
Synthesis, Structural Modification, and Bioactivity Evaluation of
Substituted Acridones as Potent Microtubule Affinity-Regulating
Kinase 4 Inhibitors
Maria Voura, Saleha Anwar, Ioanna Sigala, Eleftheria Parasidou, Souzanna Fragoulidou,
Md. Imtaiyaz Hassan,* and Vasiliki Sarli*

Cite This: ACS Pharmacol. Transl. Sci. 2023, 6, 1052−1074 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Acridones present numerous pharmacological activities, including inhibition of microtubule affinity-regulating kinase
4 (MARK4) kinase activity. To investigate structure−activity relationships and develop potent MARK4 inhibitors, derivatives of 2-
methylacridone were synthesized and tested for their activity against MARK4 kinase. Selective substitutions at the nitrogen atom
were accomplished by treating 2-methylacridone with alkyl halides in the presence of K2CO3. In addition, amidation of acridone
acetic acid 11 with piperazine or tryptophan methyl ester followed by derivatization with various amines gave a series of new
acridone derivatives. Among the tested compounds, six were identified as possessing high inhibitory activity against MARK4. The
molecular modeling studies showed that the derivatives bearing piperazine or tryptophan bind well to the ATP-binding site of
MARK4. The antiproliferative activity of six active compounds was evaluated against HeLa and U87MG cancer cells. Tryptophan
derivatives 23a, 23b, and 23c showed significant cytotoxicity against both cell lines with EC50 values ranging from 2.13 to 4.22 μM,
while derivatives bearing piperazine were found to be not cytotoxic. Additionally, compound 23a decreased the proliferation of
human MDA-MB-435 and U251 cancer cells in the low micromolar range; however, it also affects the non-cancerous HGF cells. Due
to their high binding affinity against MARK4, the synthesized compounds could be potential agents to target MARK4 against cancer
and tauopathies.
KEYWORDS: tryptophan derivatives, acridones, microtubule affinity-regulating kinase 4, piperazine derivatives, MARK4 inhibitors,
anticancer compounds, MCF-7 cancer cells, HepG2 cancer cells

Protein kinases comprise a large family of proteins widely
targeted for pharmacological intervention of various

diseases.1,2 Microtubule affinity-regulating kinases belong to
the family of AMP-activated protein kinases (MARKs) and
consist of four members in mammals (MARK1-4), with high
sequence homology and similar structure.3 MARK4 is a Ser/Thr
kinase, first identified by its ability to phosphorylate micro-
tubule-associated proteins tau, MAP2, and MAP4 at Ser residues
in the microtubule-binding repeat domain, playing a significant
role in microtubule dynamics regulation.4,5 Other cellular
functions of MARK4 include the regulation of cell polarity,
cell cycle progression, signal transduction, and adipogenesis.6−8

All members of the MARK family are thought to be involved
in microtubule stabilization; however, MARK4 is the major
isoform identified in brain tissue.5,9 MARK4 may be the

homologue responsible for the destabilization of microtubules in
neuronal cells and the phosphorylation of tau proteins observed
in Alzheimer’s disease.10,11 Overexpression or dysregulation of
MARK4 is associated with metabolic disorders, including type-II
diabetes, diet-induced obesity, and cardiovascular diseases.12,13

Furthermore, MARK4 is overexpressed in gliomas,14 glioblas-
tomas,15 metastatic breast carcinomas, and hepatocellular

Received: April 19, 2023
Published: July 4, 2023

Articlepubs.acs.org/ptsci

© 2023 American Chemical Society
1052

https://doi.org/10.1021/acsptsci.3c00084
ACS Pharmacol. Transl. Sci. 2023, 6, 1052−1074

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Voura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saleha+Anwar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ioanna+Sigala"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eleftheria+Parasidou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Souzanna+Fragoulidou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md.+Imtaiyaz+Hassan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md.+Imtaiyaz+Hassan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vasiliki+Sarli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsptsci.3c00084&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aptsfn/6/7?ref=pdf
https://pubs.acs.org/toc/aptsfn/6/7?ref=pdf
https://pubs.acs.org/toc/aptsfn/6/7?ref=pdf
https://pubs.acs.org/toc/aptsfn/6/7?ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsptsci.3c00084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org/ptsci?ref=pdf


carcinomas,16 and it is also found to be a negative regulator of
mTORC1,17 and inhibit Hippo signaling,18 indicating MARK4
as a potent target for treating cancer. Therefore, a number of
MARK4 inhibitors have been found, with the majority of them
possessing low selectivity or bioavailability, such as 5RC,19

pyrrolopyrimidinones,20 bis-indolyl pyrroles,21 acridones,22 and
PCC0208017 (Figure 1).23

Acridones are planar heterocyclic aromatic compounds that
have attracted interest due to their various biological activities.24

Acridone-based derivatives have been studied for their
antiviral,25 antimicrobial,26 antibacterial,27 anti-inflammatory,28

antimalarial,29 antiparasitic,30 and anticancer activities.31

Acridone alkaloids and synthetic derivatives interact with
diverse molecular targets, including topoisomerases II,32

telomerase,33 cathepsins L and V,34 acetylcholinesterase,35 and
protein kinases.36,37 Furthermore, N-substituted acridones have
been evaluated as anticonvulsant38 and antipsoriatic agents39

and have been found to inhibit p-glycoprotein (p-gp) and
modulate p-gp-mediated multidrug resistance (MDR) in cancer
cells.40

We have previously reported the synthesis and inhibitory
activity of N-substituted acridones and bis-indolyl pyrroles

Figure 1. Structures of acridone 1, an overview of its activity, and the general structure of the acridones 2−5 disclosed in the current paper.

Scheme 1. Synthesis of a Series of N-Alkylated Acridones
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against MARK4.21,22 Several compounds with submicromolar
activity against MARK4 could be identified as selective
inhibitors (Figure 1). Compound 1 had an IC50 of 1.8 μM
against MARK4, exerted anticancer effects, and induced
apoptosis against breast cancer cells MCF-7 and human liver
cancer cells HepG2. Docking models of 1 in the active site of
MARK4 have shown that the benzyl ring extends toward the
DFG motif. Therefore, the present study was undertaken to
synthesize acridone inhibitors with increased selectivity and
potency against MARK4 by introducing extra groups that would
engage the P-loop or the DFG motif of the active site of MARK4.
Herein, the design, synthesis, and biological evaluation of novel
acridone derivatives 2−5 are presented. The synthesized
acridones of the general type 4 and 5 were found to bind to
MARK4 at its binding site with high affinity. The tryptophan
analogues 5 display significant anticancer activity on cervical
cancer cells HeLa and glioma cells U87MG, while derivatives
bearing piperazine 4 were not cytotoxic. Due to their high
binding affinity against MARK4, these compounds could be
potential agents to target MARK4 against cancer and
tauopathies.

1. RESULTS AND DISCUSSION
1.1. Synthesis of Acridone Derivatives. Initially, N-

alkylated derivatives of 2-methylacridone were selected for
synthesis as inhibitors of MARK4. 2-Methylacridone (8) was
prepared according to our previously published methodology
(Scheme 1).22 An Ullmann-type condensation of p-toluidine
(6) and o-chlorobenzoic acid (7), followed by treatment with
H2SO4 gave 2-methylacridin-9(10H)-one (8). Compounds 9a−
i were prepared from the N-alkylation of acridone 8 with the
appropriate bromides using K2CO3 in dimethylformamide
(DMF) at 100 °C in the microwave in good yields ranging

from 64 to 99% as demonstrated in Scheme 1. Further catalytic
hydrogenation of the nitro compound 9i with Pd/C in methanol
afforded amine 10.

The second category of acridones being selected for synthesis
included piperazine on the acridone scaffold. At first, the N-
alkylation of 2-methylacridinone with methyl chloroacetate and
subsequent ester hydrolysis using NaOH followed by acid-
ification led to the corresponding carboxylic acid 11 (Scheme 2).
Mono-boc-protected piperazine 13 was synthesized from the
reaction of piperazine with Boc2O in MeOH. Subsequently, the
coupling reaction of acridone carboxylic acid 11 and Boc-
protected piperazine 13 was accomplished using EDCI and
HOBt in DMF, and after deprotection with TFA in DCM,
acridone 14 was isolated as a TFA salt. Afterward, alkylation of
acridone 14 using benzyl bromides and Cs2CO3 in DMF
produced the desired analogues 15a−d in 53−75% yields. While
piperazine analogues 16a−h were prepared in moderate to high
yields via amidation of 14 with various benzoic acids using
EDCI, HOBt, and Et3N in DMF.

Finally, acridone−tryptophan derivatives were selected to be
synthesized as potential MARK4 inhibitors. L-Tryptophan
methyl ester 18 was produced via classical esterification from
L-tryptophan by reaction with MeOH and thionyl chloride
(Scheme 3). The coupling reaction of amine 18 and carboxylic
acid 11 was accomplished using EDCI and HOBt in DMF, and
compound 19 was isolated in 55% yield. After hydrolysis of the
methyl ester 19 and treatment with CH3COOH, the desired
compound 20 was furnished. Furthermore, using L-tryptophan
as a starting material, compound 21 was synthesized by reaction
with Boc2O in the presence of NaOH. Tryptophan hydrochloric
salts 22a−d were obtained from Boc-protected-tryptophan 21
by reaction with anilines using EDCI, DMAP, and Et3N and the
subsequent deprotection with HCl in MeOH, as illustrated in

Scheme 2. Synthesis of Acridone−Piperazine Derivatives 15a−d and 16a−h
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Scheme 3. Afterward, coupling of acridone carboxylic acid 11
with compounds 22a−d using EDCI, HOBt, and Et3N in DMF
afforded the desired derivatives 23a−d in yields ranging from 59
to 69%.

1.2. In Silico Studies. The crystal structure of the catalytic
domain of MARK4 with the pyrazolopyrimidine inhibitor 5RC
(Figure 1) was retrieved from the protein data bank (PDB ID:
5ES1) (Figure 2A).19 5RC is located in the ATP-binding site,

Scheme 3. Synthesis of L-Tryptophan−Acridone Derivatives

Figure 2. (A) Three-dimensional (3D) model of the interaction between MARK4 and the co-crystallized ligand 5RC (PDB ID: 5ES1) and (B) 3D
molecular docking model of the interaction between compound 1 in the active site of MARK4.
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with the pyrazolopyrimidine group interacting with the hinge
region, forming a hydrogen bond with Ala135, while the
aminocyclohexane moiety interacts with the catalytic loop
(Glu182 and Asn183) and the DFG motif (Asp196-Phe197-
Gly198). In our previous work, docking studies of N-substituted
acridones were carried out, and the analysis showed that
compound 1 occupies the active site with the acridone backbone
extending toward the hinge region, interacting with Ala135,
while the benzyl group extends toward the DFG motif (Figure
2B).22

In an effort to synthesize acridones with better affinity against
MARK4, we aimed to increase the interactions with the residues
of the DFG motif and/or the P-loop. A number of acridone
derivatives were subjected to docking studies to predict the
molecular interactions between them and amino acid residues of

MARK4 (PDB ID: 5ES1). Molecular docking experiments were
carried out using Autodock Vina software; only the lowest
energy conformations were considered for analysis. The data
from the experiments are demonstrated in Table S1 and Figures
3−9, S1−S21. All tested compounds were found to occupy the
ATP-binding site of MARK4 and showed binding affinity scores
ranging from −8.6 to −10.8 kcal/mol (Table S1). Analysis of
docking results indicates that the presented compounds were
stabilized by various noncovalent interactions, including hydro-
gen bonds with residues occupying the MARK4 catalytic site. In
general, the derivatives bearing piperazine (15a−e, and 16a−h)
and tryptophan (23a−d) displayed better binding and had
higher docking scores than the N-alkylated acridones (9a−i and
10).

Figure 3. (A) Two-dimensional (2D) molecular docking model of compound 9a in the active site of MARK4 (PDB code: 5ES1). (B) A 3D model of
the interaction between compound 9a in the active site of MARK4 (BIOVIA Discovery Studio).

Figure 4. (A) 2D molecular docking model of compound 9d in the active site of MARK4 (PDB code: 5ES1). (B) A 3D model of the interaction
between compound 9d in the active site of MARK4 (BIOVIA Discovery Studio).
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N-Alkylated acridones 9a−i and 10 complexes with MARK4
were stabilized by various interactions such as hydrogen and
halogen bonds, pi-sulfur, and van der Waals interactions with the
active site residues (Figures S1−S7). The acridone moiety
extends toward the hinge region, and in most cases, a hydrogen
bond through the carbonyl group of acridone forms one
hydrogen bond with the amino group of Ala135. As shown in
Figure 3, the phenyl group of compound 9a forms pi-alkyl
interactions with Ala195, which is close to the DFG motif. The
introduction of various substituents on the phenyl moiety
increases interactions with either the P-loop or the DFG motif.
For example, fluoro substitution at the p-position on the phenyl
ring of compound 9d gives a hydrogen bond with Gly65 and a
halogen bond with Ala68 of the hydrophobic region of the P-

loop (Figure 4). On the other hand, amine substitution at the p-
position on the phenyl of 10 increases interactions with the DFG
motif, and the amine group forms hydrogen bonds with Glu182,
Asp196, and Asn183 (Figure 5).

Complexes of compounds 15a−e and 16a−h with MARK4
share similar poses and were stabilized by various interactions
(Figures 6, 7, and S8−S18). More specifically, the acridone
backbone extends toward the hinge region, forming a hydrogen
bond with Ala135 through the carbonyl group, while the
piperazine moiety is oriented toward the phosphate pocket and
interacts with Glu182 of the catalytic loop. The substituted
benzyl groups of compounds 15a−e interact with amino acids of
the DFG motif (Asp196 and Gly198) and extend toward Ile87,
Phe67, and Glu103 (Figures S8−S12). The substituted phenyl

Figure 5. (A) 2D molecular docking model of compound 10 in the active site of MARK4 (PDB code: 5ES1). (B) A 3D model of the interaction
between compound 10 in the active site of MARK4 (BIOVIA Discovery Studio).

Figure 6. (A) 2D molecular docking model of compound 16a and (B) a 3D model of the interaction between compound 16a in the active site of
MARK4 (PDB ID: 5ES1). Hydrogen bonds are indicated by green dotted lines.
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groups of compounds 16a−h extend toward either Asn66,
Phe67, and Leu100 or Glu182, Asp178, and Phe199 interacting
with the side chain of Lys85 (phosphate pocket) and the
carboxylic acid of Asp196 (DFG motif) (Figures 6, 7, and S13−
S18).

Detailed analysis of complexes MARK4-20 and MARK4-
23a−d showed that tryptophan analogues share quite similar
poses with the acridone backbone, forming a hydrogen bond

with Ala135 (hinge region), like the rest of synthesized
acridones (Figures 8, 9, and S19−S21). Tryptophan analogues
20 and 23a−d were found to form a second hydrogen bond,
more specifically, between the NH group of the indole moiety
with the carboxylic acid of Asp196 (DFG motif). The
substituted benzene rings extend toward Glu139 and Asp142,
forming π-ionic interactions with the carboxylic acid of Glu139
(Figures 8 and 9). These observations indicate that the

Figure 7. (A) 2D molecular docking model of compound 16b and (B) a 3D model of the interaction between compound 16b in the active site of
MARK4 (PDB ID: 5ES1). Hydrogen bonds are indicated by green dotted lines.

Figure 8. (A) 2D molecular docking model of compound 23a and (B) a 3D model of the interaction between compound 23a in the active site of
MARK4 (PDB ID: 5ES1). Hydrogen bonds are indicated by green dotted lines.
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synthesized acridones possess a high binding affinity for MARK4
and may significantly inhibit its kinase activity.

Furthermore, the physiochemical properties of synthesized
acridones were predicted through the SwissADME platform
(http://www.swissadme.ch). Molecular weight, MlogP, hydro-
gen bond donors and acceptors, rotatable bonds, and topological
polar surface area were calculated to define Lipinski’s rule of five
and Veber’s rules violations, to evaluate their drug-likeness. All
tested compounds are well qualified in Lipinski’s rules (0 or 1
violation), possessing molecular weights below 500 Dalton,
MlogP values below five, hydrogen bond donors below five, and
hydrogen bond acceptors below 10 (Table S2). From the
synthesized compounds, only 23d has more than 10 rotational

bonds and does not obey Veber’s rules (rotatable bonds ≤ 10
and topological polar surface area ≤ 140 Å2).

1.3. Enzyme Inhibition Assay. All of the synthesized
compounds were tested for their ability to inhibit the protein
kinase, MARK4. Increasing concentrations of the ligands were
used to estimate the IC50 value of each compound. From the
synthesized compounds, six showed excellent inhibitory
potential against MARK4. MARK4, free of any ligand, was
used as a reference representing the completely active enzyme
with 100% enzyme activity. Most N-alkylated derivatives of 2-
methylacridone were inactive; only 9c and 10 revealed a small
inhibitory activity of 13.50 and 12.50 μM, respectively. On the
other hand, most of the amide derivatives of piperazine and
tryptophan were found to be more potent. The compounds that

Figure 9. (A) 2D molecular docking model of compound 23c and (B) a 3D model of the interaction between compound 23c in the active site of
MARK4 (PDB ID: 5ES1). Hydrogen bonds are indicated by green dotted lines.

Table 1. Binding and Enzyme Inhibition Parameters of MARK4 with the N-Alkylated Derivatives of 2-Methylacridones

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://doi.org/10.1021/acsptsci.3c00084
ACS Pharmacol. Transl. Sci. 2023, 6, 1052−1074

1059

http://www.swissadme.ch
https://pubs.acs.org/doi/suppl/10.1021/acsptsci.3c00084/suppl_file/pt3c00084_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.3c00084?fig=tbl1&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.3c00084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


showed appreciable inhibition were 23a, 23b, 23c, 16c, 16a, and
16b with IC50 values of 0.82, 1.01, 1.49, 2, 0.93, and 0.91 μM,
respectively, presented in Tables 12−3. Figure 10 depicts that
the loss in protein activity incurred is directly proportional to the

concentration of the ligand. The results show the efficacy of the
ligands as potent inhibitors of MARK4 protein. Using 15a as a
reference point, it can be observed that the addition of a fluorine
substituent at a para position on the phenyl ring slightly

Table 2. Binding and Enzyme Inhibition Parameters of MARK4 with Piperazine Bearing Acridones

Table 3. Binding and Enzyme Inhibition Parameters of MARK4 with the Tryptophan Compounds
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enhanced the activity giving derivative 15e with an IC50 value of
3.20 μM. Comparing the activity of 15e with the halogenated
derivatives 16a, 16c, and 16b, it was observed that the
introduction of a second amide group is beneficial for activity.
The addition of one fluorine or chloride at the meta position of
the phenyl ring affords two compounds 16a and 16b possessing
similar activities with IC50 ∼0.91 μM. In contrast, the addition of

a second chloride, a nitro, or two CF3 substituents results in
reduced activities. Amidation of compound 11 with tryptophan
or tryptophan methyl ester yields two inactive derivatives 19 and
20. Interestingly, the formation of a second amide group from 19
with various anilines affords potent MARK4 inhibitors. The
most active compound, 23a, has an IC50 value of 0.82 μM and
carries a para methyl group on aniline. Compounds 23b and 23c,

Figure 10. Enzyme inhibition assay of MARK4 with different ligands: (A) 23a, (B) 23b, (C) 23c, (D) 16c, (E) 16a, (F) 16b.
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Figure 11. continued
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bearing fluorine and chlorine substituents, respectively, were
slightly less potent (IC50 = 1.01 and 1.49 μM) compared to
compound 23a.

1.4. Fluorescence-Based Binding Assay. The intrinsic
fluorescence (IF) of proteins aromatic amino acids (phenyl-
alanine, tyrosine, and tryptophan) has been used extensively to
monitor folding and unfolding and changes related to pH,
temperature, denaturants, and pressure. Moreover, the binding
of protein with an externally provided ligand can also be
measured to estimate various binding and thermodynamic
parameters.41,42 Tryptophan residue is exquisitely sensitive to
any changes in the protein structure.43 IF of the protein is an
important tool to investigate the protein−ligand binding
affinities.44,45 The quenching observed in fluorescence measure-
ments can result from various reasons such as shuffling of the
molecules, interactions amongst them, charge transfer, and
formation of complexes.

To validate our enzyme inhibition results, MARK4 was
studied for the fluorescence-based binding assay. Increased
concentration of ligands was measured with the native protein,
and decreased intensity was observed, as shown in Figure 11.
The compounds exhibiting appreciable binding interactions
with MARK4 showed a remarkable decrease in fluorescence
intensity. The quenching in fluorescence intensity was used to
find the value of the binding constant (K). The binding
constants of the protein−ligand association are presented in
Table 4 for each ligand.

1.5. Cell Culture and Viability Studies. As overexpression
of MARK4 has been associated with the growth and
proliferation of cancer cells, the effect of the synthesized
acridones on the cell viability of two carcinoma cell lines was
determined. Compounds 23a, 23b, 23c, 16a, 16b, and 16c were
the more potent inhibitors of MARK4 (IC50 < 2 μM). The
cervical cancer cells HeLa, the glioblastoma cells U87MG and
U251, the melanoma MDA-MB-435, and the human gingival
fibroblasts HGFs were selected to assess the cytotoxic activity of
the synthesized compounds by using the MTT assay at a
concentration range of 1−20 μM for 24 h (Figures 12−16).
U87MG and U251 were chosen based on previous studies,
which demonstrated that MARK4 is overexpressed in
gliomas.46,47 The tested cell lines express different levels of
MARK4. According to The Human Protein Atlas.org, MARK4

Figure 11. Fluorescence binding studies of MARK4 with the compounds. (A) Fluorescence spectra of MARK4 with increasing concentrations of
compound 23a (0.1−0.9 μM). (B) The modified Stern−Volmer (MSV) plot displaying fluorescence quenching of MARK4 by 23a. (C) Fluorescence
spectra of MARK4 with increasing concentrations of compound 23b (0.1−0.9 μM). (D) The modified Stern−Volmer (MSV) plot displaying
fluorescence quenching of MARK4 by 23b. (E) Fluorescence spectra of MARK4 with increasing concentrations of compound 23c (0.1−0.9 μM). (F)
The modified Stern−Volmer (MSV) plot displaying fluorescence quenching of MARK4 by 23c. (G) Fluorescence spectra of MARK4 with increasing
concentrations of compound 16a (0.1−0.9 μM). (H) The modified Stern−Volmer (MSV) plot displaying fluorescence quenching of MARK4 by 16a.
(I) Fluorescence spectra of MARK4 with increasing concentrations of compound 16c (0.1−0.9 μM). (J) The modified Stern−Volmer (MSV) plot
displaying fluorescence quenching of MARK4 by 16c. (K) Fluorescence spectra of MARK4 with increasing concentrations of compound 16b (0.1−0.9
μM). (L) The modified Stern−Volmer (SV) plot displaying fluorescence quenching of MARK4 by 16b.

Table 4. Binding and Enzyme Inhibition Parameters of
MARK4 with the Compoundsa

compound €binding constant K, M−1 *IC50 (μM)

23a 6.3 × 107 0.82
23b 7.3 ×108 1.01
23c 1.9 × 106 1.49
16a 4.6 × 105 0.93
16b 6.7 × 105 0.912
16c 7.9 × 105 2

aValues obtained from € Fluorescence and *Enzyme Inhibition Assay.
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kinase has low cancer expression specificity. Specifically, the

RNA expression score for cell lines tested was 7.4 (HeLa), 15.3

(U87), 11.7 (MDA-MB-435), 12.1 (U251), and 15 (HGFs).48

The results were expressed as EC50 (the concentration that
causes 50% loss of cell viability) and are presented in Table 5.
Treatment of Hela and U87MG cells with various concen-
trations of piperazine analogues 16a, 16b, and 16c for 24 h had a

Figure 12. Growth inhibition (sensitivity curves) of HeLa cells generated after treatment with 23a, 23b, 23c, 16c, 16a, and 16b.

Figure 13. Growth inhibition (sensitivity curves) of U87MG cells generated after treatment with 23a, 23b, 23c, 16c, 16a, and 16b.

Figure 14. Growth inhibition (sensitivity curves) of MDA-MB-435 cells generated after treatment with 23a and 16a.
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rather limited effect on cell viability (EC50 more than 50 μM).
On the contrary, tryptophan derivatives 23a, 23b, and 23c
showed significant cytotoxicity against both cell lines. These
compounds potently inhibited the growth of Hela and U87MG
cells with EC50 values ranging from 2.13 to 4.22 μM.
Additionally, 23a was tested against MDA-MB-435, U251, and
physiological HGF cells. The results demonstrate that 23a
decreased the proliferation of human MDA-MB-435 and U251
cancer cells and exhibited significant antiproliferative properties.
The compound acts in a nonselective manner since it as well
affects the growth of non-cancerous HGF cells. Of all treated
cells, MDA-MB-435 cells were the most sensitive to 23a.

2. CONCLUSIONS
We have previously reported the synthesis and inhibitory activity
of N-substituted acridones against MARK4 kinase. Continuing
our optimization program beyond compound 1, we discovered
new MARK4 inhibitors with higher potency. Several acridone
derivatives were synthesized to bear three types of variations on
the acridone core: N-alkylated derivatives of 2-methylacridone
and amides bearing a piperazine ring or tryptophan. All of the
newly synthesized compounds were screened for their inhibitory
activities against MARK4. In accordance with the in silico
studies, the N-alkylated derivatives of 2-methylacridone were
less active than the other tested compounds. Six derivatives
exhibited activities below 2 μM in an enzyme inhibition assay.

Figure 15. Growth inhibition (sensitivity curves) of U251 cells generated after treatment with 23a and 16a.

Figure 16. Growth inhibition (sensitivity curves) of HGF cells generated after treatment with 23a and 16a.

Table 5. Effective Concentrations of MARK4 Inhibitors Causing 50% Loss of Cell Viability (EC50 Values) in HeLa and U87MG
Cancer Cell Linesa

EC50 (μM)

compound HeLa U87MG MDA-MB-435 U251 HGFs

23a 2.13 ± 0.08 4.13 ± 0.06 1.76 ± 0.06 7.98 ± 0.21 3.55 ± 0.08
23b 2.52 ± 0.07 4.22 ± 0.12 ND ND ND
23c 2.16 ± 0.03 3.51 ± 0.09 ND ND ND
16a >50 >50 >50 >50 >50
16b >50 >50 ND ND ND
16c >50 >50 ND ND ND

aResults are presented as mean ± SE of three independent experiments. ND = Not determined.
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To validate our enzyme inhibition results, MARK4 was studied
using a fluorescence-based binding assay. Derivatives 23a and
23b had binding constants 6.3 × 107 and 7.3 × 108 M−1,
respectively. In general, the synthesized molecules are in
accordance with the Lipinski and Veber rules. Compound 23a
demonstrated high antiproliferative effects against 4 different
cancer cell lines in the low micromolar range; however, it also
affects the non-cancerous HGF cells. Surprisingly, the
tryptophan analogues display significant anticancer activity on
HeLa and U87MG cell lines, while derivatives bearing
piperazine were not cytotoxic. The role of substituents in the
activity of the acridones is obviously crucial. A plausible
explanation for this observation is that the tryptophan or
piperazine moiety may modulate the permeability of the
inhibitors through the cell membranes or exert additional
cytotoxicity mechanisms by targeting other proteins that control
cancer cell growth. Due to their high binding affinity against
MARK4, these compounds could be potential agents to target
MARK4 against cancer and tauopathies.

3. MATERIALS AND METHODS
3.1. Synthesis of Acridone Derivatives. 3.1.1. General

Experimental Details. Commercial reagents and solvents of
high purity were purchased and used without further
purification. All reactions were carried out under an atmosphere
of argon in dried flasks or vials unless otherwise specified.
Reactions were monitored by thin-layer chromatography on
silica gel plates and visualized by a UV lamp. Aqueous ceric
sulfate/phosphomolybdic acid, ethanolic p-anisaldehyde sol-
ution, ninhydrin, and heat were used as developing agents. NMR
spectra were recorded on an Agilent 500 spectrometer with 1H
at 500 MHz and 13C at 125 MHz, using the tetramethylsilane
internal standard at 25 °C, unless otherwise noted. Chemical
shifts are reported in δ values (ppm) from internal reference
peaks (CDCl3

1H 7.26, 13C 77.00; DMSO-d6
1H 2.50, 13C 39.51;

CD3COCD3
1H 2.05, 13C 29.85). Coupling constants (J) are

reported in Hz. The LC-MS spectra were recorded on an
LC20AD Shimadzu connected to Shimadzu LCMS-2010EV
equipped with a C18 analytical column [SUPELCO Discovery
C18 (25 cm × 4.6 mm, 5 μm) or Poroshell 120 EC-C18 (4.6 mm
× 100 mm, 2.7 μm)]. HRMS experiments were carried out on a
Q Exactive Plus Mass Spectrometer; flow rate 0.5Ml/min; 90%
ACN + 0.1% HCOOH; spray voltage = 3 kV capillary;
temperature = 300 °C. Melting points (mp) are uncorrected.
Optical rotation was measured on a Kruss P-3000 polarimeter
with a sodium lamp at the solvent, temperature, and
concentration indicated for each compound.

Compounds 8 and 11 were prepared according to our
previously published procedure.22

3.1.2. General Procedure for the Synthesis of Acridone
Derivatives 9a−i, 10. To a suspension of 2-methylacridin-
9(10H)-one (150 mg, 0.717 mmol) in dry DMF (6 mL),
potassium carbonate (995 mg, 7.20 mmol) and 3.74 mmol of
bromides were added, and the mixture was stirred under
microwave irradiation at 100 °C for 1.5−4 h. The reaction
mixture was extracted with dichloromethane, and the combined
organic extracts were dried over Na2SO4, filtered, and
concentrated under reduced pressure. The residue was purified
by flash column chromatography.

3.1.2.1. 10-Benzyl-2-methylacridin-9(10H)-one, 9a. Reac-
tion time: 1.5 h; 99% yield; mp = 162−164 °C; 1H NMR (500
MHz, CDCl3) δ 8.60 (d, J = 7.9 Hz, 1H), 8.39 (s, 1H), 7.61 (dd,
J = 7.5 Hz, 1H), 7.45 (d, J = 8.7 Hz, 1H), 7.37−7.27 (m, 6H),

7.19 (d, J = 7.2 Hz, 2H), 5.59 (s, 2H), 2.46 (s, 3H); 13C NMR
(125 MHz, CDCl3) δ 178.2, 142.4, 140.6, 135.6, 135.5, 133.9,
131.3, 129.2, 127.8, 127.7, 127.1, 125.6, 122.5, 122.4, 121.3,
115.1, 115.0, 50.7, 20.6; 354.15; ESI-HRMS m/z for C21H18NO
[M + H]+ calcd 300.1388 found 300.1379.

3.1.2.2. 2-Methyl-10-(4-methylbenzyl)acridin-9(10H)-one,
9b. Reaction time: 2.5 h, 80% yield; mp = 209−211 °C; 1H
NMR (500 MHz, CDCl3) δ 8.58 (dd, J = 8.0, 1.2 Hz, 1H), 8.37
(s, 1H), 7.62−7.54 (m, 1H), 7.42 (dd, J = 8.7, 1.7 Hz, 1H), 7.32
(d, J = 8.7 Hz, 1H), 7.27−7.23 (m, 2H), 7.14 (d, J = 7.9 Hz, 2H),
7.07 (d, J = 7.9 Hz, 2H), 5.52 (s, 2H), 2.44 (s, 3H), 2.33 (s, 3H);
13C NMR (125 MHz, CDCl3) δ 178.1, 142.3, 140.6, 137.4,
135.4, 133.8, 132.5, 131.1, 129.8, 127.7, 126.9, 125.5, 122.4,
122.3, 121.2, 115.2, 115.0, 50.4, 21.0, 20.6; ESI-HRMS m/z for
C22H20NO [M + H]+ calcd 314.1545 found 314.1540.

3.1.2.3. 2-Methyl-10-(4-(trifluoromethyl)benzyl)acridin-9-
(10H)-one, 9c. Reaction time: 4 h; 64% yield; mp = 217−219
°C; 1H NMR (500 MHz, DMSO-d6) δ 8.38 (dd, J = 8.0, 1.5 Hz,
1H), 8.18 (s, 1H), 7.74 (ddd, J = 8.7, 7.0, 1.6 Hz, 1H), 7.70 (d, J
= 8.2 Hz, 2H), 7.62−7.57 (m, 2H), 7.54 (d, J = 8.9 Hz, 1H),
7.37−7.31 (m, 3H), 5.91 (s, 2H), 2.42 (s, 3H); 13C NMR (125
MHz, DMSO-d6) δ; 176.5, 141.8, 141.5, 140.1, 135.8, 134.3,
131.0, 127.9, 126.8, 126.0, 125.8, 124.2, 121.6, 121.5 (2C),
116.1, 115.9, 48.6, 20.2 (one carbon is missing due to
overlapping); ESI-HRMS m/z for C22H17F3NO [M + H]+

calcd 368.1262; found 368.1254.
3.1.2.4. 10-(4-Fluorobenzyl)-2-methylacridin-9(10H)-one,

9d. Reaction time: 2.5 h; 84% yield; mp = 193−195 °C; 1H
NMR (500 MHz, CDCl3) δ 8.55 (d, J = 7.8 Hz, 1H), 8.34 (s,
1H), 7.58 (dd, J = 7.5, 7.6 Hz, 1H), 7.41 (d, J = 8.4 Hz, 1H),
7.29−7.22 (m, 2H), 7.20 (d, J = 8.7 Hz, 1H), 7.16−7.11 (m,
2H), 7.01 (dd, J = 8.7, 8.6 Hz, 2H), 5.51 (s, 2H), 2.42 (s, 3H);
13C NMR (125 MHz, CDCl3) δ 178.0, 162.2, 142.1, 140.4,
135.3, 133.8, 131.3, 131.2, 127.7, 127.3, 127.0, 122.4, 122.3,
121.2, 116.0, 114.9, 114.7, 49.9, 20.6; ESI-HRMS m/z for
C21H17FNO [M + H]+ calcd 318.1294; found 318.1289.

3.1.2.5. 10-(2,4-Difluorobenzyl)-2-methylacridin-9(10H)-
one, 9e. Reaction time: 2.5 h; 82% yield; mp = 228−230 °C;
1H NMR (500 MHz, CDCl3) δ 8.61 (d, J = 7.9 Hz, 1H), 8.41 (s,
1H), 7.63 (dd, J = 8.2, 7.3 Hz, 1H), 7.49 (d, J = 8.6 Hz, 1H), 7.31
(d, J = 7.9 Hz, 1H), 7.28 (d, J = 8.7 Hz, 1H), 7.21 (d, J = 8.7 Hz,
1H), 7.01−6.96 (dd, J= 10.2, 8.6 Hz, 1H), 6.80−6.74 (dd, J
=15.1, 8.1 Hz, 1H), 6.74−6.69 (dd, J =8.4, 8.3 Hz, 1H), 5.58 (s,
2H), 2.48 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 178.0, 162.3,
160.3, 142.1, 140.3, 135.6, 134.0, 131.6, 128.0, 127.9, 127.3,
122.5, 121.6, 118.5, 118.4, 114.6, 114.5, 111.9, 104.4, 44.4, 20.6;
ESI-HRMS m/z for C21H16F2NO [M + H]+ calcd 336.1200;
found 336.1192.

3.1.2.6. 10-(Cyclopropylmethyl)-2-methylacridin-9(10H)-
one, 9f. Reaction time: 3 h; 72% yield; mp = 224−226 °C;
1H NMR (500 MHz, CDCl3) δ 8.56 (dd, J = 8.0, 1.2 Hz, 1H),
8.35 (s, 1H), 7.70−7.65 (m, 1H), 7.55 (d, J = 8.8 Hz, 1H), 7.51
(dd, J = 8.8, 1.8 Hz, 1H), 7.48 (d, J = 8.8 Hz, 1H), 7.24 (d, J = 6.9
Hz, 1H), 4.35 (d, J = 5.7 Hz, 2H), 2.45 (s, 3H), 1.33−1.26 (m,
1H), 0.66−0.61 (m, 2H), 0.05−0.46 (m, 2H); 13C NMR (125
MHz, CDCl3) δ 177.9, 142.1, 140.3, 135.2, 133.5, 130.9, 128.0,
127.2, 122.4, 120.9, 115.2, 115.1, 48.6, 20.6, 9.8, 4.3 (1 carbon is
missing due to overlapping); ESI-HRMS m/z for C18H18NO [M
+ H]+ calcd 264.1388; found 264.1381.

3.1.2.7. 10-(4-(tert-Butyl)benzyl)-2-methylacridin-9(10H)-
one, 9g. Reaction time: 2.5 h; 71% yield; mp = 146−148 °C,
1H NMR (500 MHz, CDCl3) δ 8.59 (d, J = 7.7 Hz, 1H), 8.37 (s,
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1H), 7.59 (dd, J = 7.5, 7.4 Hz, 1H), 7.52−7.40 (m, 2H), 7.34 (d,
J = 8.1 Hz, 3H), 7.29−7.24 (m, 1H), 7.10 (d, J = 7.7 Hz, 2H),
5.53 (s, 2H), 2.44 (s, 3H), 1.29 (s, 9H); 13C NMR (125 MHz,
CDCl3) δ 178.1, 150.7, 142.4, 140.6, 135.4, 133.8, 132.4, 131.2,
127.7, 127.0, 126.0, 125.3, 122.4, 122.3, 121.2, 115.3, 115.1,
50.3, 34.5, 31.3, 20.6; ESI-HRMS m/z for C25H26NO [M + H]+

calcd 356.2014; found 356.2003.
3.1.2.8. 4-((2-Methyl-9-oxoacridin-10(9H)-yl)methyl)-

benzonitrile, 9h. Reaction time: 2.5 h; 75% yield; mp = 298−
300 °C; 1H NMR (500 MHz, CDCl3) δ 8.60 (d, J = 7.7 Hz, 1H),
8.39 (s, 1H), 7.65 (m, 2H), 7.62 (d, J = 7.8 Hz, 1H), 7.46 (d, J =
8.6 Hz, 1H), 7.32 (d, J = 7.8 Hz, 2H), 7.30 (d, J = 7.7 Hz, 1H),
7.21 (d, J = 8.6 Hz, 1H), 7.14 (d, J = 8.7 Hz, 1H), 5.63 (s, 2H),
2.47 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 178.0, 142.1,
141.3, 140.2, 135.6, 134.1, 133.1, 131.8, 128.1, 127.4, 126.6,
122.6, 122.5, 121.7, 118.3, 114.5, 114.4, 112.0, 50.3, 20.6; ESI-
HRMS m/z for C22H17N2O [M + H]+ calcd 325.1341; found
325.1336.

3.1.2.9. 2-Methyl-10-(4-nitrobenzyl)acridin-9(10H)-one, 9i.
Reaction time: 2.5 h; 96% yield; mp = 303−305 °C; 1H NMR
(500 MHz, CDCl3) δ 8.61 (d, J = 7.6 Hz, 1H), 8.40 (s, 1H), 8.22
(d, J = 8.3 Hz, 2H), 7.64 (dd, J = 8.1, 7.4 Hz, 1H), 7.47 (d, J = 8.6
Hz, 1H), 7.39 (d, J = 8.3 Hz, 2H), 7.32 (dd, J = 7.6, 7.4 Hz, 1H),
7.22 (d, J = 8.6 Hz, 1H), 7.15 (d, J = 8.8 Hz, 1H), 5.67 (s, 2H),
2.47 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 178.0, 147.7,
143.3, 142.0, 140.2, 138.6, 135.6, 134.1, 131.9, 128.1, 127.5,
126.7, 124.5, 122.6, 121.8, 114.4, 114.3, 50.2, 20.6; ESI-HRMS
m/z for C21H17N2O3 [M + H]+ calcd 345.1239; found 345.1245.

3.1.2.10. 10-(4-Aminobenzyl)-2-methylacridin-9(10H)-
one, 10. To the solution of 2-methyl-10-(4-nitrobenzyl)-
acridin-9(10H)-one (19.4 mg, 0.056 mmol) in MeOH (1.35
mL), a catalytic amount of Pd/C (≈10%) was added. A
hydrogen-filled balloon was adjusted, the system was degassed,
and the reaction was stirred for 1.5 h at room temperature. The
solution was filtered through Celite and concentrated under
reduced pressure to afford compound 10 in 95% yield (17.8
mg). 10: mp = 289−291 °C; 1H NMR (500 MHz, CDCl3) δ
8.59 (dd, J = 8.0, 1.4 Hz, 1H), 8.38 (s, 1H), 7.61 (ddd, J = 8.6,
7.0, 1.6 Hz, 1H), 7.45 (dd, J = 8.7, 2.0 Hz, 1H), 7.38 (d, J = 8.7
Hz, 1H), 7.31 (d, J = 8.7 Hz, 1H), 7.29−7.25 (m, 1H), 6.97 (d, J
= 8.3 Hz, 2H), 6.65 (d, J = 8.3 Hz, 2H), 5.48 (s, 2H), 2.46 (s,
3H); 13C NMR (125 MHz, CDCl3) δ 178.2, 146.0, 142.5, 140.7,
135.4, 133.8, 131.2, 127.7, 127.0, 126.7, 125.1, 122.4, 122.4,
121.2, 115.6, 115.3, 115.2, 50.3, 20.6; ESI-HRMS m/z for
C21H19N2O [M + H]+ calcd 315.1497; found 315.1493.

3.1.2.11. tert-Butyl piperazine-1-carboxylate, 13. To the
solution of piperazine (500 mg, 5.81 mmol) in abs MeOH (14
mL), a solution of di-tert-butyl dicarbonate (0.61 mL, 2.66
mmol) in abs MeOH (7 mL) was added dropwise during 0.5 h
with stirring at 0 °C. The reaction mixture was stirred at room
temperature for 3 h, and then H2O was added, followed by
extractions with ethyl acetate. The organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure. The
residue was purified by flash column chromatography (eluent;
DCM/MeOH = 5/1) to afford compound 13 as a white solid in
73% yield (790 mg). The spectral data were in accordance with
the literature.49 13: 1H NMR (500 MHz, CDCl3) δ 3.55−3.21
(m, 4H), 2.94−2.69 (m, 4H), 1.46 (s, 9H).

3.1.2.12. tert-Butyl 4-(2-(2-Methyl-9-oxoacridin-10(9H)-
yl)acetyl)piperazine-1-carboxylate, S1. To the solution of 2-
(2-methyl-9-oxoacridin-10(9H)-yl)acetic acid (100 mg, 0.374
mmol) in dry DMF (2.5 mL), tert-butyl piperazine-1-
carboxylate (76.6 mg, 0.411 mmol), EDCI (107.5 mg, 0.561

mmol), and HOBt hydrate (86 mg, 0.561 mmol) were
successively added. The reaction mixture was stirred at room
temperature overnight, and then it was concentrated under
reduced pressure. The residue was purified by flash column
chromatography (eluent; DCM/MeOH = 18/1) to afford
compound S1 as a yellow solid in 83% yield (135 mg). S1: mp =
201−203 °C; 1H NMR (500 MHz, CDCl3) δ 8.46 (d, J = 7.8 Hz,
1H), 8.23 (s, 1H), 7.56 (dd, J = 7.8, 7.5 Hz, 1H), 7.37 (d, J = 8.4
Hz, 1H), 7.20 (dd, J = 7.5, 7.4 Hz, 1H), 7.00 (d, J = 8.6 Hz, 1H),
6.92 (d, J = 8.6 Hz, 1H), 4.91 (s, 2H), 3.68−3.63 (m, 2H), 3.59
(bs, 4H), 3.52−3.47 (m, 2H), 2.38 (s, 3H), 1.51 (s, 9H); 13C
NMR (125 MHz, CDCl3) δ 178.1, 164.9, 154.4, 142.2, 140.3,
135.2, 133.7, 131.3, 127.7, 127.0, 122.4, 122.3, 121.3, 114.1,
114.0, 80.7, 48.1, 44.8, 42.1, 28.4, 20.5; ESI-MS m/z for
C25H29N3O4Na [M + Na]+ calcd 458.20; found 457.90.

3.1.2.13. 4-(2-(2-Methyl-9-oxoacridin-10(9H)-yl)acetyl)-
piperazin-1-ium 2,2,2-trifluoroacetate, 14. To the solution
of tert-butyl 4-(2-(2-methyl-9-oxoacridin-10(9H)-yl)acetyl)-
piperazine-1-carboxylate (50 mg, 0.115 mmol) in dry DCM
(0.6 mL), TFA (0.6 mL) was added, and the mixture was stirred
at room temperature for 3 h. The reaction mixture was
concentrated under reduced pressure, and the residue was
washed with CHCl3. The product was collected by filtration and
washed with petroleum ether. Compound 14 was afforded as a
yellow solid in 86% yield (33 mg). 14: mp > 230 °C; 1H NMR
(500 MHz, DMSO-d6) δ 9.08 (s, 2H), 8.34 (dd, J = 8.0, 1.5 Hz,
1H), 8.14 (s, 1H), 7.79−7.70 (m, 1H), 7.62−7.57 (m, 2H), 7.53
(d, J = 8.9 Hz, 1H), 7.31 (dd, J = 7.6, 7.3 Hz, 1H), 5.53 (s, 2H),
3.96−3.91 (m, 2H), 3.72−3.67 (m, 2H), 3.40−3.35 (m, 2H),
3.21−3.15 (m, 2H), 2.44 (s, 3H); 13C NMR (125 MHz, DMSO-
d6) δ 176.6, 165.1, 142.3, 140.6, 135.2, 133.7, 130.6, 126.5,
125.7, 121.4 (2C), 121.1, 116.3, 116.1, 47.3, 42.9, 42.7, 41.6,
38.5, 20.2 ESI-MS m/z for C20H22N3O2 [M + H]+ calcd 336.17;
found 335.90.

3.1.3. General Procedure for the Synthesis of Acridone
Derivatives 15a−e. The solution of 4-(2-(2-methyl-9-oxoacri-
din-10(9H)-yl)acetyl)piperazin-1-ium 2,2,2-trifluoroacetate 14
(30 mg, 0.067 mmol) in dry DMF (0.45 mL) was cooled to 0 °C
and Cs2CO3 (33 mg, 0.101 mmol) and 0.067 mmol of the
corresponding bromide were successively added. The reaction
mixture was stirred at room temperature overnight, and then
H2O was added, followed by extractions with dichloromethane.
The organic layers were dried over Na2SO4, filtered, and
concentrated under reduced pressure. The residue was purified
by flash column chromatography (eluent; gradient PS/EA = 3/1
- EA).

3.1.3.1. 10-(2-(4-Benzylpiperazin-1-yl)-2-oxoethyl)-2-
methylacridin-9(10H)-one, 15a. Yellowish solid; 67% yield;
mp = 184−186 °C; 1H NMR (500 MHz, DMSO-d6, 40 °C) δ
8.34 (dd, J = 8.0, 1.5 Hz, 1H), 8.14 (s, 1H), 7.77−7.72 (m, 1H),
7.59 (dd, J = 8.8, 2.2 Hz, 1H), 7.49 (d, J = 8.7 Hz, 1H), 7.43 (d, J
= 8.7 Hz, 1H), 7.40−7.35 (m, 4H), 7.34−7.26 (m, 2H), 5.45 (s,
2H), 3.75 (brs, 2H), 3.60 (s, 2H), 3.51 (brs, 2H), 2.60 (brs, 2H),
2.43 (s, 5H); 13C NMR (125 MHz, DMSO-d6, 40 °C) δ 176.4,
164.6, 142.2, 140.5, 135.0, 133.5, 130.3, 128.8, 128.1, 126.9,
126.3, 125.5, 121.4, 121.4, 120.8, 115.9, 115.7, 61.7, 52.7, 52.1,
47.1, 44.3, 41.6, 20.1 (one carbon is missing due to overlapping);
ESI-HRMS m/z calcd for C27H28N3O2 [M + H]+ = 426.2182;
found 426.2171.

3.1.3.2. 10-(2-(4-(4-(tert-Butyl)benzyl)piperazin-1-yl)-2-ox-
oethyl)-2-methylacridin-9(10H)-one, 15b. Yellowish solid;
75% yield; mp = 198−200 °C; 1H NMR (500 MHz, DMSO-
d6, 40 °C) δ 8.34 (dd, J = 7.9, 1.4 Hz, 1H), 8.14 (s, 1H), 7.86−

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://doi.org/10.1021/acsptsci.3c00084
ACS Pharmacol. Transl. Sci. 2023, 6, 1052−1074

1067

pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.3c00084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


7.69 (m, 1H), 7.59 (dd, J = 8.8, 2.0 Hz, 1H), 7.49 (d, J = 8.8 Hz,
1H), 7.43 (d, J = 8.8 Hz, 1H), 7.38 (d, J = 8.2 Hz, 2H), 7.32−
7.27 (m, 3H), 5.45 (s, 2H), 3.74 (brs, 2H), 3.55 (s, 2H), 3.51
(brs, 2H), 2.59 (brs, 2H), 2.43 (s, 3H), 2.41 (brs, 2H), 1.30 (s,
9H); 13C NMR (125 MHz, DMSO-d6, 40 °C) δ 176.4, 164.6,
149.3, 142.2, 140.5, 135.0, 134.6, 133.5, 130.3, 128.6, 126.3,
125.5, 124.8, 121.4, 121.3, 120.8, 115.9, 115.7, 61.4, 52.8, 52.1,
47.1, 44.3, 41.6, 34.1, 31.1, 20.0; ESI-HRMS m/z calcd for
C31H36N3O2 [M + H]+ = 482.2808; found 482.2803.

3.1.3.3. 2-Methyl-10-(2-(4-(4-nitrobenzyl)piperazin-1-yl)-
2-oxoethyl)acridin-9(10H)-one, 15c. Yellow solid; 53% yield;
mp = 208−210 °C; 1H NMR (500 MHz, DMSO-d6, 40 °C) δ
8.34 (dd, J = 8.0, 1.6 Hz, 1H), 8.24 (d, J = 8.7 Hz, 2H), 8.14 (s,
1H), 7.75 (ddd, J = 8.7, 7.0, 1.6 Hz, 1H), 7.67 (d, J = 8.7 Hz,
2H), 7.60 (dd, J = 8.8, 2.1 Hz, 1H), 7.50 (d, J = 8.7 Hz, 1H), 7.44
(d, J = 8.7 Hz, 1H), 7.30 (dd, J = 7.6, 7.3 Hz, 1H), 5.47 (s, 2H),
3.77 (brs, 2H), 3.74 (s, 2H), 3.53 (brs, 2H), 2.63 (brs, 2H), 2.45
(brs, 2H), 2.44 (s, 3H); 13C NMR (125 MHz, DMSO-d6, 40 °C)
δ 176.4, 164.7, 146.6, 146.2, 142.3, 140.6, 135.1, 133.6, 130.3,
129.7, 126.3, 125.6, 123.3, 121.4 (2C), 120.9, 115.9, 115.7, 60.7,
52.7, 52.2, 47.2, 44.3, 41.6, 20.1; ESI-HRMS m/z calcd for
C27H27N4O4 [M + H]+ = 471.2032; found 471.2025.

3.1.3.4. 4-((4-(2-(2-Methyl-9-oxoacridin-10(9H)-yl)acetyl)-
piperazin-1-yl)methyl)benzonitrile, 15d. Yellowish solid; 58%
yield; mp = 177−179 °C; 1H NMR (500 MHz, DMSO-d6, 40
°C) δ 8.34 (d, J = 7.9 Hz, 1H), 8.14 (s, 1H), 7.83 (d, J = 7.9 Hz,
2H), 7.78−7.70 (m, 1H), 7.61−7.57 (m, 3H), 7.50 (d, J = 8.7
Hz, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.30 (dd, J = 7.6, 7.2 Hz, 1H),
5.46 (s, 2H), 3.75 (brs, 2H), 3.68 (s, 2H), 3.52 (brs, 2H), 2.61
(brs, 2H), 2.43 (brs, 5H); 13C NMR (125 MHz, DMSO-d6, 40
°C) δ 176.4, 164.7, 144.0, 142.3, 140.5, 135.0, 133.6, 132.1,
130.3, 129.5, 126.3, 125.6, 121.4 (2C), 120.9, 118.7, 115.9,
115.7, 109.8, 61.0, 52.7, 52.1, 47.1, 44.3, 41.6, 20.1; ESI-HRMS
m/z calcd for C28H27N4O2 [M + H]+ = 451.2134; found
451.2128.

3.1.3.5. 10-(2-(4-(4-Fluorobenzyl)piperazin-1-yl)-2-oxoeth-
yl)-2-methylacridin-9(10H)-one, 15e. Yellowish solid; 68%
yield; mp = 200−202 °C; 1H NMR (500 MHz, DMSO-d6, 40
°C) δ. 34 (dd, J = 8.0, 1.4 Hz, 1H), 8.14 (s, 1H), 7.83−7.68 (m,
1H), 7.59 (dd, J = 8.8, 1.8 Hz, 1H), 7.49 (d, J = 8.7 Hz, 1H), 7.43
(d, J = 8.9 Hz, 1H), 7.40 (dd, J = 8.3, 5.8 Hz, 2H), 7.29 (dd, J =
7.4, 7.5 Hz, 1H), 7.21−7.14 (m, 2H), 5.44 (s, 2H), 3.73 (brs,
2H), 3.57 (s, 2H), 3.51 (brs, 2H), 2.58 (brs, 2H), 2.43 (s, 3H),
2.40 (brs, 2H); 13C NMR (125 MHz, DMSO-d6, 40 °C) δ 176.4,
164.6, 161.2, 142.2, 140.5, 135.0, 133.9, 133.5, 130.6, 130.3,
126.3, 125.5, 121.4, 121.3, 120.8, 115.9, 115.7, 114.8, 60.8, 52.6,
52.0, 47.1, 44.3, 41.6, 20.0; ESI-HRMS m/z calcd for
C27H27FN3O2 [M + H]+ = 444.2087; found 443.2087.

3.1.4. General Procedure for the Synthesis of Acridone
Derivatives 16a−h. The solution of 4-(2-(2-methyl-9-oxoacri-
din-10(9H)-yl)acetyl)piperazin-1-ium 2,2,2-trifluoroacetate
(30 mg, 0.067 mmol) in dry DMF (0.45 mL) was cooled to 0
°C and Et3N (10 μL, 0.074 mmol), EDCI (15.4 mg, 0.080
mmol), HOBt hydrate (12.3 mg, 0.080 mmol) and 0.067 mmol
of the corresponding carboxylic acid were successively added.
The reaction mixture was stirred at room temperature overnight,
and then H2O was added, followed by extractions with
dichloromethane. The organic layers were dried over Na2SO4,
filtered, and concentrated under reduced pressure. The residue
was purified by flash column chromatography (eluent; gradient
PS/EA = 3/1 - EA).

3.1.4.1. 10-(2-(4-(3-Chlorobenzoyl)piperazin-1-yl)-2-ox-
oethyl)-2-methylacridin-9(10H)-one, 16a. Yellowish solid;

67% yield; mp > 230 °C; 1H NMR (500 MHz, DMSO-d6, 40
°C) δ 8.32 (d, J = 7.9 Hz, 1H), 8.12 (s, 1H), 7.74 (m, 1H), 7.59
(dd, J = 8.8, 1.5 Hz, 1H), 7.56−7.48 (m, 4H), 7.46 (d, J = 8.8 Hz,
1H), 7.43 (d, J = 7.2 Hz, 1H), 7.29 (dd, J = 7.4 Hz, 1H), 5.49 (s,
2H), 3.92−3.45 (m, 8H), 2.42 (s, 3H); 13C NMR (125 MHz,
DMSO-d6, 40 °C) δ 176.4, 167.6, 165.1, 142.2, 140.5, 137.7,
135.1, 133.6, 133.2, 130.4, 130.4, 129.5, 126.7, 126.3, 125.6,
125.5, 121.4 (2C), 120.9, 116.0, 115.8, 47.2, 44.1, 41.6, 20.1;
ESI-HRMS m/z calcd for C27H25ClN3O3 [M + H]+ = 474.1584;
found 474.1577.

3.1.4.2. 10-(2-(4-(3-Fluorobenzoyl)piperazin-1-yl)-2-ox-
oethyl)-2-methylacridin-9(10H)-one, 16b. Yellowish solid;
71% yield; mp > 230 °C; 1H NMR (500 MHz, DMSO-d6, 40
°C) δ 8.34 (dd, J = 8.0, 1.3 Hz, 1H), 8.14 (s, 1H), 7.79−7.72 (m,
1H), 7.60 (dd, J = 8.8, 1.9 Hz, 1H), 7.57−7.52 (m, 2H), 7.48 (d,
J = 8.8 Hz, 1H), 7.37−7.28 (m, 4H), 5.50 (s, 2H), 3.92−3.40
(m, 8H), 2.44 (s, 3H); 13C NMR (125 MHz, DMSO-d6, 40 °C)
δ 176.4, 167.7, 165.1, 161.7, 142.2, 140.5, 137.9, 135.0, 133.6,
130.7, 130.4, 126.3, 125.6, 122.9, 121.4 (2C), 120.9, 116.4,
115.9, 115.8, 113.9, 47.2, 44.1, 41.5, 20.1; ESI-HRMS m/z calcd
for C27H25FN3O3 [M + H]+ = 458.1880; found 458.1868.

3.1.4.3. 10-(2-(4-(4-Fluorobenzoyl)piperazin-1-yl)-2-ox-
oethyl)-2-methylacridin-9(10H)-one, 16c. Yellowish solid;
78% yield; mp > 230 °C; 1H NMR (500 MHz, DMSO-d6, 40
°C) δ 8.34 (dd, J = 8.0, 1.6 Hz, 1H), 8.14 (s, 1H), 7.75 (ddd, J =
8.6, 7.0, 1.7 Hz, 1H), 7.62−7.51 (m, 4H), 7.47 (d, J = 8.8 Hz,
1H), 7.34−7.28 (m, 3H), 5.49 (s, 2H), 3.85−3.55 (m, 8H), 2.43
(s, 3H); 13C NMR (125 MHz, DMSO-d6, 40 °C) δ 176.4, 168.4,
165.1, 162.5, 142.2, 140.5, 135.0, 133.6, 132.0, 130.3, 129.5,
126.3, 125.6, 121.4, 121.4, 120.9, 115.9, 115.8, 115.3, 47.2, 44.1,
41.5, 20.1; ESI-HRMS m/z calcd for C27H25FN3O3 [M + H]+ =
458.1880; found 458.1873.

3.1.4.4. 10-(2-(4-(2,4-Dichlorobenzoyl)piperazin-1-yl)-2-
oxoethyl)-2-methylacridin-9(10H)-one, 16d. Yellowish solid;
64% yield; mp > 230 °C; 1H NMR (500 MHz, DMSO-d6, 40
°C) δ 8.34 (dd, J = 8.0, 1.4 Hz, 1H), 8.14 (s, 1H), 7.79−7.73 (m,
2H), 7.61−7.76 (m, 5H), 7.30 (dd, J = 7.5, 7.4 Hz, 1H), 5.54 (s,
1H), 5.45 (s, 1H), 3.92 (s, 1H), 3.87 (s, 1H), 3.73 (s, 2H), 3.63
(s, 1H), 3.51 (s, 1H), 3.41 (s, 1H), 3.24 (s, 1H), 2.44 (s, 3H);
13C NMR (125 MHz, DMSO-d6, 40 °C) δ 176.4, 165.0, 164.8,
142.2, 140.5, 135.0, 134.4, 134.3, 133.6, 130.4, 130.3, 129.3,
129.0, 127.9, 126.3, 125.5, 121.4 (2C), 120.9, 116.0, 115.8, 47.2,
46.10, 45.82, 44.31, 43.85, 41.72, 41.32, 41.10, 40.99, 20.1; ESI-
HRMS m/z calcd for C27H24Cl2N3O3 [M + H]+ = 508.1195
found 508.1188.

3.1.4.5. 10-(2-(4-(3,5-Bis(trifluoromethyl)benzoyl)-
piperazin-1-yl)-2-oxoethyl)-2-methylacridin-9(10H)-one,
16e. Yellowish solid; 55% yield; mp > 230 °C; 1H NMR (500
MHz, DMSO-d6, 40 °C) δ 8.35 (d, J = 7.9 Hz, 1H), 8.28−8.18
(m, 3H), 8.15 (s, 1H), 7.76 (m, 1H), 7.60 (dd, J = 8.8, 1.6 Hz,
1H), 7.54 (d, J = 8.7 Hz, 1H), 7.48 (d, J = 8.8 Hz, 1H), 7.31 (dd,
J = 7.5, 7.4 Hz, 1H), 5.52 (s, 2H), 3.94−3.54 (m, 7H), 3.42 (s,
1H), 2.44 (s, 3H); 13C NMR (125 MHz, DMSO-d6, 40 °C) δ
176.4, 166.2, 165.0, 142.3, 140.6, 138.4, 135.0, 133.5, 130.5,
130.4, 127.84, 126.4, 125.6, 123.1, 122.8, 121.4 (2C), 120.9,
115.9, 115.8, 47.2, 43.9, 41.4, 20.1; ESI-HRMS m/z calcd for
C29H24F6N3O3 [M + H]+ = 576.1722; found 576.1717.

3.1.4.6. 2-Methyl-10-(2-(4-(4-nitrobenzoyl)piperazin-1-yl)-
2-oxoethyl)acridin-9(10H)-one, 16f. Yellow solid; 64% yield;
mp = 189−191 °C; 1H NMR (500 MHz, DMSO-d6, 40 °C) δ
8.36−8.31 (m, 2H), 8.14 (s, 1H), 8.79−8.73 (m, 3H), 7.60 (dd,
J = 8.8, 1.9 Hz, 1H), 7.54 (d, J = 8.5 Hz, 1H), 7.48 (d, J = 8.7 Hz,
1H), 7.30 (dd, J = 7.4 Hz, 1H), 5.51 (d, J = 18.1 Hz, 2H), 3.95−
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3.50 (m, 7H), 3.38 (s, 1H), 2.43 (s, 3H); 13C NMR (125 MHz,
DMSO-d6, 40 °C) δ 176.4, 167.3, 165.1, 147.9, 142.2, 141.9,
140.5, 135.0, 133.6, 130.4, 128.3, 126.4, 125.6, 123.7, 121.4
(2C), 120.9, 115.9, 115.8, 47.2, 44.1, 41.6, 20.1; ESI-HRMS m/z
calcd for C27H25N4O5 [M + H]+ = 485.1825; found 485.1820.

3.1.4.7. (E)-2-Methyl-10-(2-(4-(4-(2-nitrovinyl)benzoyl)-
piperazin-1-yl)-2-oxoethyl)acridin-9(10H)-one, 16g. Yellow
solid; 50% yield; mp > 230 °C; 1H NMR (500 MHz, DMSO-d6,
40 °C) δ 8.34 (dd, J = 8.0, 1.1 Hz, 1H), 8.27 (d, J = 13.6 Hz, 1H),
8.20−8.11 (m, 2H), 7.96 (d, J = 7.7 Hz, 2H), 7.80−7.71 (m,
1H), 7.62−7.56 (m, 3H), 7.54 (d, J = 8.7 Hz, 1H), 7.48 (d, J =
8.8 Hz, 1H), 7.31 (dd, J = 7.5, 7.4 Hz, 1H), 5.50 (s, 2H), 3.98−
3.36 (m, 8H), 2.44 (s, 3H); 13C NMR (125 MHz, DMSO-d6, 40
°C) δ 176.4, 168.3, 165.1, 142.2, 140.5, 138.8, 138.1, 135.1,
133.6, 131.4, 130.4, 129.8, 127.6, 126.4, 125.6, 121.4 (2C),
120.9, 115.9, 115.8, 47.3, 44.1, 41.4, 20.1 (one carbon is missing
due to overlapping); ESI-HRMS m/z calcd for C29H27N4O5 [M
+ H]+ = 511.1981; found 511.1980.

3.1.4.8. 10-(2-(4-(Furan-2-carbonyl)piperazin-1-yl)-2-ox-
oethyl)-2-methylacridin-9(10H)-one, 16h. Yellowish solid;
70% yield; mp = 222−224 °C; 1H NMR (500 MHz, DMSO-
d6, 40 °C) δ 8.34 (d, J = 8.0 Hz, 1H), 8.14 (s, 1H), 7.88 (s, 1H),
7.80−7.68 (m, 1H), 7.60 (dd, J = 8.8, 1.7 Hz, 1H), 7.55 (d, J =
8.7 Hz, 1H), 7.50 (d, J = 8.8 Hz, 1H), 7.31 (dd, J = 7.4 Hz, 1H),
7.08 (d, J = 3.4 Hz, 1H), 6.66 (dd, J = 3.0, 1.6 Hz, 1H), 5.50 (s,
2H), 3.96−3.91 (m, 2H), 3.89−3.85 (m, 2H), 3.80−3.75 (m,
2H), 3.64−3.59 (m, 2H), 2.44 (s, 3H); 13C NMR (125 MHz,
DMSO-d6, 40 °C) δ 176.5, 165.1, 158.5, 146.8, 144.8, 142.3,
140.6, 135.1, 133.6, 130.4, 126.3, 125.6, 121.4, 121.4, 120.9,
116.0, 115.9, 115.8, 111.3, 47.3, 44.1, 41.5, 20.1; ESI-HRMS m/
z calcd for C25H24N3O4 [M + H]+ = 430.1767; found 430.1760.

3.1.4.9. Methyl L-Tryptophanate, 18. The solution of L-
tryptophan (50 mg, 0.245 mmol) in dry MeOH (0.7 mL) was
cooled to 0 °C. Then, SOCl2 (0.04 mL) was added dropwise at
the same temperature, and the reaction mixture was heated at 66
°C for 5 h. The reaction was quenched with Na2CO3 to pH = 8−
9, followed by extractions with ethyl acetate. The organic layers
were dried over Na2SO4 and concentrated under reduced
pressure. The residue was purified by flash column chromatog-
raphy (eluent; EA) to afford compound 18 as a white solid in
quantitative yield (54 mg). The spectral data were in accordance
with the literature.50 18: 1H NMR (500 MHz, CDCl3) δ 8.07
(brs, 1H), 7.62 (d, J = 7.9 Hz, 1H), 7.37 (d, J = 8.1 Hz, 1H), 7.20
(dd, J = 7.9, 7.2 Hz, 1H), 7.13 (dd, J = 8.1, 7.2 Hz, 1H), 7.08 (brs,
1H), 3.84 (dd, J = 7.3, 5.1 Hz, 1H), 3.71 (s, 3H), 3.29 (dd, J =
14.4, 4.8 Hz, 1H), 3.06 (dd, J = 14.4, 7.7 Hz, 1H), 1.60 (brs, 2H).

3.1.4.10. Methyl (2-(2-Methyl-9-oxoacridin-10(9H)-yl)-
acetyl)-L-tryptophanate, 19. To the solution of methyl L-
tryptophanate (57.6 mg, 0.264 mmol) in dry DMF (1 mL) 2-(2-
methyl-9-oxoacridin-10(9H)-yl)acetic acid (47 mg, 0.176
mmol), EDCI (50.6 mg, 0.264 mmol) and HOBt hydrate
(40.4 mg, 0.264 mmol) were successively added. The reaction
mixture was stirred at room temperature overnight and then
concentrated under reduced pressure. The residue was purified
by flash column chromatography (eluent; 5% acetone in DCM)
to afford compound 19 as a yellow solid in 55% yield (45 mg).
19: mp = 182−184 °C; 1H NMR (500 MHz, DMSO-d6) δ 10.97
(brs, 1H), 8.96 (d, J = 7.3 Hz, 1H), 8.31 (d, J = 7.8 Hz, 1H), 8.10
(s, 1H), 7.70 (m, 1H), 7.54 (d, J = 6.8 Hz, 2H), 7.40 (d, J = 7.7
Hz, 2H), 7.32−7.26 (m, 2H), 7.23 (s, 1H), 7.10 (dd, J = 7.4, 6.9
Hz, 1H), 7.01 (dd, J = 7.2, 6.9 Hz, 1H), 5.16 (d, J = 18.1 Hz,
1H), 5.08 (d, J = 18.1 Hz, 1H), 4.63 (dd, J = 13.0, 8.4 Hz, 1H),
3.63 (s, 3H), 3.24 (dd, J = 14.4, 4.8 Hz, 1H), 3.14 (dd, J = 14.4,

7.7 Hz, 1H), 2.43 (s, 3H); 13C NMR (125 MHz, DMSO-d6) δ
176.5, 172.0, 167.3, 142.3, 140.5, 136.2, 135.2, 133.7, 130.6,
127.1, 126.4, 125.6, 123.9, 121.4, 121.4, 121.1, 121.0, 118.5,
118.0, 115.8, 115.7, 111.5, 109.3, 53.2, 52.0, 48.5, 27.1, 20.2;
ESI-MS m/z calcd for C28H25N3O4Na [M + Na]+ = 490.17;
found 490.05.

3.1.4.11. (2-(2-Methyl-9-oxoacridin-10(9H)-yl)acetyl)-L-
tryptophan, 20. To the solution of methyl (2-(2-methyl-9-
oxoacridin-10(9H)-yl)acetyl)-L-tryptophanate (20 mg, 0.043
mmol) in a mixed solvent of MeOH (0.5 mL) and DMF (0.5
mL), an aqueous solution of 1 N NaOH (0.5 mL) was added.
The reaction mixture was stirred at room temperature for 1 h
and then concentrated under reduced pressure. The resulting
residue was dissolved in ethyl acetate and acidified with conc.
HCl to pH = 1. The mixture was extracted with ethyl acetate,
dried over Na2SO4, and concentrated under reduced pressure to
obtain compound 20 as a yellow solid in 99% yield (19 mg). 20:
mp = 202−204 °C; 1H NMR (500 MHz, DMSO-d6) δ 12.91
(brs, 1H), 10.94 (s, 1H), 8.81 (d, J = 7.9 Hz, 1H), 8.30 (d, J = 7.9
Hz, 1H), 8.09 (s, 1H), 7.71−7.62 (m, 1H), 7.59 (d, J = 7.8 Hz,
1H), 7.50 (d, J = 8.4 Hz, 1H), 7.39 (d, J = 7.9 Hz, 1H), 7.31−
7.24 (m, 2H), 7.21 (s, 1H), 7.10 (dd, J = 7.6, 7.3 Hz, 1H), 7.00
(dd, J = 7.5, 7.3 Hz, 1H), 5.15 (d, J = 18.0 Hz, 1H), 5.04 (d, J =
18.0 Hz, 1H), 4.57 (dd, J = 13.0, 8.4 Hz, 1H), 3.26 (dd, J = 14.7,
4.4 Hz, 1H), 3.11 (dd, J = 14.3, 8.8 Hz, 1H), 2.42 (s, 3H); 13C
NMR (125 MHz, DMSO-d6) δ 176.5, 173.1, 167.0, 142.3,
140.5, 136.1, 135.2, 133.7, 130.5, 127.3, 126.4, 125.6, 123.8,
121.4, 121.4, 121.1, 120.9, 118.4, 118.2, 115.9, 115.8, 111.4,
109.8, 53.3, 48.6, 27.3, 20.2; ESI-HRMS m/z calcd for
C27H24N3O4 [M + H]+ = 454.1767; found 454.1761.

3.1.4.12. (tert-Butoxycarbonyl)-L-tryptophan, 21. To the
solution of L-tryptophan (1 g, 4.90 mmol) in a mixed solvent of
THF (45 mL) and H2O (49 mL), NaOH (430 mg, 10.8 mmol)
and di-tert-butyl dicarbonate (2.5 mL, 10.8 mmol) were added
and the reaction mixture was stirred at room temperature for 36
h. THF was removed under reduced pressure, and the aqueous
layer was acidified with CH3COOH to pH = 4. The mixture was
extracted with ethyl acetate, dried over Na2SO4, and
concentrated under reduced pressure to afford compound 21
as a white solid in quantitative yield (1.49 g). The spectral data
were in accordance with the literature.51 21: 1H NMR (500
MHz, CDCl3) δ 8.11 (brs, 1H), 7.60 (d, J = 7.9 Hz, 1H), 7.34 (d,
J = 7.7 Hz, 1H), 7.20 (dd, J = 7.9, 7.0 Hz, 1H), 7.12 (dd, J = 7.7,
7.0 Hz, 1H), 6.99 (s, 1H), 5.07 (d, J = 7.3 Hz, 1H), 4.67 (dd, J =
13.0, 8.4 Hz, 1H), 3.33 (m, 2H), 1.43 (s, 9H); 13C NMR (125
MHz, CDCl3) δ 176.6, 155.6, 136.1, 127.7, 123.0, 122.2, 119.7,
118.8, 111.2, 109.9, 80.3, 54.2, 28.3, 27.5.

3.1.5. General Procedure for the Synthesis of Tryptophan
Derivatives S2−S5. To a solution of (tert-butoxycarbonyl)-L-
tryptophan 21 (200 mg, 0.658 mmol) in dry DCM (16 mL),
Et3N (0.18 mL, 0.657 mmol), EDCI (252 mg, 1.31 mmol), and
DMAP (160.6 mg, 1.31 mmol) were successively added. After
the mixture was stirred at 0 °C for 0.5 h, 0.987 mmol of the
corresponding amine was added, and the reaction mixture was
stirred at room temperature overnight. The reaction was
quenched with saturated NH4Cl, and the layers were separated.
The organic phase was washed with saturated brine, dried over
Na2SO4, and concentrated under reduced pressure. The residue
was purified by flash column chromatography (eluent; gradient
PS/EA = 6/1 - EA).

3.1.5.1. tert-Butyl (S)-(3-(1H-Indol-3-yl)-1-oxo-1-(p-
tolylamino)propan-2-yl)carbamate, S2. White solid; 72%
yield; 1H NMR (500 MHz, CDCl3) δ 8.24 (s, 1H), 7.73 (brs,
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1H), 7.69 (d, J = 7.8 Hz, 1H), 7.35 (d, J = 8.1 Hz, 1H), 7.20 (dd,
J = 7.8, 7.3 Hz, 1H), 7.16 (d, J = 8.0 Hz, 2H), 7.12 (dd, J = 7.6,
7.3 Hz, 1H), 7.04 (d, J = 8.0 Hz, 2H), 7.00 (s, 1H), 5.34 (d, J =
4.5 Hz, 1H), 4.62 (d, J = 4.5 Hz, 1H), 3.38−3.32 (m, 1H), 3.28−
3.22 (m, 1H), 2.28 (s, 3H), 1.43 (s, 9H); 13C NMR (125 MHz,
CDCl3) δ 170.0, 155.8, 136.2, 134.7, 134.1, 129.3, 127.3, 123.3,
122.3, 120.2, 119.8, 118.8, 111.3, 110.5, 80.4, 55.8, 28.4, 28.3,
20.8.

3.1.5.2. tert-Butyl (S)-(1-((4-Fluorophenyl)amino)-3-(1H-
indol-3-yl)-1-oxopropan-2-yl)carbamate, S3. White solid;
75% yield; 1H NMR (500 MHz, CDCl3) δ 8.23 (s, 1H), 8.05
(brs, 1H), 7.65 (d, J = 7.9 Hz, 1H), 7.35 (d, J = 8.1 Hz, 1H), 7.20
(m, 3H), 7.09 (dd, J = 7.9, 7.4 Hz, 1H), 7.00 (s, 1H), 6.89 (dd, J
= 8.1, 7.4 Hz, 2H), 5.36 (brs, 1H), 4.63 (brs, 1H), 3.36−3.29
(m, 1H), 3.28−3.22 (m, 1H), 1.41 (s, 9H); 13C NMR (125
MHz, CDCl3) δ 170.2, 159.3, 155.9, 136.2, 133.3, 127.2, 123.3,
122.4, 121.8, 119.9, 118.8, 115.4, 111.4, 110.4, 80.5, 55.7, 28.3,
28.2.

3.1.5.3. tert-Butyl (S)-(1-((4-Chlorophenyl)amino)-3-(1H-
indol-3-yl)-1-oxopropan-2-yl)carbamate, S4. White solid;
69% yield; 1H NMR (500 MHz, CD3COCD3) δ 10.06 (brs,
1H), 9.34 (s, 1H), 7.63 (m, 3H), 7.37 (d, J = 8.1 Hz, 2H), 7.29
(d, J = 8.8 Hz, 1H), 7.20 (s, 1H), 7.09 (dd, J = 7.6, 7.3 Hz, 1H),
7.00 (dd, J = 8.8, 7.3 Hz, 1H), 6.10 (d, J = 5.7 Hz, 1H), 4.58−
4.51 (m, 1H), 3.34 (dd, J = 14.6, 6.2 Hz, 1H), 3.22 (dd, J = 14.2,
6.9 Hz, 1H), 1.37 (s, 9H); 13C NMR (125 MHz, CD3COCD3) δ
171.7, 156.3, 138.7, 137.6, 129.4, 128.7, 124.5, 122.2, 122.0,
121.9, 119.6, 119.4, 112.2, 111.1, 79.5, 57.0, 28.9, 28.5.

3.1.5.4. Ethyl (S)-4-(2-((tert-Butoxycarbonyl)amino)-3-(1H-
indol-3-yl)propanamido)benzoate, S5. White solid; 71%
yield; 1H NMR (500 MHz, CDCl3) δ 8.19 (s, 1H), 8.14 (s,
1H), 7.91 (d, J = 8.5 Hz, 2H), 7.66 (d, J = 7.8 Hz, 1H), 7.35 (d, J
= 8.5 Hz, 3H), 7.20 (dd, J = 7.8, 7.4 Hz, 1H), 7.10 (dd, J = 7.5,
7.4 Hz, 1H), 7.04 (s, 1H), 5.30 (d, J = 5.8 Hz, 1H), 4.63 (s, 1H),
4.34 (q, J = 7.1 Hz, 2H), 3.39−3.23 (m, 2H), 1.42 (s, 9H), 1.37
(t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 170.4, 166.1,
155.9, 141.4, 136.2, 130.6, 127.2, 126.0, 123.3, 122.5, 119.9,
118.9, 118.7, 111.3, 110.3, 80.7, 60.8, 55.9, 28.3, 28.1, 14.3.

3.1.6. General Procedure for the Synthesis of Tryptophan
Derivatives 22a−d. To a solution of Boc-protected-trypto-
phans S2−S5 (0.40 mmol) in MeOH (3 mL), conc. HCl (0.25
mL) was added, and the mixture was stirred at room
temperature overnight. The reaction mixture was concentrated
under reduced pressure, and the residue was washed with
CHCl3. The product was collected by filtration and washed with
petroleum ether.

3.1.6.1. (S)-3-(1H-Indol-3-yl)-1-oxo-1-(p-tolylamino)-
propan-2-aminium Chloride, 22a. White solid; 99% yield;
mp = 186−188 °C; [α]D

28 = +130.4 (c 0.5, MeOH); 1H NMR
(500 MHz, DMSO-d6) δ 11.07 (s, 1H), 10.89 (s, 1H), 8.42 (brs,
3H), 7.72 (d, J = 7.9 Hz, 1H), 7.49 (d, J = 8.3 Hz, 2H), 7.35 (d, J
= 8.1 Hz, 1H), 7.27 (d, J = 2.3 Hz, 1H), 7.12 (d, J = 8.3 Hz, 2H),
7.08−7.04 (m, 1H), 6.97−6.92 (m, 1H), 4.26 (brs, 1H), 3.38−
3.33 (m, 1H), 3.30 (dd, J = 14.6, 6.9 Hz, 1H), 2.26 (s, 3H); 13C
NMR (125 MHz, DMSO-d6) δ 167.0, 136.2, 135.7, 132.9,
129.1, 127.1, 124.8, 121.1, 119.6, 118.7, 118.4, 111.4, 106.9,
53.4, 27.2, 20.5; ESI-MS m/z calcd for C18H20N3O [M + H]+ =
294.16; found 293.95.

3.1.6.2. (S)-1-((4-Fluorophenyl)amino)-3-(1H-indol-3-yl)-1-
oxopropan-2-aminium Chloride, 22b. White solid; 99% yield;
mp = 187−189 °C; [α]D

28 = +120 (c 0.5, MeOH); 1H NMR (500
MHz, DMSO-d6) δ 11.14 (s, 1H), 11.07 (s, 1H), 8.44 (brs, 3H),
7.72 (d, J = 7.9 Hz, 1H), 7.67−7.61 (m, 2H), 7.35 (d, J = 8.1 Hz,

1H), 7.28 (d, J = 1.9 Hz, 1H), 7.17 (dd, J = 8.9, 8.8 Hz, 2H), 7.06
(dd, J = 7.9, 7.4 Hz, 1H), 6.94 (dd, J = 8.1, 7.4 Hz, 1H), 4.25−
4.31 (m, 1H), 3.37 (dd, J = 14.6, 6.5 Hz, 1H), 3.31 (dd, J = 14.6,
6.9 Hz, 1H); 13C NMR (125 MHz, DMSO-d6) δ 167.2, 158.3,
136.2, 134.7, 127.1, 124.9, 121.43, 121.1, 118.7, 118.4, 115.4,
111.4, 106.8, 53.4, 27.2; ESI-MS m/z calcd for C17H17FN3O [M
+ H]+ = 298.14; found 297.95.

3.1.6.3. (S)-1-((4-Chlorophenyl)amino)-3-(1H-indol-3-yl)-
1-oxopropan-2-aminium Chloride, 22c. White solid; 99%
yield; mp = 197−199 °C; [α]D

28 = +116 (c 0.5, MeOH); 1H
NMR (500 MHz, DMSO-d6) δ 11.22 (s, 1H), 11.06 (s, 1H),
8.43 (brs, 3H), 7.71 (d, J = 7.9 Hz, 1H), 7.66 (d, J = 8.8 Hz, 2H),
7.39 (d, J = 8.8 Hz, 2H), 7.34 (d, J = 8.1 Hz, 1H), 7.27 (d, J = 1.6
Hz, 1H), 7.06 (dd, J = 7.9, 7.2 Hz, 1H), 6.94 (dd, J = 8.1, 7.2 Hz,
1H), 4.29 (brs, 1H), 3.40−3.34 (m, 1H), 3.30 (dd, J = 14.6, 7.0
Hz, 1H); 13C NMR (125 MHz, DMSO-d6) δ 167.4, 137.2,
136.2, 128.7, 127.5, 127.1, 124.9, 121.1, 121.1, 118.6, 118.4,
111.4, 106.7, 53.5, 27.1; ESI-MS m/z calcd for C17H17ClN3O
[M + H]+ = 314.11; found 313.90.

3.1.6.4. (S)-1-((4-(Ethoxycarbonyl)phenyl)amino)-3-(1H-
indol-3-yl)-1-oxopropan-2-aminium Chloride, 22d. White
solid; 99% yield; mp = 162−164 °C; [α]D

28 = +88 (c 0.5,
MeOH); 1H NMR (500 MHz, DMSO-d6) δ 11.40 (s, 1H),
11.06 (d, J = 1.2 Hz, 1H), 8.45 (s, 3H), 7.93 (d, J = 8.7 Hz, 2H),
7.77 (d, J = 8.7 Hz, 2H), 7.71 (d, J = 7.9 Hz, 1H), 7.34 (d, J = 8.1
Hz, 1H), 7.28 (d, J = 2.1 Hz, 1H), 7.06 (dd, J = 8.7, 7.4 Hz, 1H),
6.93 (dd, J = 7.9, 7.4 Hz, 1H), 4.38−4.32 (m, 1H), 4.29 (q, J =
7.1 Hz, 2H), 3.43−3.38 (dd in H2O, 1H), 3.31 (dd, J = 14.6, 7.0
Hz, 1H), 1.31 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, DMSO-
d6) δ 167.9, 165.2, 142.5, 136.2, 130.2, 127.1, 124.9, 121.1,
119.0, 118.6, 118.4, 111.4, 106.7, 60.5, 53.6, 27.1, 14.2 (one
carbon is missing due to overlapping); ESI-MS m/z calcd for
C20H22N3O3 [M + H]+ = 352.17; found 351.95.

3.1.7. General Procedure for the Synthesis of Acridone
Derivatives 23a−d. The solution of 2-(2-methyl-9-oxoacridin-
10(9H)-yl)acetic acid (30 mg, 0.112 mmol) in dry DMF (0.75
mL) was cooled to 0 °C, and Et3N (18 μL, 0.132 mmol), EDCI
(25.7 mg, 0.134 mmol), HOBt hydrate (20.5 mg, 0.134 mmol),
and 0.123 mmol of hydrochloric salts 22a−d were successively
added. The reaction mixture was stirred at room temperature
overnight, and then H2O was added, followed by extractions
with dichloromethane. The organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure.
MeOH (2 mL) was added to the residue, and the product was
collected by filtration and washed with petroleum ether.

3.1.7.1. (S)-3-(1H-Indol-3-yl)-2-(2-(2-methyl-9-oxoacridin-
10(9H)-yl)acetamido)-N-(p-tolyl)propenamide, 23a. Yellow
solid; 69% yield; mp = 223−225 °C; [α]D

28 = −17,6 (c 0.5,
DMF); 1H NMR (500 MHz, DMSO-d6) δ 10.92 (s, 1H), 10.12
(s, 1H), 8.89 (d, J = 8.3 Hz, 1H), 8.30 (dd, J = 8.0, 1.3 Hz, 1H),
8.09 (s, 1H), 7.70 (d, J = 7.9 Hz, 1H), 7.66 (t, J = 7.5 Hz, 1H),
7.52−7.46 (m, 3H), 7.38 (d, J = 8.1 Hz, 1H), 7.32 (brs, 1H),
7.27 (dd, J = 7.5, 7.4 Hz, 1H), 7.24 (d, J = 1.7 Hz, 1H), 7.13 (d, J
= 8.2 Hz, 2H), 7.09 (dd, J = 7.5, 7.4 Hz, 1H), 6.99 (dd, J = 7.5,
7.2 Hz, 1H), 5.23 (d, J = 18.1 Hz, 1H), 5.04 (d, J = 18.1 Hz, 1H),
4.83 (m, 1H), 3.26 (dd, J = 14.4, 5.0 Hz, 1H), 3.12 (dd, J = 14.4,
9.1 Hz, 1H), 2.41 (s, 3H), 2.26 (s, 3H); 13C NMR (125 MHz,
DMSO-d6) δ 176.5, 170.0, 166.9, 142.3, 140.6, 136.3, 136.1,
135.2, 133.7, 132.4, 130.5, 129.1, 127.3, 126.4, 125.6, 123.9,
121.4, 121.3, 121.0, 120.9, 119.6, 118.6, 118.3, 115.9, 115.8,
111.3, 109.7, 54.3, 48.5, 28.5, 20.5, 20.2; ESI-HRMS m/z calcd
for C34H31N4O3 [M + H]+ = 543.2396; found 543.2389.
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3.1.7.2. (S)-N-(4-Fluorophenyl)-3-(1H-indol-3-yl)-2-(2-(2-
methyl-9-oxoacridin-10(9H)-yl)acetamido)propenamide,
23b. Yellow solid; 67% yield; mp = 220−222 °C; [α]D

28 = −10,8
(c 0.5, DMF); 1H NMR (500 MHz, DMSO-d6) δ 10.93 (d, J =
1.2 Hz, 1H), 10.28 (s, 1H), 8.93 (d, J = 8.3 Hz, 1H), 8.29 (dd, J =
8.0, 1.6 Hz, 1H), 8.09 (s, 1H), 7.69 (d, J = 7.9 Hz, 1H), 7.67−
7.60 (m, 3H), 7.49 (d, J = 8.3 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H),
7.31 (brs, 1H), 7.28 (dd, J = 7.7, 7.3 Hz, 1H), 7.25 (d, J = 2.1 Hz,
1H), 7.20−7.13 (m, 2H), 7.09 (dd, J = 7.9. 7.2 Hz, 1H), 6.98
(dd, J = 7.8, 7.2 Hz, 1H), 5.24 (d, J = 18.1 Hz, 1H), 5.06 (d, J =
18.1 Hz, 1H), 4.82 (td, J = 8.7, 5.3 Hz, 1H), 3.26 (dd, J = 14.5,
5.1 Hz, 1H), 3.13 (dd, J = 14.5, 9.1 Hz, 1H), 2.41 (s, 3H); 13C
NMR (125 MHz, DMSO-d6) δ 176.5, 170.1, 167.0, 158.1,
142.3, 140.6, 136.1, 135.2, 135.2, 133.7, 130.5, 127.3, 126.4,
125.6, 123.9, 121.4, 121.3, 121.3, 121.0, 120.9, 118.5, 118.3,
115.9, 115.8, 115.3, 111.3, 109.6, 54.4, 48.5, 28.4, 20.2; ESI-
HRMS m/z calcd for C33H28FN4O3 [M + H]+ = 547.2145;
found 547.2146.

3.1.7.3. (S)-N-(4-Chlorophenyl)-3-(1H-indol-3-yl)-2-(2-(2-
methyl-9-oxoacridin-10(9H)-yl)acetamido)propenamide,
23c. Yellow solid; 59% yield; mp = 234−236 °C; [α]D

28 = −11.2
(c 0.5, DMF); 1H NMR (500 MHz, DMSO-d6) δ 10.93 (s, 1H),
10.36 (s, 1H), 8.94 (d, J = 8.2 Hz, 1H), 8.30 (dd, J = 7.8, 1.0 Hz,
1H), 8.09 (s, 1H), 7.70−7.63 (m, 4H), 7.49 (d, J = 8.1 Hz, 1H),
7.38 (d, J = 8.7 Hz, 3H), 7.32 (brs, 1H), 7.28 (dd, J = 7.6, 7.4 Hz,
1H), 7.26 (d, J = 1.6 Hz, 1H), 7.09 (dd, J = 7.8, 7.4 Hz, 1H), 6.98
(dd, J = 7.4 Hz, 1H), 5.23 (d, J = 18.1 Hz, 1H), 5.06 (d, J = 18.1
Hz, 1H), 4.83 (td, J = 8.5, 5.7 Hz, 1H), 3.26 (dd, J = 14.5, 5.0 Hz,
1H), 3.13 (dd, J = 14.5, 9.1 Hz, 1H), 2.41 (s, 3H); 13C NMR
(125 MHz, DMSO-d6) δ 176.5, 170.4, 167.0, 142.3, 140.6,
137.7, 136.1, 135.2, 133.7, 130.5, 128.6, 127.3, 127.1, 126.4,
125.6, 123.9, 121.4, 121.3, 121.0, 121.0, 118.5, 118.3, 115.9,
115.8, 111.3, 109.6, 54.4, 48.5, 28.3, 20.2 (one carbon is missing
due to overlapping); ESI-HRMS m/z calcd for C33H28ClN4O3
[M + H]+ = 563.1850; found 563.1849.

3.1.7.4. Ethyl (S)-4-(3-(1H-Indol-3-yl)-2-(2-(2-methyl-9-ox-
oacridin-10(9H)-yl)acetamido)propanamido)benzoate, 23d.
Yellow solid; 65% yield; mp = 194−196 °C; [α]D

28 = −16.8 (c
0.5, DMF); 1H NMR (500 MHz, DMSO-d6) δ 10.94 (d, J = 1.3
Hz, 1H), 10.57 (s, 1H), 8.96 (d, J = 8.2 Hz, 1H), 8.30 (dd, J =
8.0, 1.6 Hz, 1H), 8.09 (s, 1H), 7.94 (d, J = 8.8 Hz, 2H), 7.76 (d, J
= 8.8 Hz, 2H), 7.70 (d, J = 7.9 Hz, 1H), 7.68−7.62 (m, 1H), 7.49
(d, J = 8.0 Hz, 1H), 7.43−7.37 (m, 2H), 7.32 (s, 1H), 7.30−7.25
(m, 2H), 7.09 (dd, J = 7.7, 7.4 Hz, 1H), 6.99 (dd, J = 7.4 Hz,
1H), 5.23 (d, J = 18.1 Hz, 1H), 5.07 (d, J = 18.1 Hz, 1H), 4.87
(td, J = 8.6, 5.3 Hz, 1H), 4.29 (q, J = 7.1 Hz, 2H), 3.28 (dd, J =
14.5, 5.0 Hz, 1H), 3.14 (dd, J = 14.5, 9.2 Hz, 1H), 2.41 (s, 3H),
1.31 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, DMSO-d6) δ
176.5, 170.9, 167.1, 165.3, 143.1, 142.3, 140.6, 136.1, 135.2,
133.7, 130.5, 130.2, 127.3, 126.4, 125.6, 124.5, 123.9, 121.4,
121.3, 121.1, 121.0, 118.9, 118.5, 118.3, 115.9, 115.8, 111.3,
109.5, 60.5, 54.5, 48.5, 28.2, 20.2, 14.2; ESI-HRMSm/z calcd for
C36H33N4O5 [M + H]+ = 601.2451; found 601.2444.

3.2. In Silico Studies. 3.2.1. Molecular Docking. Autodock
Vina package52 was used for molecular docking, and the crystal
structure of MARK4 (PDB ID: 5ES1)19 was retrieved from the
RCSB Protein Data Bank (www.rcsb.org). Through AutoDock-
Tools (1.5.6 package), water molecules and the co-crystalized
ligand were removed; the appropriate Gasteiger charges and
polar hydrogen atoms were added, while the nonpolar
hydrogens were merged. Acridone derivatives were generated
and optimized through energy minimization (MM2 force field)
by ChemBio3D Ultra 12.0. The coordinate files (pdbqt format)

of MARK4 and acridone ligands were prepared using
AutoDockTools. Following the standard docking procedure,
the three-dimensional grid box was centered on the active site
with size 20 × 20 × 20 Å3 and 1 Å spacing. The exhaustiveness
value was set to 100 instead of the default 8. The docking poses
with the lowest binding affinity were selected for presentation,
and figures of the docked complexes were generated by PyMOL
2.1.1 (Schrödinger, LLC) and Discovery Studio (BIOVIA).

3.2.2. Predicted Pharmacokinetic Properties. Compounds
were subjected to molecular property prediction and drug-
likeness by the SwissADME platform (http://www.swissadme.
ch). The chemical structures and SMILES notations of
synthesized acridones were entered in the online SwissADME
platform to calculate the molecular weight (MW), lipophilicity
(MlogP), hydrogen bond donors (HBD), hydrogen bond
acceptors (HBA), rotatable bonds (r.b.), and topological polar
surface area (TPSA).

3.3. Expression and Purification of MARK4. Human
MARK4 was cloned, expressed, and purified as per previously
published laboratory protocols.53

3.4. Enzyme Inhibition Assay. Protein kinases are enzymes
capable of catalyzing the transfer of the phosphate group from
ATP to specific target protein. The kinases specifically
phosphorylate Ser/Thr/Tyr residues of the proteins. The
phosphorylating capability of the kinases is generally termed
kinase activity or enzyme activity of the protein kinase. The
kinase activity of MARK4 was measured using a malachite green
reagent (BIOMOL Green reagent). MARK4 (5 μM) was
purified and incubated with freshly prepared ATP (200 μM),
and the sample was mixed and incubated for 1 h at 25 °C. The
inhibitory potential of the synthesized compounds was also
estimated by incubating the protein with different concen-
trations of the ligands for 30 min at 37 °C. After completion of
incubation, the sample was further incubated with ATP (200
μM) for 1 h. Finally, proteins free of ligand and protein samples
with different ligand concentrations were mixed with malachite
green to terminate the reaction. The samples were plated in 96-
well plates and read on an ELISA reader at 620 nm.

3.5. Fluorescence Binding Assay. A fluorescence
protein−ligand binding assay uses fluorescent molecules to
detect and measure the interaction between a protein and a
ligand by exploiting the intrinsic fluorescence (I.F) of the
protein. The protein’s IF refers to the fluorescence emitted by
the aromatic amino acids, Trp, Tyr, and Phe, when excited at a
specific wavelength. The intensity (I) and wavelength (λ) of the
fluorescence emission can assist in interpreting the structure and
environment of the protein. The IF of a protein has been used
extensively in assessing the protein structure, dynamics, folding,
and interactions with other proteins and ligands. Fluctuations in
I and λmax of the protein can suggest confirmation alterations in
the structure of the protein, as in the case of aggregation and
folding. Likewise, the binding of a protein−ligand can alter the
fluorescence properties of the protein, providing information
about the binding affinity and specificity.

A fluorescence-based binding assay was carried out to
estimate the binding of ligands to MARK4. The protein kinase
(5−6 μM) was used, and it was titrated against different ligand
concentrations.54 Jasco spectrofluorometer (FP-6200, Japan)
was used to carry out the quenching experiment. Experiments
were carried out in triplicates, blank spectra were subtracted, and
the inner filter effect was considered in the experiments55 Stern−
Volmer equation (eq 1) (SV) and modified Stern−Volmer
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equation (eq 2) (MSV) was used to estimate binding
parameters.

= + [ ]
F
F

K1 C0
sv (1)

= + [ ]
F F

F
K nlog log log C0

(2)

F0: Fluorescence intensity (protein); F: Fluorescence
intensity of protein + ligands; K: Binding constant; n: binding
sites; C: concentration (ligand).

3.6. Cell Toxicity. 3.6.1. Cell Culture. HeLa (cervical
cancer), U87MG (glioblastoma), U251 (glioblastoma), and
MDA-MB-435 (melanoma) cancer cell lines were provided by
ATCC (American Type Culture Collection) and were
maintained in DMEM medium supplemented with 10% (v/v)
fetal bovine serum (FBS) and antibiotics/antimycotics. Normal
cell line human gingival fibroblasts (HGFs), which have been
cultured from gingival tissue and are embryo-like cells with the
capacity of self-renewal, were maintained in DMEM low glucose
medium supplemented with 10% (v/v) fetal bovine serum
(FBS) and antibiotics/antimycotics. All cells were grown as
monolayers at 37 °C in a 5% CO2 incubator.

3.6.2. MTT Assays. HeLa and U87MG cells were seeded in
96-well plates (4 × 103 cells per well) and grown in a medium
supplemented with 10% FBS. The day after, cells were exposed
in the fresh medium with increasing concentrations of the
inhibitors (1−20 μM) for 24 h. The viability of the cells was
measured by colorimetric viability assay (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide), as described
previously.56 Values shown represent the means ± SE of three
independent experiments.
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