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Abstract

Context: The ongoing challenges with chemotherapy demand continuous efforts to discover new drug molecules. In this scenario, a multi-target approach
could be of special advantage. This might not only decrease the likelihood of drug resistance but also ensure a broader spectrum and a multifaceted,
convergent attack on tumor cells. In this context, anthracene-based compounds are of key interest.

Aims: To explore the activity and hybrid nature of acridine-based derivatives.

Methods: In silico approach was applied, and the compounds were tested against seven different protein targets playing significant roles in cancer
pathogenesis.

Results: Based on the binding affinities of the compounds, it was found that, in addition to being excellent intercalating agents, the compounds displayed
high inhibition for several protein targets, most importantly tyrosine kinases. Specifically, the ligands with imidazole and hydroxyethyl amino groups were
found to be potent against all targets except for EGFR and ROS. The docking scores of the tested compounds were higher than those of the standard drugs in
many instances. In silico ADME prediction showed that all compounds fell within the prescribed ranges, thus making them ideal candidates for oral delivery.

Conclusions: The proposed compounds not only demonstrated strong anticancer activity but also exhibited their activity through multiple pathways, thereby
overcoming several therapeutic challenges currently faced.

Keywords: acridine; anthracene; cancer; derivatives; docking; Maestro 9.3; synthesis.

Resumen

Contexto: Los desafios actuales de la quimioterapia exigen esfuerzos continuos para descubrir nuevas moléculas farmacoldgicas. En este escenario, un
enfoque multiobjetivo podria ser especialmente ventajoso. Esto no solo podria reducir la probabilidad de resistencia a los fairmacos, sino también garantizar
un espectro mas amplio y un ataque convergente multifacético contra las células tumorales. En este contexto, los compuestos basados en antraceno son de
gran interés.

Objetivos: Explorar la actividad y la naturaleza hibrida de los derivados basados en acridina.
Métodos: Se aplicé un enfoque in silico y los compuestos se probaron contra siete dianas proteicas diferentes que desempefian papeles importantes en la
patogénesis del cancer.

Resultados: Con base en las afinidades de unién de los compuestos, se encontrd que, ademas de ser excelentes agentes intercalantes, los compuestos
mostraron una alta inhibicidn para varias dianas proteicas, principalmente las tirosina quinasas. Especificamente, se encontré que los ligandos con grupos
imidazol e hidroxietilamino eran potentes contra todas las dianas, excepto EGFR y ROS. Los puntajes de acoplamiento de los compuestos probados fueron
mas altos que los de los medicamentos estandar en muchos casos. La prediccién ADME in silico mostrd que todos los compuestos se encontraban dentro de
los rangos prescritos, lo que los convierte en candidatos ideales para administracién oral.

Conclusiones: Los compuestos propuestos no solo demostraron una fuerte actividad anticancerigena, sino que también exhibieron su actividad a través de
multiples vias, superando asi varios desafios terapéuticos a los que se enfrentan actualmente.

Palabras Clave: acoplamiento molecular; acridina; antraceno; cancer; derivados; Maestro 9.3; sintesis.
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INTRODUCTION

The fact that cancer is one of the leading causes of
death worldwide would not be an overstatement. The
majority of cancers are diagnosed at an advanced
stage, which coupled with several other therapeutic
challenges, ultimately results in cumbersome treat-
ments with a poor prognosis. Currently, several
treatment approaches are available, which primarily
encompass surgery, radiotherapy, chemotherapy, and
immunotherapy. Cancer chemotherapy or drug ther-
apy, a mainstay of treatment, often falls short of nei-
ther guaranteeing a complete cure nor ensuring pa-
tient safety. The conquest for cancer thus remains an
ongoing hot topic in the field of biomedicine (Chan-
draprasad et al., 2022).

Anthracenes are linear tricyclic aromatic com-
pounds extensively studied for various biological
activities. This core and other derivatives, such as
acridines and anthraquinones, are considered privi-
leged scaffolds in medicinal chemistry (Fig. 1A). The
ability of such molecules to intercalate with DNA
makes them strong candidates for anticancer drug
therapy. Additionally, they possess the ability to in-
hibit several other protein targets (including DNA-
related enzymes) thereby diversifying their activity
against various malignant tumors (Somashekar and
Chetana, 2016; Varakumar et al., 2023). Such interest
in anthracene pharmacophore has led to major break-
throughs (amsacrine, ledacrine, acriflavine, quina-
crine, and actinocin) in the past (Fig. 1B). Besides their
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antitumor activity, these molecules also possess sig-
nificant antimicrobial properties (Wainwright, 2001).
The heterocyclic analogs, particularly acridines, also
exhibit antiparasitic and antiviral activities (Rupar et
al., 2018).

Several synthetic strategies have been employed
for the synthesis of anthracene-based scaffolds. The
most prominent of the techniques involves metal-
catalyzed reactions using internal alkynes, offering
simplicity and broad applicability with a variety of
substrates that could be utilized (Baviera and Donate,
2021). Triazole derivatives of acridines and acridones
can be synthesized by reacting to N-substituted al-
kynes with azides using Cu* as a catalyst. These com-
pounds showed significant inhibition towards acetyl-
cholinesterase (AChE) and butyrylcholinesterase
(BChE) enzymes. Similarly, oxadiazole, thiazole, am-
ide, sulfonamide, substituted 4-amino phenyls,
pyridyl, amino acid, and several other derivatives
demonstrated a plethora of biological activities.

Human epidermal growth factor receptor (EGFR),
anaplastic lymphoma kinase (ALK,), vascular endo-
thelial growth factor receptor 2 (VEGFR-2), proto-
oncogene receptor tyrosine kinase (ROS-1), platelet-
derived growth factor receptor alpha (PDGFRa), B-
Raf proto-oncogene serine/threonine-protein kinase
(B-RAF), and alanine aminopeptidase (APN) are
amongst many key proteins regulating cellular
growth, differentiation and other critical homeostatic
mechanisms in the human body.
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Figure 1. (A) Structures of anthracene and acridine; (B) Selected examples of anthracene based anticancer drugs in the market.
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Several studies have demonstrated their close as-
sociation with cancer development and the promising
therapeutic outcomes of inhibiting these proteins by
targeted drugs. EGFR plays a pivotal role in tumors
originating from epithelial cells, and its overexpres-
sion has been observed in a variety of cancer cell lines
(breast, renal, colon, neck, lung, bladder, pancreatic,
and ovarian) (Herbst, 2004). Given the deep involve-
ment of ALK in the pathogenesis of lymphomas, non-
small cell lung cancer (NSCLC) and myofibroblasts-
related tumors, neutralization of this protein can be
beneficial in controlling cancer progression (Chiarle et
al., 2008; Shaw and Solomon, 2011). VEGEFR is a set of
proteins playing a key role in angiogenesis and lym-
phangiogenesis. Specifically, VEGFR-2 is crucial in
the development and regulation of vascular endothe-
lial cells, which includes cell proliferation, permeabil-
ity, survival and migration. Thus, the inhibition of
this receptor has a profound impact on angiogenesis,
as new blood vessels are essential to meet the nutri-
tional demands of growing tumors (Holmes et al.,
2007). ROS1 is a prominent factor in the pathogenesis
of several cancers, particularly notorious for its role in
primary brain tumors (Drilon et al., 2021). Likewise,
PDGREF(a) is a primary culprit in brain tumors, such
as glioblastoma multiforme, one of the most prevalent
and aggressive tumors (Liu et al.,, 2011). BRAF, like
other proteins discussed above, is also a member of
the tyrosine kinase family and has been studied for its
role in melanoma and breast cancer (Gollob et al.,
2006; Zhu et al., 2020). APN’s contribution to angio-
genesis and the development of multiple cancers,
including breast, colon, gastric, ovarian, pancreatic,
renal, and thyroid, has motivated scientists to develop
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inhibitors for this enzyme (Wickstrom et al.,, 2011).
Based on the evidence presented, it is clear that these
protein targets are significantly involved in the initia-
tion and progression of different tumors in the human
body.

Despite the extensive literature on anthracenes,
particularly acridines, previous research has predom-
inantly focused on 2- and 9-amide substituted deriva-
tives to enhance their DNA intercalation capabilities,
while the 3-substituted amides remain largely unex-
plored in the context of cancer therapy (Gensicka-
Kowalewska et al., 2017; Prasher and Sharma, 2018).
The proposed structures (Fig. 2) have not been syn-
thesized before nor reported for their potential anti-
cancer effects. This gap presents a compelling re-
search opportunity, as we hypothesize that these
compounds may exhibit novel and significant activity
against key enzymes involved in cancer progression
and development.

In our study, we explored the inhibition of various
key enzymes involved in cancer development by the
new 3-acridine amides, utilizing in silico methods to
establish their potent anticancer activities and broad
interactions with protein targets responsible for cell
regulation and tumor progression. While previous
research primarily focused on their DNA intercalation
and topoisomerase inhibition capabilities, there re-
mains untapped potential in exploring their interac-
tions with other critical enzymes in cancer develop-
ment. Our findings provide deep insight into the
mechanistic rationale of anthracene-based drugs for
the first time, highlighting their broad therapeutic
potential for cancer treatment.

B-RAF

PDGFR

VEGFR2

ROS1
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Figure 2. In silico evaluation of different amide-based derivatives of acridine in this work.
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MATERIAL AND METHODS

Protein structures preparation

Crystal structures of epidermal growth factor re-
ceptor (EGFR, PDB ID: 1M17), anaplastic lymphoma
kinase (ALK, PDB ID: 5FTO), vascular endothelial
growth factor receptor 2 (VEGFR-2, PDB ID: 20H4),
proto-oncogene receptor tyrosine kinase ROS-1 (ROS-
1, PDB ID: 3ZBF), platelet-derived growth factor re-
ceptor alpha (PDGFRa, PDB ID: 6JOL), B-Raf proto-
oncogene serine/threonine-protein kinase (B-RAF,
PDB ID: 5VAL), and alanine aminopeptidase (AP-N,
PDB ID: 4FYT) were retrieved from the Protein Data
Bank (PDB) (https:/ /www.rcsb.org). All solvent mol-
ecules were eliminated prior to protein preparation.
The MOE 3D Protonate module was employed to
check the crystal structure for any missing atoms or
residues and to correct them accordingly. Further
adjustments were performed using the protein prepa-
ration Wizard from the Schrodinger modeling suite
(Maestro 13.5, Schrodinger 2023) by assigning partial
charges to all atoms and determining the protonation
states of relevant ionizable groups. Energy minimiza-
tion was carried out using a cut-off RMSD (Root
Mean Square Deviation) value of 0.30 A using an
OPLS 4 (Optimized Potentials for Liquid Simulations)
force field.

Ligands preparation

The two-dimensional chemical structures of acri-
dine derivatives (along with reference molecules)
were sketched on ChemSketch, saved as *.mol files,
converted to 3D structures, and energy minimized
through MOE 2019. These molecules were then pro-
cessed as an SDF database through LigPrep, the lig-
and preparation module in the Schrédinger software
package, to generate all possible tautomers, ring con-
formations, and stereoisomers. Partial atomic charges
were calculated using the OPLS4 force field, and ioni-
zation states were generated at a pH of 7.0 + 2.0.

Receptor grid formation

To perform molecular docking, the active site of
the protein structure must be determined. The co-
crystalized ligand at the active site of each protein
was considered as a centroid for grid block generation
using the receptor grid generation module of grid-
based ligand docking with energies (GLIDE). The
scaling factor and partial charge cut-off of van der
Waals radius scaling are 0.25 and 1 A, respectively.
Default settings of the Maestro 13.5 are used for other
parameters such as sites, constraints, rotatable bonds,
and excluded volume.

https://jppres.com

Acridine anticancer targeting

GLIDE molecular docking

After preparing the ligands and proteins and de-
fining the grid of the protein’s active site, molecular
docking procedures were carried out. First, the dock-
ing protocol was validated by redocking the native
ligands into the generated grid of each respective
protein. The docked poses of each ligand were super-
imposed and compared, and a root mean standard
deviation value (RMSD) criteria (<2.0A) was set as the
acceptable value for validation. The extra-precision
algorithm (GLIDE-XP) of the Glide docking tool in
Maestro was the chosen method for docking into the
previously identified binding sites of the prepared
protein structures. The docking scores were then cal-
culated via the Glide XP scoring function, which in-
cludes terms for van der Waals, hydrogen bonds,
electrostatic interactions, the desolvation penalty, and
the penalty for intra-ligand contact. Epik state penal-
ties were also considered when estimating docking
scores. Structures with the highest scores were re-
tained and visualized via the MOE software to identi-
fy the interaction types, bond lengths, and docking
poses. The new compounds were compared to le-
dacrine, a standard acridine derivative with anti-
cancer activity, and to known potent selective inhibi-
tors of each specific protein. Docking scores and bind-
ing affinities were evaluated for all compounds
against both reference molecules for a comprehensive
assessment of the compounds' binding potential and
selectivity.

ADME and molecular properties

Two tools were used to predict the in silico of the
ADME. Swiss ADME was used to determine
Lipinski’s and Veber’s parameters, calculate topologi-
cal polar surface area (tPSA), predict solubility, and
cytochrome P450 mediated metabolism (Daina et al.,
2017). The second tool used was the QuickProp from
Schrodinger 2023. The tool was used to estimate
properties such as logP o/w, logHERG, Caco, BBB,
MDCK, number of metabolic reactions, serum albu-
min binding, and oral absorption (Chidambaram et
al., 2020; Singh and Bast, 2014).

In silico data analysis

The study employed various approaches to vali-
date the docking technique and examine predicted
absorption and distribution features and potential
toxicity. The output files generated by Maestro were
analyzed to identify the potential binding modes of
the docked compounds with each protein. The dock-
ing scores and binding free energies were extracted to
rank the binding affinities of different compounds.
The docking results and binding poses within the
binding pocket were visualized using the MOE as 2D
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figures and analyzed for interactions, such as hydro-
gen bonds, hydrophobic interactions, and other rele-
vant interactions. The 3D binding poses of com-
pounds in the protein’s active site were presented as
figures for clear comparison and observation. Natural
ligands were used to validate the docking procedure,
with an acceptance RMSD criteria of less than 2.0 A.
The study analyzed the proposed compounds on
target proteins compared to a reference and a stand-
ard structure to evaluate their potential as therapeutic
drugs, provide context, and assess effectiveness. Ta-
bles were used to examine and display docking data
and predicted ADME properties and toxicity generat-
ed by SWISS ADME and QuickProp tools.

RESULTS AND DISCUSSION

Compounds inhibiting VEGFR hinder the produc-
tion of new blood vessels and lead to pruning and
disruption of the pre-existing blood vessels in the
tumor by endothelial damage. Depending on the tu-
mor type, the overall vascular density may decrease
up to 70%, which can significantly slow down cancer
growth. Therefore, it could be anticipated that the
VEGEFR inhibitors possess a broad-spectrum anti-
cancer effect by disrupting blood supply, which is a
common necessity of all rapidly growing tissues (Sit-
ohy et al., 2012).

Molecular docking results of VEGFR2 against the
acridine derivatives revealed high docking scores by
compounds 6-9 (Table 1). Ligands 6 and 7 showed
higher binding affinity (-9.827 and -10.031 kcal/mol)
than the potent VEGFR2 inhibitor sorafenib. Hydro-
gen bonds play a major role in ligand-protein bond
stability, and the optimum bond distance between H-
donor and H-acceptor atoms was found to be less
than 3.5 A. Ligand 7 displayed four hydrogen bond-
ing interactions with the protein’s active site. By fit-
ting the binding pocket, the polar aliphatic chain of
the compound formed three hydrogen bonds with the
backbone residue of asp1044, of bond lengths 2.85,
2.85, and 2.96 A and a single hydrogen bond with the
acidic amino acid residues Glu 883 with a bond length
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of 3.04 A. Additional hydrophobic interactions were
observed between the residue Leu 838 and Leu 1033
with the tricyclic system of compound 7. The hydro-
gen bonding and hydrophobic contacts of amino acid
residues of VEGFR2 with compound 7 are shown in
Fig. 3.

Previously, Luan et al. (2011) tested different 9-
amino acridine derivatives (substitution on 9-amino
part) against VEGFR-2 and Src kinases using molecu-
lar docking and enzymatic assays. The SAR studies
revealed the association of the linked fragments with
anticancer activity, with the o-methoxyphenyl analog
displaying the most potent activity. Other derivatives
with peptide chains attached to the 9-amino part have
also been studied. However, the activity of the com-
pounds needed to be further improved. Studies con-
ducted previously highlight the role of acridines as
inhibitors of VEGFR, but only to a modest level
(Zhang et al., 2014). Most studies establish the mech-
anism of such compounds only as intercalating and
topoisomerase-inhibiting agents (Zhang et al., 2014).
While the 9-amino analogs display moderate activity
towards such targets, our study highlights the superi-
or action of the novel 3-acridine amides against such
targets.

The results from the docking studies show that
compound 7 possessed remarkable binding affinity
against B-Raf, scoring -11.326, significantly higher
than the selective inhibitor vemurafenib (Table 2).
Two strong hydrogen bonds are formed with the
amino acid residue Asp594 with bond lengths of 2.58
and 2.95 A. The ionized amine formed another strong
bond with Glu501 bond length of 2.94 A. Weaker
hydrogen bonds are formed with the residues Cys532
and Thr529, with bond lengths 3.29 and 3.46 A, re-
spectively. Similar interactions and binding patterns
were observed for compound 6 with the same resi-
dues except Lys483, as no hydrophobic connections
were formed. The imidazole ring of 6 formed strong
hydrogen bonds with residues Glu501 and Asp5 (Fig.
4).

Table 1. Lowest binding energy of Ligand-VEGFR2 interaction as calculated by GLIDE molecular docking.

Compound Docking score XP GScore Interacting residues
(kcal/mol) (kcal/mol)
7 -9.813 -9.827 Leu838, Leul033, Asp1044, Glu883
6 -8.900 -10.031 Glu8s3
Sorafenib -8.818 -8.818 Aspl044, Glu883, Val914, Leu838
8 -8.190 -8.206 Aspl044
9 -8.128 -8.143 Val897
Ledacrine -4.699 -4.699 Leul033, Cys917, Leu838
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Figure 3: Protein-ligand interaction profile of VEGFR2 protein molecule with compound 7.
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Table 2. Lowest binding energy of Ligand-B-Raf interaction as calculated by GLIDE molecular docking.

Compound Docking score (kcal/mol) I(:C :Jf:;f) Interacting residues

7 -11.326 -11.340 Asp594, Glu501, Thr529, Lys483, Cyc532
Vemurafenib -10.557 -10.938 Asp594, Lys483

6 -9.931 -11.062 Asp594, Glu501, Thr529, GIn530, Cys532
2 -8.828 -8.843 Thr529, Asp483

3 -8.654 -8.678 Thr529, Cys532

1 -8.40 -8.414 Glu501, Lys483, Cys532

Ledacrine -6.804 -6.805 Cys532

The high frequency of BRAF mutations in several
types of tumors suggests its participation in the path-
ogenesis of a variety of human carcinomas. This
makes BRAF a favorable anticancer target. Currently
available inhibitors in use include sorafenib, vemu-
rafenib and dabarafenib. Unfortunately, these drugs
often fail to achieve the desired therapeutic outcome
due to several resistance mechanisms triggered inside
the tumor cells (Fiskus and Mitsiades, 2016). The im-
pact of acridine scaffolds on BRAF has been studied
to a very limited extent. One study by Goodall et al.
(2014) showed only the indirect effect of 9-amino ana-
logs as anticancer agents by sensitizing the melanoma
cells against BRAF inhibitor vemurafenib. In such
conditions, discovery of new potent inhibitors of

https://jppres.com

BRAF may solve the resistance and other problems
currently faced by the available drugs.

Protein-ligand interaction on PDGFR-a revealed
that the acridine derivatives show a high docking
score and shared common interactions with the bind-
ing pocket (Table 3). Almost all compounds formed
hydrophobic interactions with Val607 through the
aromatic system and a moderate hydrogen bond with
Asp836, usually through the amide’s carbonyl. The
side chain of compound 7 made an extensive bonding
with residues Glu644 (bond length: 2.69A) and
Asp836 (bond lengths: 3.02, 3.58, 2.66A) as a hydrogen
bond donor, forming 4 bonds. Similarly, compound 6,
with a docking score of -9.55, formed 3 hydrogen
bonds with Glu644, Met648, and Asp836 of bond
lengths 2.67, 3.17, and 293 A, respectively.
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Figure 4. Protein-ligand interaction profile B-RAF protein molecule with compound 7.
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In addition, 6 formed vast hydrophobic interac-
tions with the hydrophobic region encompassing
Val607 and Phe837. Compounds 5, 8, 1, 3, and 4 made
at least four hydrophobic interactions with the same
hydrophobic region (Fig. 5).

Anthracene and acridine scaffolds have not been
in the spotlight as potential PDGFR-a inhibitors. The
scaffolds studied as PDGFR inhibitors include oxin-
dole, benzylidene-indolinone, indazoles, quinolones,
quinazolines, furopyrimidines, pyrazolopyrimidines,
and imidazopyrizadines. The mechanistic study in the
current work thus highlights the usefulness of acri-
dines as potential inhibitors of the PDGFR protein
target (Guo and Ma, 2021).

Out of the nine compounds docked on APN, a
metalloprotein, compound 6 showed the highest af-
finity with a docking score of -9.288 (Table 4). It did
not initiate any interactions with the Zn ion. Appre-
ciable hydrogen bonds were formed between the
amines of the docked scaffold with the residues
Ala353 (bond lengths:2.94 and 2.79 A), Glu355 (bond
length: 2.73 A), and Glu389 (bond length 2.91 A). Ad-
ditional hydrogen bonding was formed with the do-
nor residue, Tyrd77 (bond length: 2.82 A). Compound
7 showed two binding modes within the protein’s
pocket, each forming different interactions. The first
binding mode interacts with the Zn metal, while with
the second binding mode having the tricyclic system
directed inside the binding pocket, such an interac-
tion is missed but rather compensated with a number
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of both hydrophobic and hydrogen bonds with other
residues, namely, Glu389, Ala351, Gly352, Met354
and GIn213 (Fig. 6).

Human alanine transpeptidase is a metalloenzyme
containing Zn in its core. It carries out several im-
portant functions in mammalian cells and is found in
abundance in brain and kidney cells. In cancer, its role
in cellular migration and invasion has been demon-
strated. Studies also show its role in angiogenesis
(Danziger, 2008; Fukasawa et al.,, 2006; Liang et al.,
2014). This makes APN an ideal target for anticancer
drug development.

To date, acridines have not been a key scaffold
studied against APNs. Most of the inhibitors have a
peptide-like structure (bestatin). Non-amino acid
inhibitors include simple aliphatic molecules bearing
mercaptan, which mainly exert their action through
binding with the zinc moiety of the APN. Boronic and
phosphonic acid derivatives have also been studied as
inhibitors of APN. The current study clearly estab-
lishes the presence of inhibitory activity of acridines
against the APN protein (Amin et al., 2018).

In the case of the EGFR, the docking score of all
ligands was lower than that of the selective inhibitor,
erlotinib (-9.402 kcal/mol). Ligand 1 showed the
highest score of -6.225 among all the compounds. It is
noteworthy that all ligands displayed significantly
higher scores than the second standard drug, le-
dacrine, the score of which was found to be -4.447.
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Figure 5: Protein-ligand interaction profile PDGFR-a protein molecule with different ligands.

Table 3. Lowest binding energy of Ligand- PDGFR-a interaction as calculated by GLIDE molecular docking.

Compound Docking score  XP Gscore Interacting residues

(kcal/mol) (kcal/mol)
7 -10.075 -10.090 Val607, Asp836, Glu644, Lys627
6 -9.553 -10.288 Val607, Asp836, Cys835, Met648, Glu644, Phe837
5 -9.538 -9.553 Val607, Asp836, Leu825, Phe837, Cys814
8 -8.915 -8.931 Val607, Asp836, Cys835, Glu644, Phe837
1 -8.769 -8.785 Val607, Asp836, Cys835, Leu825, Phe837
9 -8.703 -8.718 Val607, Cy835, Gly680, Glu644
3 -8.672 -8.696 Val607, Asp836, Cys835, Phe837, Glu644
4 -8.415 -8.428 Val607, Asp836, Leu825, Glu644, Phe837
Ledacrine -4.699 -4.699 Val607, Cys835, Leu825, Phe837, Thr674
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Table 4. Lowest binding energy of Ligand-AP-N interaction as calculated by GLIDE molecular docking.

Compound Docking score XP Gscore Interacting residues
(kcal/mol) (kcal/mol)
6 -9.288 -10.198 Glu389, Tyr477, Met354, Glu355, Ala353
Actinocin -9.179 -9.959 Arg381, Zn, Glu355, GIn213, Met354, Glu411
7 (mode 1) -7.436 -7.450 Glu389, Zn, Gly352, GIn213, Met354
7 (mode 2) -7.152 -9.370 Glu389, Gly352, GIn213, Met354, GLH418, Thr384, Glu380, Ala351
Ledacrine -4.527 -4.528 Glu389, Gly352, Tyr477
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Figure 6. Protein-ligand interaction profile of APN protein molecule with compound 7. Two binding modes of 7 with

2" binding mode
ds:-7.15

arene-arene
@H arene-H
@+ arene-cation

O solvent residue
metal complex

-~ solvent contact

""" metalfion contact

O receptor
exposure

Previously, Cui et al. (2017) studied a series of aza-
cridines against EGFR and Src. The compounds were
found to be highly potent against the target enzymes.
Diaminoacridine and its derivatives have also been
studied for anticancer activity against glioblastoma in
human subjects with impressive results.

The docking scores of all the ligands with ROS1
were also found to be lower than the selective inhibi-
tor, crizotinib (-9.915), while the binding affinity of
the majority of the compound was within the -5.528 to
-5.072 kcal/mol range but significantly higher than
ledacrine -4.042. Entrectinib possessed a binding af-
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finity of -8.722 against ALK. Ligands 1, 8, and 7 pos-
sessed comparable affinity for the protein being -
8.359, -8.305, and -8.117, respectively. Further optimi-
zation of these three compounds might lead to higher
activities than the standard compound.

All ligands were checked for oral bioavailability,
molecular properties, and other pharmacokinetic
parameters. The predictions were made using Swiss
ADME and QuickProp software tools. Such predic-
tions help anticipate the drug-likeness of the com-
pounds as optimum drug kinetics are crucial for their
medicinal effects (Newby et al., 2015).
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All compounds passed Lipinski's and Veber’s
rules with no violations. The number of rotatable
bonds, hydrogen bond donors, and acceptors were
found to be within the range for all nine compounds.
Furthermore, the predicted GI absorption was high
for all compounds, suggesting that the compounds
might be administered conveniently through the oral
route. All compounds except for 6 (good solubility)
were predicted to be moderately soluble according to
the ESOL solubility parameter. PAINS is able to locate
compounds that might show false positive results and
are too reactive and display a positive result with a
large number of dissimilar targets (Daina et al., 2017;
Ismail et al., 2020). Only compounds 3 and 5 dis-
played PAINS alert, while none of the other com-
pounds was found to be promiscuous. The topologi-
cal surface area gives insight into drugs' passive ab-
sorption through various biological membranes, in-
cluding the blood-brain barrier. Ideally, compounds
showing a tPSA equal to or lower than 140 A2 are
considered to be favorable for absorption through GI
and other biological membranes and thus exhibit

Table 5. Prediction of ADME using the Swiss ADME tool.

Acridine anticancer targeting

good bioavailability (Ertl et al., 2000). The tPSA values
of all compounds were found to be lower than the
specified rule, which further advocates for their oral
route of administration (Table 5).

Furthermore, most of the compounds showed CYP
inhibition except for CYP2C9, for which a majority of
the compounds appeared to be inactive (Table 6).
Compounds 1, 3, and 5 were predicted to be permea-
ble through the blood-brain barrier, which could be
advantageous specifically for the treatment of brain
tumors.

To further assess the drug-likeness of the com-
pounds, the QuickProp tool for ADME was used. The
predicted CNS activity was found to be 0 or below for
all compounds, indicating a low potential for CNS
side effects. LogP was also found to be within the
advised range. All other parameters except for HERG
were within the limits suggested by the software pro-
gram (Table 7). It is also noteworthy that none of the
compounds had any reactive functional group capa-
ble of eliciting any toxicity, reactivity, or instability.

Compound MW RoB HBA HBD MR tPSA IlogP (MlogP) BBB Pgp
1 328.36 4 3 2 100 62.22 2.26(2.99) Yes Yes
2 356.37 5 4 2 105 79.29 2.2(3.12) No No

3 327.38 4 2 2 102 68.01 2.21(2.99) Yes Yes
4 357.36 5 4 1 107 87.81 2.38(2.49) No No

5 397.47 5 3 1 124 54.46 3.23(3.01) Yes Yes
6 331.37 5 4 3 97.7 96.69 1.6 (1.07) No Yes
7 400.47 9 4 4 121 86.28 3.03 (2.26) No Yes
8 360.36 4 5 4 104 102.7 1.83(1.88) No No

9 344.36 4 4 3 102 82.45 2.19(2.43) No Yes

Rule: MW <500; RoB <10; HBA <10; HBD <5; MR 40-130; tPSA <140 ‘A2; llogP\MlogP <5. MW: molecular weight; RoB: rotatable bonds; HBA: hydrogen bond
acceptors; HBD: hydrogen bond donors; MR: molar refractivity; tPSA: topological polar surface area.

Table 6. Prediction of CYP inhibition using Swiss ADME tool.

Compound CYP1A2 Inhibition = CYP2C19 Inhibition CYP2C9 Inhibition CYP2D6 Inhibition CYP3A4 Inhibition
1 Yes Yes No Yes Yes
2 Yes Yes Yes Yes No
3 Yes Yes No Yes Yes
4 Yes Yes Yes Yes Yes
5 Yes Yes Yes Yes Yes
6 No Yes No Yes Yes
7 Yes Yes No Yes Yes
8 Yes No No Yes Yes
9 Yes No No Yes Yes
https://jppres.com J Pharm Pharmacogn Res (2025) 13(2): 587
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Table 7. Evaluation of drug like properties using QuickProp tool.
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Compound CNS  logP(o/w) LogHERG PCaco LogBB PMDCK LogKp #met LogKhsa % HOA
1 -1 3.719 -6.529 914.367 -0.747 449.082 -1.549 2 0.432 100.00
2 -2 3.796 -5.041 79.422 -1.312 40.715 -2.476 1 0.216 83.175
3 -1 3.540 -6.686 780.508 -0.842 378.462 -1.670 2 0.372 100.00
4 -2 3.854 -6.881 378.060 -1.225 172.879 -2.298 2 0.586 95.644
5 0 4.721 -6.849 2959.5 -0.198 1598.38 -0.746 2 0.693 100.00
6 -1 1.898 -7.265 100.149 -0.817 45.504 -4.336 4 -0.019 73.866
7 -2 2.893 -8.360 101.073 -1.282 45.958 -3.810 5 0.160 79.767
8 -2 2.513 -6.425 229.671 -1.510 100.874 -2.665 4 0.048 83.919
9 -2 3.008 -6.669 285.038 -1.399 127.399 -2.538 3 0.253 88.499

CNS: predicted central nervous system activity on a -2 (inactive) to +2 (active) scale; logP o/w: Predicted octanol/water partition coefficient. -2.0 - 6.5; logHERG:
Predicted ICs value for blockage of HERG K* channels; (acceptable range: above -5.0); PCaco: Predicted apparent Caco-2 cell permeability in nm/s. Caco-2 cellsis a
model for the gut-blood barrier; (nm/s) <25-poor >500-great; logBB: predicted brain/blood partition coefficient-3.0 - 1.2; PMDCK: predicted apparent MDCK cell

permeability in nm/s. MDCK cells are considered to be a good mimic for the blood-brain barrier. (nm/s) <25-poor>500-great; logKp: predicted skin permeability;
#metab: Number of likely metabolic reactions; logKhsa: prediction of binding to human serum albumin; (acceptable range: -1.5 to 1.5); % HOA: Percentage of human

oral absorption; (<25 % is poor and>80 % is high).

CONCLUSION

The present study is valuable to the modern drug
discovery process, as it focuses on anticancer chemo-
therapy. Most of the acridines studied have not been
reported before, and the synthetic feasibility of these
compounds, along with the promising results ob-
tained, make them ideal candidates for further stud-
ies. In many cases, the compounds showed higher
activity levels than the known inhibitors. Neverthe-
less, compounds 6 and 7 showed high and consistent
results in all docking studies. The ADME studies
show that the compounds have good oral absorption
and bioavailability. Furthermore, the multi-target
effect is anticipated to lead to a pronounced cumula-
tive effect in bioassays. Therefore, synthesizing and
subjecting the molecules to in vitro and in vivo assays
is highly encouraged.
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