl)-3,4-dihydroacridin-1(2H)-one
(584) Light Yellow solid, mp = 259°C - 260°C. IR (neat) 3306, 3168, 2996, 1609,
830 cm™; 'H NMR (DMSO) 62.0 - 2.2 (m, 1H), 2.5 - 3.0 (m, 1H), 3.0 - 3.5 (m, 5H),
3.6 - 3.8 (4H), 6.8 - 7.5 (d, 4H), 7.5 - 8.0 (d, 2H), 8.3 - 8.6 (d, 2H), 10 (br, s, 1H). *C
(400 MHz, DMSO) ¢ 200, 163.68, 158.39, 154.26, 136.05, 132.62, 130.96, 129.34,
128.28, 123.19, 119.48, 114.38, 105.74, 55.50, 46.83, 41.93, 40.43, 39.59, 37.78.
9-amino-7-chloro-3-(3,4-dimethoxyphenyl)-3,4-dihydroacridin-1(2H)-one
(58e) Light Yellow solid, mp = 255°C - 257°C. IR (neat) 3324, 3171, 2943, 1608,
831 cm™; 'H NMR (DMSO) 62.0 - 2.2 (1H), 2.5 - 2.8 (m, 1H), 2.8 - 3.3 (m, 3H),
3.3 - 3.6 (m, 1H), 3.6- 3.8 (7H), 6.7 - 7.3 (d, 2H), 7.5 - 7.8 (d, 2H), 8.3 - 8.7 (d,
2H), 10 (br, s, 1H). *C (400 MHz, DMSO) 4 163.73, 111.55, 56.01, 40.64, 40.43,
40.02, 39.81, 39.60, 39.39.
9-amino-7-chloro-3-(4-chlorophenyl)-3,4-dihydroacridin-1(2H)-one (58f)
Light Yellow solid, mp = 284°C - 285°C. IR (neat) 3312, 3168, 2875, 1609, 828
cm™l; 'H NMR (DMSO) 62.0 - 2.2 (m, 2H), 2.4 - 2.8 (m, 2H), 3.0 - 3.4 (m, 1H),
7.6 - 7.8 (d, 6H), 8.5 - 8.6 (d, 2H), 10 (br, s, 1H). *C (400 MHz, DMSO) §200.17,
163.40, 154.31, 147.00, 143.05, 132.72, 131.62, 130.92, 129.45, 129.30, 128.98,
123.18, 105.68, 46.28, 41.36, 40.35, 40.14, 39.93, 39.51, 39.30, 37.97.
9-amino-7-chloro-3-(4-fluorophenyl)-3,4-dihydroacridin-1(2H)-one (58g)
Light Yellow solid, mp = 300°C - 301°C. IR (neat) 3311, 3168, 2960, 1608, 828
cm™; 'TH NMR (DMSO) §2.0 - 2.2 (m, 1H), 2.6 - 3.0 (m, 1H), 3.0 - 3.3 (m, 5), 7.0
- 7.3 (d, 4H), 7.5 - 7.8 (d, 4H), 8.5 - 8.7 (d, 4H), 10 (br, s, 1H). *C (400 MHz,
DMSO) 4 200.30, 163.50, 154.31, 147.01, 140.25, 132.70,130.92, 129.43, 129.43,
129.24, 129.17, 123.18, 119.47, 115.78, 115.57, 105.68, 46.57, 41.65, 40.56, 40.14,
39.51, 37.86.
9-amino-7-bromo-3-(4-chlorophenyl)-3,4-dihydroacridin-1(2H)-one (58h)
Yellow solid, mp = 281°C - 282°C. IR (neat) 3350, 3176, 2952, 1603, 828 cm™}; 'H
NMR (DMSO) §2.0 - 2.5 (m, 7H), 2.5 - 3.4 (m, 4H), 6.8 - 7.8 (d, 4H), 7.5 - 8.0
(8H), 8.4 - 8.7 (d, 2H), 10 (br, s, 1H). *C (400 MHz, DMSQO) 6 200.15, 163.50,
154.22, 147.21, 143.04, 135.3, 131.62, 131.05, 129.30, 129.20, 128.58, 126.33,
120.02, 117.69, 46.27, 41.39, 40.55, 40.13, 39.92, 39.51, 39.30, 37.95.
9-amino-3-(4-chlorophenyl)-7-fluoro-3,4-dihydroacridin-1(2H)-one (58i)
Yellow solid, mp = 298°C - 299°C. IR (neat) 3294, 3152, 2953, 1620, 829 cm™}; 'H
NMR (DMSO) 62.0 - 2.3 (1H), 2.6 - 3.3 (m, 4H), 7.2 - 7.8 (7H), 8.0 - 8.6 (d, 2H),
10 (br, s, 1H). *C (400 MHz, DMSO) & 200.20, 162.26, 160.49, 154.59, 145.50,
143.10, 131.61, 131.43, 129.30, 128.93, 121.81, 121.56, 119.02, 108.35, 108.12,
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105.31, 46.33, 41.31, 40.15, 39.94, 39.52, 38.04.

9-amino-7-chloro-3-(4-hydroxyphenyl)-3,4-dihydroacridin-1(2H)-one (58;j)
Light Yellow solid, mp = 299°C - 300°C. IR (neat) 3201, 1613, 827 cm™}; 'H
NMR (DMSO) 2.0 - 2.3 (1H), 2.3 - 2.7 (m, 1H), 6.3 - 6.8 (d, 2H), 7.0 - 7.3 (d,
2H), 7.5 - 7.8 (2H), 8.3 - 8.6 (d, 2H), 10 (br, s, 1H). *C (400 MHz, DMSO) &
195.66, 162.65, 162.08, 160.24, 140.97, 140.20, 135.01, 133.78, 130.73, 129.38,
129.30, 129.04, 115.92, 115.76, 115.55, 110.61, 100.05, 44.41, 40.56, 40.35, 39.93,
39.72, 38.92, 35.68.

5.9 Procedure for dealkylation of 5-(4-methoxyphenyl)cyclohexane-1,3-dione
(X) by BBr3 for the synthesis of 9-amino-7-chloro-3-(4-hydroxyphenyl)-
3,4-dihydroacridin-1(2H)-one 58j

The treatment of X with BBr;for 4 h at r.t. in 0.4 M dry methylenechloride
under the condition of X: BBr3 = 1:0.7 mol/mol gave the optimal yield of

153

5-(4-hydroxyphenyl)cyclohexane-1,3-dione Y. Y became a lead compound for
the synthesis of 58j following Shutskee’s method.

IR (neat) 3201, 1613, 1498, 827 cm™’; '"H NMR (DMSO) §2.2 - 2.6 (d, 3H), 2.6
-2.8(d, 1H), 3.0 - 3.5 (d, 1H), 5.2 - 5.4 (br, s, 1H), 6.5 - 6.9 (dd, 1H), 7.0 - 7.3
(dd, 1H). C (400 MHz, DMSO) 6 156.37, 134.25, 128.23, 115.60, 103.96, 40.54,

40.33, 40.13, 39.71, 39.50, 39.29, 38.46.

2.2. Computational Studies

2.2.1. Ligand Preparation

The structures of 10 synthetic compounds (ligands) were designed using ACD-
Labs/ChemSketch software, and saved as SMILES formats. Also, 2 standard
compounds (etoposide and amsacrine) were included in this study.

2.2.2. In Silico Pharmacokinetics

The SMILES of each of the ligands were used for in silico ADME (absorption,
distribution, metabolism, and excretion) screening on SwissADME server [9],
which was performed at default parameters. Also, the ADMET (Absorption,
Distribution, Metabolism, Excretion, and Toxicity) studies were calculated using

the pkCSM server (http://biosig.unimelb.edu.au/pkcsm/, [10]).

2.2.3. In-Silico Target Prediction
Ligands SMILES were used for target prediction on STITCH webserver v5.0

(http://www.stitch.embl.de/) [11], where Homo sapiens was designated as target

organism.

2.2.4. Molecular Docking Studies

The molecular docking studies were carried out according to the method of Fa-
toki et al [12]. Briefly, human topoisomerases II (Topo Ila and Topo IIf), hu-
man acetylcholinesterase and human butyrylcholinesterase were obtained from

the http://www.rcsb.org/pdb with PDB ID: 1zxm and 3qx3, as well as human

acetylcholinesterase and butyrylcholinesterase with PDB ID: 1b41 and 6qac re-
spectively. The ligand structures were subjected to 3D structure optimization
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using ACDLab/Chemsketch software, and were saved in.mol format. PyMol
software was used for ligand file conversion from.mol to.pdb and for the prepa-
ration of protein chain A with removal of water and existing ligands. Both ligand
and protein were prepared for docking using AutoDock Tools (ADT) v1.5.6 [13]
at default settings, and the output file was saved in pdbqt format. Docking pa-
rameters used were: center grid box (39.930 x 2.419 x 25.562 points), size (110 x
114 x 126 points), and spacing (0.575 A) for human Topo Ila (PDB ID: 1ZXM);
center grid box (27.870 x 114.839 x 68.155 points), size (116 x 126 x 90 points),
and spacing (0.775 A) for human Topo 118 (PDB ID: 3QX3); center grid box
(16.751 x 31.857 x 38.786 points), size (126 x 126 x 126 points) and spacing
(0.514 A) for human butyrylcholinesterase (PDB ID: 6QAC); and center (116.412
x 104.282 x -142.677 points); size (126 x 126 x 126 points) and spacing (0.514
A) for human acetylcholinesterase (PDB ID: 1B41). Molecular docking program
AutoDock Vina v1.2.3 [14] [15] was employed for the docking experiment. After
docking, close interactions of binding of the target with the ligands were ana-
lyzed and visualized on ezLigPlot available in ezCADD server [16].

3. Results

The molecular weight of the ten derivatives of 3-phenyl-9-aminoacridone that
were synthesized in this work have molecular weights ranging from 306.33
g/mol (58¢c) to 382.84 g/mol (58e); with melting points ranging between 250 C
(58a) to 301 (58g), as shown in Table 1. The structure of the ten derivatives of
3-phenyl-9-aminoacridone together with standard drugs, amsacrine and eto-
poside, are shown in Figure 2.

All the 10 derived compounds have moderate solubility, high gastrointestinal
absorption and inhibitory effect on cytochromes which are similar to that of

amsacrine. Two derivatives (58e and 58j) were predicted to be non-permeant of

Table 1. Physical and Chemical Properties of 58a-58j.

Molecular  Melting point

Entry Compounds R: R: Time (h) Weight ¢0)
1 58a Ph Cl 6 322.79 250 - 252
2 58b Ph Br 6 367.24 257 - 259
3 58¢c Ph F 6 306.33 280 - 281
4 58d 4-MeO-Ph Cl 6 352.81 259 - 260
5 58e 3,4-MeO-Ph  Cl 6 382.84 255 - 257
6 58f 4-Cl-Ph Cl 6 357.23 284 - 285
7 58g 4-F-Ph Cl 6 340.78 300 - 301
8 58h 4-Cl-Ph Br 6 401.68 281 - 282
9 58i 4-Cl-Ph F 6 340.78 298 - 299
10 58j 4-OH-Ph Cl 6 338.79 299 - 300
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Figure 2. Structure of the synthetic compounds 58a-58j and standard drugs (amsacrine and etoposide).

blood-brain barrier, and this property was found similar to that of amsacrine
and etoposide, as indicated in Table 2. Furthermore, ADMET results in Table 3
indicate that the intestinal absorption of compounds 58e was predicted to be
slightly higher than that of amsacrine and etoposide, and that all the synthetic
compounds have intestinal absorption that are much higher than that of eto-
poside. Also, all the synthetic compounds as well as amsacrine and etoposide
were predicted to be inhibitors of p-glycoprotein I and II. The results indicate
that compounds 58d-i have cytochrome P450 inhibitory profiles that are similar
to that of amsacrine. The toxicity results showed that only compound 58e has no
AMES toxicity potential, which is similar to that of etoposide, and that only eto-
poside was not a potential inhibitor of hERG II with no potential hepatotoxicity.
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Table 2. Predicted pharmacokinetics properties of selected ligands.

Predicted ADME Parameter from SWISSADME

SN Ligands
1 58a
2 58b
3 58¢
4 58d
5 58e
6 58f
7 58g
8 58h
9 58i
10 58j

11 Amsacrine 393.46

12 Etoposide 588.56 139.11 160.83

322.79

367.24

306.33

352.81

382.84

357.23

340.78

401.68

340.78

338.79

93.5

96.19

88.45

99.99

106.48

98.51

93.46

101.2

93.46

95.52

113.55

TPSA
(A?)

55.98

55.98

55.98

65.21

74.44

55.98

55.98

55.98

55.98

76.21

88.7

3.81

3.9

3.58

3.80

3.77

4.33

4.41

4.12

3.37

3.47

1.15

ESOL
Log S

-4.95

-5.26

—4.51

-5.01

-5.07

—-5.53

=5.1

-5.85

-5.1

-3.75

ESOL Class GIA

Moderately
soluble

A g
A g
M g
A
Moderately

soluble High

Moderately

soluble High

Moderately __
soluble High
Moderately

soluble High

Moderately

High
soluble '

Moderately __
soluble High

Soluble  Low

BBB

permeant

Yes

Yes

Yes

Yes

Yes

No

No

P-gp

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Log
Kp
(cm/s)

CYPs
Inhibitor

CYP1A2,
CYP2C19,
CYP2C9, CYP3A4

-5.27

CYP1A2,
CYP2C19,
CYP2C9, CYP3A4

-5.5

CYP1A2,
CYP2C19,
CYP3A4

-5.55

CYP1A2,
CYP2C19,
CYP2C9, CYP3A4

-5.48

CYP1A2,
CYP2C19,
CYP2C9, CYP3A4

—5.68

CYP1A2,
CYP2C19,
CYP2C9, CYP3A4

-5.04

CYP1A2,
CYP2C19,
CYP2C9, CYP3A4

-5.31

CYP1A2,
CYP2C19,
CYP2C9, CYP3A4

-5.26

CYP1A2,
CYP2C19,
CYP2C9, CYP3A4

-5.31

CYP1A2,
CYP2C19,
-5.63
CYP2C9, CYP2De6,
CYP3A4

CYP1A2,
CYP2C19,
-5.85
CYP2C9, CYP2De6,
CYP3A4

CYP2D6 -9.46

BS SA

0.55 3.07

0.55 3.09

0.55 3.07

0.55 3.14

0.55 3.35

0.55 3.09

0.55 3.08

0.55 3.09

0.55 3.08

0.55 3.05

0.55 2.94

0.17 6.27

Note: Physicochemical properties: Molecular weight (MW), Molar Refractivity (MR), Total polar surface area (TPSA). Lipo-
philicity: Consensus Log P. Water Solubility: ESOL Log S, ESOL Class. Pharmacokinetics: Gastrointestinal absorption (GIA),
Blood-brain barrier (BBB), P-glycoprotein (P-gp) substrate, Inhibition of Cytochrome P450 (CYPs) type CYP1A2, CYP2C109,
CYP2C9, CYP2D6, and CYP3A4, Skin permeation (Log Kp). Druglikeness: Bioavailability Score (BS), Medicinal Chemistry:
Synthetic accessibility (SA).
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Table 3. The ADMET profile of the selected lead compounds.

ADMET COMPOUNDS
Type Properties 58a 58b 58c 58d 58¢ 58f 58g 58h 58i 58j Amsc Etop
Water solubility
—4.358 —4.426 —4.179 —4.754 —5.034 —5.125 —4.855 —5.203 —4.669 —4.392 —4.889 —3.487
(log mol/L)
Caco-2 permeability
. 1.367 1.373 1335 1.150 1.193 1.253 1.372 1.251 1.371 0.593 0.579 0.403
(log Papp in 10 cm/s)
Intestinal absorption
(human) (% 94.024 93.957 94.926 92.892 95.07 91.044 91.946 90.977 92.036 89.82 94.938 75.614
Absorbed)
Absorption  Skin Permeability
-2.787 -2.786 -2.79 -2.817 -2.832 —-2.876 —2.883 —2.874 —2.807 —-2.917 -2.734 -2.735
(log Kp)
P-glycoprotein
No No No No No Yes Yes Yes Yes Yes Yes Yes
substrate
P-glycoprotein I
o0 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
inhibitor
P-glycoprotein II
e Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
inhibitor
VDss (human)
—-0.007 0.012 -0.157 0.032 0.038 0.170 0.012 0.189 0.092 -0.028 —0.987 —-0.218
(log L/kg)
Fraction unbound
0.028 0.025 0.042 0.052 0.061 0.046 0.066 0.043 0.079 0.078 0.120 0.038
(human)
Distribution
BBB permeability
—0.006 —0.007 —0.013 —-0.006 —0.423 0.122 0.115 0.120 0.154 -0.164 —0.096 —1.567
(log BB)
CNS permeability
—1.522 -1.499 —-1.676 —1.664 —1.871 —1.365 —1.519 —1.343 —1.546 —1.670 —2.200 —4.115
(log PS)
CYP2D6 substrate No No No No No No No No No No No No
CYP3A4 substrate No No No Yes Yes Yes Yes Yes Yes Yes Yes Yes
CYP1A2 inhibitor Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No
Metabolism CYP2C19 inhibitor Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No
CYP2C9 inhibitor Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No
CYP2D6 inhibitor No No No No No No No No No No No No
CYP3A4 inhibitor Yes Yes Yes Yes Yes Yes Yes Yes Yes No Yes No
Total Clearance
. 0.116 0.094 -0.042 0.141 0.276 —-0.017 —0.035 —0.039 —0.028 —0.004 0.246 —0.068
Excretion  (log ml/min/kg)
Renal OCT?2 substrate ~ No No No No No No No No No No No No
AMES toxicity Yes Yes Yes  Yes No Yes Yes Yes Yes Yes  Yes No
Toxicity Max. tolerated dose
(human) 0.254 0.254 0.236 -0.008 0.063 -0.011 —-0.039 -0.01 0.085 -0.093 0.266 0.171
(log mg/kg/day)
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Continued

hERG I inhibitor
hERG II inhibitor

Oral Rat Acute
Toxicity (LD50)
(mol/kg)

Oral Rat Chronic
Toxicity (LOAEL)
(log mg/kg_bw/day)

Hepatotoxicity
Skin Sensitisation

T. Pyriformis toxicity
(log ug/L)

Minnow toxicity
(log mM)

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No
2.743 2752 2.701 2.797 2.812 2948 2910 2955 2.777 2.879 1960 3.250
1.118 1.092 1.243 1.585 1.481 1.011 1.163 0.983 1.702 1.258 1.400 2.429
Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No

No No No No No No No No No No No No

0.393 0.392 0.395 0.424 0.388 0.513 0.563 0.512 0.427 0.479 0.287 0.285

0.207 0.061 0.541 -0.236 —1.443 0.064 0.397 -0.082 0.555 0.722 -0.078 2.217

Also, compound 58f-h was predicted to have highest 7. Pyriformis toxicity.

The protein targets of the ten derivatives of 3-phenyl-9-aminoacridone that
were synthesized in this work includes acetylcholinesterase (ACHE), butyrylcho-
linesterase (BCHE), carboxylesterase 4A/5A/1 (CES4A/CES5A/CES1), carboxyl
ester lipase (CEL), and neuroligin 1 (NLGN1). These targets did not match any
of targets of amsacrine and etoposide (Table 4).

The results of molecular docking of the ten derivatives of 3-phenyl-9-amino-
acridone that were synthesized in this work, showed that the synthetic com-
pounds (58a-j) and the standard drugs have overall best binding affinities for
human acetylcholine esterase than butyrylcholinesterase, and overall best bind-
ing affinities for human topo IIa than human topo IIf as shown in Table 5. The
docking pose of interaction of some of the compounds with the molecular tar-
gets are presented in Figure 3 and Figure 4, which indicated the involvement of

hydrogen bonding and pi-stacking in some of the ligand-protein complexes.

4. Discussion

Ten derivatives of 3-phenyl-9-aminoacridone were synthesized in this work. The
results of the ADMET in this study indicate that compounds 58a-j have profiles
that are nearly identical to that of amsacrine. The results of molecular target
prediction pointed the compounds 58a-j towards acetylcholinesterase (AChE),
butyrylcholinesterase, carboxyl ester lipase, and neuroligin 1 proteins.
Neuroligin 1 (NLGN1) encodes a trans-synaptic protein that acts as a postsy-
naptic adhesion molecule involved in the regulation of glutamatergic transmis-
sion. A study has shown that increased mRNA and protein levels of NLGN1 ex-
pression were associated with worse overall survival or recurrence-free survival

in colorectal cancer patients [17]. Moreover, it was found that Neuroligin 1
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Table 4. Predicted protein targets of the synthetic compounds and standard drugs.

% Probability of Predicted Targets

SN Ligands
A B C D E F G H I )] K L M N (6]
1 58a 86.9 793 56.1 56.1 56.1
2 58b 67.1 48.2
3 58¢c 82.5 659
4 58d 86.9 793 56.1 56.1 56.1
5 58e 86.9 793 56.1 56.1 56.1
6 58f 90.6 793 56.1 56.1 56.1
7 58¢g 869 793 561 561 56.1
8 58h 90.6 69.8 51.7 51.7 517
9 58i 90.6 69.8 51.7 51.7 517
10 58j 869 793 561 561 56.1
11 Amsacrine 994 992 938 881 800 739 700 700 70.0
12 Etoposide 43.4

Note: A: Acetylcholinesterase (ACHE). B: Butyrylcholinesterase (BCHE). C: Carboxylesterase 4A/5A/1 (CES4A/CES5A/CES1). D:
Carboxyl ester lipase (CEL) E: Neuroligin 1 (NLGN1) F: Topoisomerase (DNA) II beta (TOP2B). G: Topoisomerase (DNA) II alpha
(TOP2A). H: Tumor protein p53 (TP53). I: Potassium voltage-gated channel, subfamily H (eag-related), member 2 (KCNH?2). J: matrix
metallopeptidase 2 (MMP2). K: Topoisomerase (DNA) I (TOP1). L: B-cell CLL/lymphoma 2 (BCL2). M: Caspase 2, apoptosis-related

cysteine peptidase (CASP2). N: Werner syndrome, RecQ helicase-like (WRN). O: UDP-galactose-4-epimerase (GALE).

Table 5. Molecular docking parameters with binding free energy of the acridone compounds to topoisomerases.

SN COMPOUND Binding Affinity (kcal/mol)

(LIGANDS)
Human topoisomerase Ila Human topoisomerase =~ Human Human
(PDB ID: 1ZXM) g acetylcholinesterase butyrylcholinesterase
(PDB ID: 3QX3) (PDB ID: 1B41) (PDB ID: 6QAC)

1 58a =7.772 -8.140 -7.115 -8.933
H-Bond: Ser320 Interacting residues: Interacting residues: Interacting residues:
Interacting residues: Arg688, Arg692, Ser733, Ile471, Argd75, Tyr479, Trp82, Glylle, Glyll7,
Trp62, Tyr72, Arg241, Phel019 Asn490, Glu491, Ala497 Thr120, Ser198, Asn289,
Lys306, GIn310 His438, Gly439

2 58b -7.380 -7.016 -9.410 —-8.681
Interacting residues: Interacting residues: Interacting residues: Interacting residues:
Prolll, Lys233, Val236,  Pro802, Ile803, Gly804, Tyrl124, Trp286, Phe295, Glyl16, Gly117, Thr120,
Leu257, Asn258, Asn260 Vall1194 Phe338, Tyr341 Ser198, Asn289, His438,

Gly439
3 58¢ -7.160 —-8.432 -9.489 -7.530

Interacting residues:
Trp62, Tyr72, Ile311,
Ser312, Ser320

Interacting residues:
Arg688, Arg689, Arg743,
Phel019, Gly1023

Interacting residues:
Tyr124, Trp286, Phe295,
Phe338, Tyr341

Interacting residues:
Asn228, Pro230, Val233,
Pro303, Tyr396, Trp522
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Continued

4 58d -8.625 -7.321 -8.423 —8.744
H-Bond: Tyr64 H-Bond: GIn995 Interacting residues: H-Bond: Asn289
Interacting residues: Interacting residues: Tyr72, Tyr124, Trp286, Interacting residues:
Glu66, Asp232, Val236, Leu969, Met959, Lys992, Tyr337, Phe338, Tyr341 Asp70, Trp82, Thr120,
Val240 Lys1006 Asn289, Ala328, Trp430

5 58e -8.211 —-7.164 -8.928 -7.973
H-Bond: Tyr64 Interacting residues: Interacting residues: Interacting residues:
Interacting residues: Asn790, Pro802, Phe806, Tyrl24, Trp286, Phe295, Glu238, Asn241, Arg242,
Glu66, Val236, Val240, Vall194 Tyr337, Phe338, Tyr341 Tyr282, Thr284, Leu286,
Tyr244 Pro359, Asn397

6 58f -7.871 -7.105 -8.052 -8.731
Interacting residues: Interacting residues: Interacting residues: Interacting residues:
Trp62, Tyr72, Lys306, Ser725, Glu728, Arg729, Tyr72, Trp286, Phe338, Asn228, Asp304, Glu308,
GIn310, Arg241 Pro740, His774, His775  Tyr341 Pro401, Glu404, Lys408,

Trp522, Thr523

7 58g —8.843 —7.488 -9.498 -7.908
H-Bond: Tyr64 Interacting residues: Interacting residues: Interacting residues:
Interacting residues: Glu728, Pro740, Leu845, Tyrl24, Trp286, Tyr337, Arg242, Tyr282, Thr284,
Asp65, Glu66, Lys233, Glu855, Trp856, Phel019 Phe338, Tyr341 Leu286, Tyr396
Val236, Val240, Leu257

8 58h -8.482 -7.239 -9.128 -8.726
Interacting residues: Interacting residues: Interacting residues: Interacting residues:
Tyr64, Glu66, Val236, Ala663, Leu667, Asp676, Tyr124, Trp286, Leu289, Asn68, Trp82, Thrl20,
Tyr244, Leu257, Asn260, Trp680, Asn683 Phe397, Phe338, Tyr341 Asn289, Trp430, Tyr440,

Met437

9 58i —-7.431 -7.237 -9.358 -7.071
Interacting residues: Interacting residues: Interacting residues: Interacting residues:
GIn59, Met61, Tyr72, Pro958, Thr966, Leu969, Tyrl124, Trp286, Leu289, Tyr396, Trp522, Phe526
Tyr82, Ser320 GIn995, Ala999, Val1004 Tyr337, Phe338, Tyr341

10 58 -8.622 -7.148 -9.126 —-9.147
H-Bond: Tyr64 Interacting residues: Interacting residues: Interacting residues:
Interacting residues: Ala663, Leu667, Trp680, Tyr124, Trp286, Gln291, Trp82, Thr120, Pro285,
Asp65, Glu66, Val236, Asn683 Glu292, Phe338, Tyr341 Asn289, Ala328, His438
Val240, Tyr244

11  Amsacrine —-8.663 —7.546 -9.436 -9.936
Interacting residues: Interacting residues: Interacting residues: Interacting residues:
Met61, Trp62, Tyr72, Ser733, Pro740, Arg743, Tyr72, Tyr124, Trp286, Trp82, Thr120, Ala328,
Tyr82, Arg241, Asp245, Phel019 Leu289, Glu292, Val294,
Tyr274, Lys306, GIn310, Phe295, Arg296, Phe338,
Ile311, Ser320 Tyr341

12 Etoposide -8.342 -9.067 -9.571 -9.277

H-Bond: GIn310
Interacting residues:
Met61, Trp62, Phe308,
GIn310, Ser320, Lys321,
Gly322, Gly323, Val326

H-Bond: Asp1201
Interacting residues:
Asn790, Gln801, Pro802,
11e803, Gly804, GIn805,
Phe806, Thr808, Ser827,
Vall194, GIn1197

H-Bond: Arg247
Interacting residues:
Pro235, Thr238, Val239,
Arg247, Leu289, Pro290,
Arg296, GIn369, His405,
Trp532, Pro537

H-Bond: Tyr396
Interacting residues:
Pro230, Val233, Glu238,
Tyr396, Pro527
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Figure 3. Binding interaction of (1) compound 58c and human topoisomerase II5 (PDB ID: 3QX3). (2) compound 58c and hu-
man acetylcholinesterase (PDB ID: 1B41) (3) compound 58g and human topoisomerase IIa (PDB ID: 1ZXM). (4) compound 58g
and human acetylcholinesterase (PDB ID: 1B41). (5) compound 58j and human topoisomerase IIa (PDB ID: 1ZXM).
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topoisomerase II (PDB ID: 3QX3). (10) etoposide and human acetylcholinesterase (PDB ID: 1B41).
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promotes colorectal cancer progression by modulating the tumor suppressor
adenomatous polyposis coli (APC), thus impacting WNT/f-catenin pathway
[18]. Not all cancer types exhibit high AChE activities, and some of the examples
of cancers which possess high AChE activity than normal tissues are: non-small
cell lung cancer (NSCLC) such as lung adenocarcinoma, squamous cell lung car-
cinoma, large cell carcinoma; human leukemias; breast cancer; thyroid cancer,
pancreatic cancer, as well as high grade glioma, medulloblastoma and oligoden-
droglioma [19].

The synthetic compounds investigated in this study have tacrine (9-amino-
1,2,3,4-tetrahydroacridine) scaffold in their structure. Tacrine has been found
that to be an effective inhibitor of acetylcholinesterase and butyrylcholinesterase,
as well serves as a relatively weak catalytic inhibitor of Topo II when compared
with 9-aminoacridine [20] [21] [22]. However, tacrine was withdrawn from
Alzheimer’s disease therapy due to its hepatotoxicity and other detrimental side
effects in Alzheimer’s disease patients [23]. Tacrine is being currently used as a
versatile scaffold in medicinal chemistry for designing novel hybrid compounds
with improved pharmacological and toxicological profiles affecting several
pathological mechanisms.

Recent studies have explored the anti-cancer activity of tacrine and tacrine-
derivatives in human cancer. Roldan-Pena et al. [24], synthesized tacrine dimers,
sulfide tacrine dimers and selenotacrine dimers and tested their growth-inhibitory
activity in a panel of six human cancer cell lines, and the results showed that
these tacrine dimers were approximately 10-fold more potent in inhibiting the
enzyme activity of AChE than tacrine itself, and in all cell lines the ICs, values of
the tacrine dimers were approximately 100-fold lower than tacrine and 20-fold
lower than standard chemotherapeutic drugs like 5-fluorouracil and cisplatin
[24].

It was reported that tacrine-coumarin conjugates containing seven, eight and
nine methylene groups in the spacer moiety decreased the viability of human
colorectal cancer, breast cancer and mouse mammary carcinoma cells [25]. Small
molecule synthetic AChE-inhibitors have many pleiotropic biological effects
apart from suppressing AChE activity. Recently, studies show that tacrine and its
analogs are not just strong AChE inhibitors they also potently block carbonic
anhydrase activity [26], and DNA topoisomerase I and II [27] [28].

The binding of amsacrine to topo Ila is similar to that of etoposide based on
the interacting amino acid residues, thus only compounds 58a, 58¢, 58f, and 58i
showed similar binding, which could be used to infer their anticancer properties.
Similar results had been reported for the docking interaction of human topoi-
somerase Ila (PDB: 1ZXM) with naphthalimide-benzothiazole conjugates and
etoposide, which indicated amino acid residues Val57, Gln59, Gln60, Met61,
Trp62, Tyr72, Phe77, Pro79, Tyr82, Lys83, Lys306, GIn309, Ile311, Phe313,
Ala318, Ser320, Lys321 and Glu379 [29].

The binding of amsacrine to topo IISis different from that of etoposide based

on the interacting amino acid residues, thus only compounds 58a, 58¢c, 58f and
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58g showed binding similar to that of amsacrine, while compounds 58b, and 58e
showed binding similar to that of etoposide. A study has reported that amino
acid residues Gly488, Gly506, Ser763, Ser800, Ala801, Ser802, and Pro803, as
well as ASP463, Arg487, and Met766 are involve in the Topo II binding interac-
tions near DNA region [30] [31] [32], and it is evident that most of the first-line
agents for treating cancer are Topo II poisons, such as etoposide (non-intercalator),
and m-amsacrine (intercalator) [5]. A study on novel trifluoromethylated
9-amino-3,4-dihydroacridin-1(2H)-one derivatives has reported that Cl, F, and
Br substituted at C7 acted as covalent, rather than interfacial, topoisomerase II
poisons and that an amino group at C9 was critical for activity [33]. Thus, com-
pound 58b and 58e could be DNA non-intercalator of topo II3 while others will
be non-Topo II poisons but catalytic inhibitors of topo IIa and topo II4.

The binding of amsacrine to acetylcholinesterase is slightly the same with that
of etoposide based on the interacting amino acid residues, thus only compounds
58a showed binding property that is different from the standard drugs. Also,
binding of amsacrine to butyrylcholinesterase is markedly different from that of
etoposide based on the interacting amino acid residues, thus only compounds
58a, 58b, 58d, 58h and 58j showed binding similar to that of amsacrine, while
compounds 58¢, 58e, 58f, 58¢g, and 58i showed binding similar to that of eto-
poside.

A study has observed that there was an increase in AChE expression in the
apoptotic cells induced by the DNA topoisomerase inhibitors etoposide or exci-
sanin A, in colon cancer cell line SW620 [34]. Moreover, the implication of
3-phenyl-9-aminoacridone derivatives as anticancer properties will be by inhibi-
tion of Topo Ila/f through AChE and BChE pathway, while anti-neurological
properties will be by inhibition of Topo Ila/f through neuroligin pathway, al-
though physiological functions of topo IIS are yet to be fully understood [5] [35]
[36] [37].

5. Conclusion

In this study, 10 derivatives of 3-phenyl-9-aminoacridone were synthesized and
characterized. The potential pharmacological indications of these compounds
were computationally predicted. Overall, the results of this study suggest that the
synthetic compounds 58a, 58¢, 58f, 58g, and 58i could probably inhibit topo Ila
by catalytic inhibition as seen with amsacrine, but only 58b and 58e possessed
DNA non-intercalation properties as seen with etoposide, serving as topo II
poison. Further work will be done to validate the reported properties of these
synthetic compounds on various cancer cell lines; especially those are character-
ized with high AChE than normal cell.
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