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ABSTRACT

Some hydantoin derivatives have been explored for their potential as anticancer agents by inhibiting receptor tyrosine
kinases (RTKs). Benzalhydantoin derivatives were obtained from a two-step reaction: condensation and alkylation reaction.
The benzalhydantoin activities were obtained from the enzymatic assay, while the molecular interaction was simulated with
molecular docking. Five known compounds (5-9) and two new benzalhydantoin derivatives 10-11 have been synthesized
from the appropriate precursors with 4-71% yields. The structures of the compounds were determined mainly by NMR
and mass spectral data. From the chemical shift of the H-7’, the configuration of the products 5, 7, 9-11 were determined
as Z-isomer, while 6 and 8 were defined as E-isomer. A bioassay of the seven derivatives at 10 uM against eight receptor
tyrosine kinases (EGFR, HER2, HER4, IGF1R, InsR, VEGFR-2, and PDGFR-a and -§) showed that 8 ((Z)-5-8:(Z)-5-(4'-
hydroxy-3'methoxybenzylidene)imidazolidine-2,4-dione and 10: (Z)-5-(4'-methoxybenzylidene) imidazolidine-2,4-dione
were moderately active against VEGFR-2, with inhibition of 46 and 56%, respectively. In addition, 8 was also active against
PDGFR-a and -B, with a 57% inhibition. Further evaluation of 8 and 10 using AutoDock4 showed their binding energy
interactions with VEGFR2 (PDB ID: 4AG8) around -6.96 and -7.32 kcal/mol, respectively. Thus, both compounds are
potential candidates to be optimized further as inhibitors of angiogenesis blood vessel development.
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ABSTRAK

Beberapa terbitan hidantoin telah diterokai potensinya sebagai agen antikanser dengan menghalang reseptor tirosina kinase
(RTK). Terbitan benzalhidantoin diperoleh daripada tindak balas dua langkah: tindak balas pemeluwapan dan alkilasi.
Aktiviti benzalhidantoin diperoleh daripada ujian enzim, manakala interaksi molekul disimulasikan dengan dok molekul.
Lima sebatian yang diketahui (5-9) dan dua terbitan benzalhidantoin baharu 10-11 telah disintesis daripada prekursor yang
sesuai dengan hasil 4-71%. Struktur sebatian ditentukan terutamanya oleh NMR dan data spektrum jisim. Daripada anjakan
kimia H-7’, konfigurasi produk 5, 7, 9-11 ditentukan sebagai isomer Z, manakala 6 dan 8 ditakrifkan sebagai isomer E.
Bioasai daripada tujuh terbitan pada 10 uM terhadap lapan reseptor tirosina kinase (EGFR, HER2, HER4, IGF1R, InsR,
VEGFR-2 dan PDGFR-a dan -B) menunjukkan bahawa adalah sederhana aktif terhadap VEGFR-2, dengan perencatan
masing-masing 46 dan 56%. Di samping itu, 8 juga aktif terhadap PDGFR-a dan -f dengan perencatan 57%. Penilaian
lanjut 8 dan 10 menggunakan AutoDock4 menunjukkan interaksi tenaga pengikat mereka dengan VEGFR2 (PDB ID:
4AG8) masing-masing sekitar -6.96 dan -7.32 kcal/mol. Oleh itu, kedua-dua sebatian adalah calon yang berpotensi untuk
dioptimumkan lagi sebagai perencat perkembangan saluran darah angiogenesis.

Kata kunci: Antikanser; hidantoin; N-heterosiklik; PDGFRa dan -f3; tirosine kinase; VEGFR-2

INTRODUCTION enzymes phosphorylate the tyrosine residue of other

In recent decades, receptor tyrosine kinases (RTKs) have ~ proteins using the substrate ATP, which regulates cell
been the target for treating cancerous diseases. These  proliferation, metabolism, and motility (Du & Lovly 2018).
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In some cancer development, such as non-small cell lung
(NSCL) and breast cancers, anomalous expression and/
or dysfunction of RTK have been linked to the incidence
of these diseases (Butti et al. 2018; Dong et al. 2019).
There are about 52 RTKs in human, including EGFR,
HER2, HER4 (epidermal growth factor receptor), IGF1R,
InsR (insulin receptor), VEGFR-2 (vascular endothelial
growth factor receptor 2), and PDGFR-a and - (platelet-
derived growth factor receptor). EGFR, HER2, and
HER4 activation initiate downstream signal transduction
cascades that lead to DNA synthesis and cell proliferation,
while IGF1R and InsR are involved in glucose homeostasis
(Metibemu et al. 2019; Sun et al. 2020). VEGFR-2 is the
RTK that, upon activated by vascular endothelial cell
growth factor (VEGF), is implicated with the early stage of
angiogenesis (Peng et al. 2017). Meanwhile, PDGFR-o and
-B, among others, are also involved in developing blood
vessels (Horikawa et al. 2015). Thus, inhibitors of these
RTKs are essential in finding anticancer agents.

Many researchers have exploited hydantoin
(imidazolidine-2,4-dione, 1) derivatives because of their
potential as pharmaceutical agents (Konnert et al. 2017)
(Figure 1). The reported biological properties of these
compounds include the antagonist of leukocyte function-
associated antigen-1 (LFA-1), a selective androgen receptor
modulator (SARM), anticonvulsant, anti-androgen,
kinase inhibitors, muscle relaxant, and antibacterial
(Cho, Kim & Shin 2019; Jangir et al. 2022; Naufal et
al. 2024). Almost all the compounds are produced by
synthesis, and very few of them occur naturally and are
reported from marine organisms. These compounds were
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the hydantoin derivatives 2-4 isolated from Red Sea
sponges Laxosubrites sp. (2) and Hemimycale arabica
(3-4) (Mudit et al. 2009). Compounds 2-4 belong to
the arylidenchydantoin class (Figure 1), which can be
synthesized from 1 with the corresponding arylaldehyde
using Knoevenagel-type condensation (Mudit et al. 2009).
In addition, arylidenehydantoin analogs were reported to
inhibit EGFR (Carmi et al. 2006; Cavazzoni et al. 2008)
and c-Met (Sallam et al. 2014) kinases.

Previously, we reported some hydantoin derivatives’
synthesis and antimicrobial properties (5-9) (Hidayat et
al. 2017, 2016). In an ongoing endeavor to investigate
the biological activities of 5-benzylidene-hydantoin, our
conjectures proposed that 5-benzylidene-hydantoins show
three structural characteristics as Small Molecule Kinase
Inhibitors (SMKIs). First, the hinge region of the kinase is
where the five-membered heterocyclics frequently form a
hydrogen bond. Secondly, benzylidene moiety is expected
to fill the hydrophobic region of the kinase catalytic domain.
Third, alkyl chains are expanded into the solvent-exposed
area of the kinase (Figure 1). Hence, this paper reported
the synthesis of two new compounds 10-11 and seven new
biological properties of 5-11 as the inhibitor of eight RTKSs,
namely EGFR, HER2, HER4, IGF1R, InsR, VEGFR-2, and
PDGFR-a and -B. Moreover, molecular docking was also
performed on all derivatives using AutoDock4 to evaluate
their binding energy and interactions with VEGFR2 (PDB
ID: 4AGR), using axitinib as a reference compound. Finally,
the potential structure design that perhaps exhibited better
activities and more selective interactions against VEGFR-2
was predicted based on the bioinformatics data.
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FIGURE 1. Hydantoin skeleton and natural arylidenchydantoins
structures and structure rationalization of tyrosine kinase hydantoin-
based inhibitors



MATERIAL AND METHODS

MATERIALS

Hydantoin, benzaldehydes, 1-chloropentane, and inorganic
salts were purchased from Sigma-Aldrich Chemical
Company, while the solvents were from Fischer Chemical
Company. All solvents employed were of analytical
grade and used without further purification. Thin-layer
chromatography GF,,, and the silica gel G-60 for the
column chromatography were obtained from Merck.

INSTRUMENTATION

The melting points were uncorrected and obtained using
a Mettler Toledo MP50 Melting Point System. Infra-red
spectra were obtained on Perkin Elmer Spectrum 100
FTIR spectrometers with potassium bromide (KBr) pellets.
Exact masses were obtained using a high-resolution mass
spectrometer (Waters Xevo QTOF HR-MS Lockspray). 'H
and C-NMR spectra were recorded on Agilent 500 MHz
and 125 MHz spectrometers in CDCI, or DMSO-d, and
referenced relative to the solvent peaks.

SYNTHESIS METHODS

The general procedure was done according to Hoffman and
Wheeler’s method (Raap et al. 1999). Briefly, hydantoins
(50 mmol), benzaldehydes (50-150 mmol), and bases
(anhydrous KOAc or NaOAc (Hidayat et al. 2017) or
NH,OAc (Reddy et al. 2010) were dissolved together in
glacial AcOH (3 mL); subsequently Ac,O (50 pL, 0.49
umol) was added at r.t. and the mixture was heated to
reflux temperature (110-115 °C) for 5-6 h. Reactions
were monitored by thin-layer chromatography until all the
aldehydes had reacted. Upon cooling, the mixture gave a
precipitation that was collected and recrystallized from
hot ethanol. The synthesis details and the spectroscopic
data of the known compounds (5-9) were provided in
Supplementary Material (available upon requests from the
corresponding author).

(Z)-5-(4-METHOXYBENZYLIDENE)IMIDAZOLIDINE-2 4-
DIONE (10)

Hydantoins (5.0035 g, 50 mmol), 4-methoxybenzaldehyde
(6.08 mL, 50 mmol), and anhydrous KOAc (50 mmol) were
dissolved together in glacial AcOH (3 mL), then Ac,0 (50
uL, 0.49 umol) was added at r.t. and the mixture warmed
to reflux (115 °C, oil bath). Thin-layer chromatography
was used to track the reactions until all the aldehydes
had reacted. After it cooled and precipitated, the mixture
produced a yellow solid and recrystallized from ethanol
to give (Z)-5-(4'-methoxybenzylidene)imidazolidine-2,4-
dione (10) as yellow needle (2.03 g, 20%) m.p. 248-249.9
°C. UV (MeOH) v _nm (log €): 335 (4.22); IR (KBr) v
cm!: 3062, 2980, 2760, 1771-1680, 1601, 1432; 'H NMR
(500 MHz, DMSO-d,) & ppm: 11.15 (br s, NH-3), 10.42
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(br s, NH-1), 7.59 (d, 8.8 Hz, H-2’/6"), 6.96 (d, 8.8 Hz,
H-3/5%), 6.39 (s, H-7"), 3.79 (s, OCH,); "C NMR (125
MHz, DMSO-d,) & ppm: 165.6 (C-4), 159.4 (C-4’), 155.6
(C-2), 131.1 (C-2°/6"), 126.1 (C-5), 125.4 (C-1°), 108.7
(C-7°), 55.3 (OCH,); HR-ESI-MS m/z: [M+H]" 219.0766
(calculated [M+H]" for C, H, )N,O, 219.0764).
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(Z2)-3-PENTYL-5-(4-METHOXYBENZYLIDENE)
IMIDAZOLIDINE-2,4-DIONE (11)

Compound 10 (2.18 g, 10 mmol) was dissolved in 60 mL
of DMF, and K,CO, (5.9 g, 41 mmol) was added and stirred
for 30 min. Then, 1-chloropentane (2,67 mL, 22 mmol) was
added to the mixture, and the reaction was further stirred
for 24 h. The reaction was quenched with 600 mL of water,
extracted using EtOAc, washed with brine solution, and
dried with Na,SO,. Crude was concentrated with a rotary
evaporator and purified with column chromatography
(Hexane:EtOAc (3:19 (v/v)) to give (Z)-3-pentyl-5-
(4’-methoxybenzylidene)imidazolidine-2,4-dione (11)
as white solids (192.3 mg, 17%) m.p. 155.5-156.4. UV
(MeOH) A nm (log €): 330 (4.01); IR (KBr) v cm™:
3264-3151, 3062, 2980, 2760, 1771-1680, 1601, 1432; 'H
NMR (500 MHz, CDCl,) 6 ppm: 8.34 (br s, NH-1), 7.40 (d,
8.8 Hz, H-2°/67), 6.95 (d, 8.8 Hz, H-3’/5"), 6.70 (s, H-7"),
3.85(s, OCH,), 3.62 (,7.3 Hz, H,-17), 1.69 (¢, 7.3 Hz, H -
27), 1.41-1.28 (4H, m, H,-3"/4”), 0.90 (¢, 7.0 Hz, H,-57);
BC NMR (125 MHz, CDCL,) & ppm: 164.1 (C-4), 160.2
(C-4%), 155.6 (C-2), 130.6 (C-2°/6"), 125.7 (C-1°), 124.6
(C-5), 114.7 (C-3°/5’), 111.9 (C-7°), 55.4 (OCH,), 38.8
(C-17), 28.9 (C-37), 27.9 (C-27), 22.3 (C-4”), 13.9 (C-57);
HR-ESI-MS m/z: [M+H]" 289.1543 (calculated [M+H]" for
C,H,)N,O, 289.1547).

167720 "2

TYROSINE KINASE ASSAY

The method for the assay was done as previously described
(Hennek et al. 2016; Zegzouti et al. 2009) and modified by
Hermawati et al. (2020). In summary, the tested compound
was prepared at 5% in DMSO and diluted using 4X kinase
buffer (64.5 pL) and nuclease-free water (175 pL) to reach
a final concentration of 10 uM. Additionally, each kinase
stock was diluted with 2.5X reaction buffer (95 pL), and
an 80 uM ATP solution (20 pL) was used to dilute the
substrate/cofactor stock. The assay involved dispensing 1
pL of the tested compound, 2 pL. of ATP/substrate, and 2
uL of kinase into each well of 384-well plates. The plates
were then left to respond for an hour at a temperature
between 22 and 25 °C. Next, 5 uL of ADP-Glo reagent was
added, and the mixture was incubated for 40 min at 22-25
°C. After that, 10 pL of kinase detection reagent was added
and incubated for 30 min. Following the process, the kinase
activity was determined by measuring the luminescence.
The well without the tested drug solution was the negative
control (100% activity), and the well without the enzyme
solution produced the background luminescence (0%
activity). By deducting the background light from each and
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every kinase reaction, the percentage of kinase activity was
determined (Table 1). This assay utilized Erlotinib (10 uM)
as the positive control.

MOLECULAR DOCKING

Before being subjected to molecular docking, ligands
were modeled with GaussView, energy minimization was
performed using the B3LYP method, and the 6-311++G(d,p)
basis function was used throughout in Gaussian 09 revision
D.01. Then, the output files were converted to PDB files.
The receptor’s structure was downloaded from a protein
data bank, including axitinib (PDB ID code 4AGS8) as a
native ligand. Molecular docking validation was performed
as follows (Morris et al. 2009; Yusuf et al. 2019). Water
was stripped from a complex molecule (4AGS8) since it
is not involved in protein-ligand binding complexes. All
hydrogens were added, non-polar hydrogens were merged,
and ligands and receptor charges were calculated. After

adding hydrogens, axitinib was separated from the receptor
structure (VEGFR2), and the input files were saved as
PDBQT. Grid parameter file and gridbox were created
to determine atom types and all residues involved in the
receptor’s binding site, and input files were saved as GPF.
Docking parameter files were made to determine searching
and docking parameters using the Lamarckian GA 4.2
method, and input files were saved as DPF. Grid calculation
was performed using Autogrid 4.2, and molecular docking
calculation was performed using Autodock 4.2. The results
were analyzed using MGLTools, the 3D interactions were
visualized using UCSF ChimeraX (Pettersen et al. 2020),
and the 2D interactions were visualized using Biovia
Discovery Studio.

RESULTS AND DISCUSSION

Compound 10 was obtained from hydantoin 1 and
4-methoxybenzaldehyde reaction using NaOAc as a base

TABLE 1. The tyrosine kinase activity of compounds 5-11 and erlotinib at concentration 10 uM

H3CO
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10 OCH3;
11 OCHj4
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CHj
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CHj
H
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Derivative % Activity™
EGFR HER2 HER4 IGFIR InsR VEGFR-2 PDGFRa PDGFR
5 83 114 91 96 76 120 93 84
6 88 80 121 94 91 66 88 79
7 85 88 85 105 90 79 83 66
8 78 95 83 100 101 46 57 57
9 82 98 78 104 102 121 86 73
10 78 86 124 103 101 56 83 79
11 96 110 119 106 114 104 98 103
Erlotinib 0 90 0 101 89 3 12 14

**strong: <20%, moderate: 20-60%, weak or not active: >60%



in acetic acid as a solvent. After recrystallization, the NH
at position number 3 was alkylated by 1-chloropentane
using K.CO, in DMF (Figure 2). All the structures of
reaction products 5-11 (Figure 2) were confirmed mainly
by NMR and mass spectral data (Experimental and
Supplementary Data - available upon requests from the
corresponding author). The proton chemical shifts of H-7’
appeared in the range of 6.35 — 6.70 ppm, suggesting that
the benzalhydantoin derivatives 5, 7, 9-11 are in the Z
configuration (6.4 — 6.7 ppm), while 6 and 8 are in the £
configuration (6.3 ppm) (Thenmozhiyal, Wong & Chui
2004). Except for 5 (yield 71%), the yield for reactions
between hydantoin and the corresponding oxygenated
benzaldehydes, leading to the products 6-11, was 4-20%.
The results suggested that the presence of electron-donating
substituents such as 4-OMe, 4-OH, and 4-OH, 3-OMe in the
aryl part of benzaldehyde reduces the reaction yield due to
the lowering of the electrophilic character of the aldehyde
group. Similar observations are also reported with different
heterocyclics (Akeng’a & Read 2007, 2005).

Compounds 5-11 and the positive control erlotinib
(all at 10 uM) were tested as the inhibitors of eight TKRs
(EGFR, HER2, HER4, IGFIR, InsR, VEGFR-2, PDGFRa
and -B) presented as % activity of the enzymes (Table
1). At least 100% activity means no inhibition, while 0%
activity indicates complete enzyme inhibition. In this first
screening, the potency of the compound was grouped
into three categories, namely strong (% activity <20%),
moderate (% activity 20-60%), and weak or inactive (%
activity >60%). As shown in Table 1, erlotinib, which is
known as a non-small cell lung cancer (NSCLC) drug and
EGFR inhibitor, exhibited strong inhibitory effects against
EGFR, HER4, VEGFR-2, PDGFR-a. and PDGFR-f (%
activity 0-14%) but was very weak or not active against
HER2, IGFIR, and InsR (% activity 89-101%). None
of the hydantoin derivatives exhibited strong inhibitory
effects against the tested TKRs. However, compound 8
((Z)-5-(4-hydroxy-3-methoxybenzylidene) imidazolidine-
2,4-dione) showed moderate activity against VEGFR-2,
PDGFRa, and PDGFR- B (% activity 46-57%), while 6
((Z)-5-(4-hydroxybenzylidene) imidazolidine-2,4-dione)
and 10 ((Z)-5-(3-methoxybenzylidene)imidazolidine-2,4-
dione) have similar activities only against the VEGFR-2
(% activity 66 and 56%, respectively). The other tested
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hydantoin derivatives 5, 7, and 9-11 were weak inhibitors
or inactive to the tested TKRs. Thus, only 6, 8, and 10
showed selective activity as the inhibitor of VEGFR-2.
Most kinases catalyze the transfer of phosphate groups
from ATP to substrates, they share a highly conserved
ATP-binding site. Many kinase inhibitors attach to the
ATP-binding sites of numerous kinases, which can have
off-target effects because they are made to compete with
ATP at this binding site. It is challenging to attain high
specificity because kinase ATP-binding pockets have
structural similarities (Cohen 2002; Cohen, Cross & Jénne
2021). A small molecule kinase inhibitor that is selective is
therefore very beneficial. Compounds 6, 8, and 10 showed
moderate and selective inhibition towards VEGFR-2.
This selectivity could be a foundation to develop kinase
inhibitors based on hydatoin’s skeleton. However, it would
be more reasonable choice to design a prospective selective
inhibitor with higher activity.

The results shown by 8 and 10 suggested that the
additional oxygenated functional group, namely -OCH,
in the aryl group for 8, increased the inhibitory effects.
Comparing the enzyme activities of 7, 9, and 11, in which
the NH-3 are alkylated, also suggested that the free NH-3
is an essential factor for inhibitory effects. It is also worth
noting that the hydantoin derivatives 8 and 10 showed
selective inhibitors against the regulation of angiogenesis
(VEGFR-2) (8 and 10) and blood vessel development (8
only) (PDGFR-0. and PDGFR-B). These three TKRs are
essential in the development of tumor-to-cancer states
(Horikawa et al. 2015; Metibemu et al. 2019; Peng et al.
2017). Therefore, 8 and 10 can be regarded as promising
lead compounds to be developed further as inhibitors of
anticancer agents.

Molecular docking was performed towards 5-11 using
AutoDock4 to evaluate its binding energy and interactions
with VEGFR2 (PDB ID: 4AGS8) along with axitinib as a
reference compound. The crystal structure of the 4AG8
enzyme provides the most physiologically appropriate build
of a target VEGFR-2 kinase, including phosphorylation
state and regulatory domains, to fully clarify essential
binding modalities and the resulting on-target potency and
selectivity (McTigue et al. 2012). Axitinib is a selective
VEGFR-2 inhibitor and a five-membered heterocyclic
with an unsaturated double bond. Since 5-benzylidene-

x i x \
HN\\<NH H.CO HN\« _\_L
3
5 M1 ©

FIGURE 2. Synthesis scheme of compounds 10 and 11. (i: NaOAc,
AcOH, Ac,0, 115 °c. 8 h. ii: K,CO,, DMF, r.t, 24 h)
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hydantoin and axitinib have quite similar structural
properties, axitinib is utilized as the reference chemical
in this molecular docking experiment. Docking towards
4AG8 with axitinib as a native ligand was validated with
an RMSD value of 1.11 A. Axitinib exhibited a binding
energy of -12.78 kcal/mol (Figure 3). The structures of all
tested compounds (5-11) were structurally optimized using
the B3LYP method (6-311++G(d,p) basis function) to
achieve the most favorable geometric configurations. This
method is widely used due to the balance of calculation
accuracy and efficiency, validated and extensively
benchmarked for neutral organic compounds containing C,
H, N, and O atoms, and highly optimized in many quantum
chemistry software packages (Tirado-Rives & Jorgensen
2008). Compounds 5-11 exhibited higher binding energy
than axitinib, ranging from -6.47 to -7.94 kcal/mol (Table
2). Numerous retrospective studies have demonstrated
that experimental binding affinity and docking scores
frequently have weak correlations. This is because
molecular docking generally uses sampling algorithms on
rigid protein structures to reduce computational calculation
cost and time.

Nonetheless, docking techniques are a great way to
anticipate ligand binding positions by visually analyzing

the observed binding resemblance and examining hydrogen
bonds and steric and hydrophobic interactions in contrast
to crystal structure (Fischer et al. 2021; Wang et al. 2016).
Hence, in this study, molecular docking calculation was
performed to investigate compounds 5-11 binding poses
and interactions. Three moderately active compounds (6,
8, and 10) in tyrosine kinase assay posed similarly among
each other in the VEGFR-2 active pocket where hydantoin
moiety resided in the hydrophobic pocket. Both amide
fragments of hydantoin and axitinib formed hydrogen
bonds with either Glu885 of the VEGFR-2 allosteric region
or Asp1046 of the VEGFR-2’s DFG motif. Hydroxyl and
methoxy benzylidene moiety of 6, 8, and 10 formed an
H-bond with Cys919 of VEGFR-2’s hinge region (Figure
3). Adenine of ATP formed hydrogen bonds in the hinge
region; by interacting with this region, 5-benzylidene-
hydantoins can potentially bind competitively with ATP to
block the kinase catalytic activity (Xing et al. 2015). DFG
motif regulates active/inactive enzyme conformations.
Maintaining interaction with the DFG motif could stabilize
the inactive state, which is crucial for inhibiting VEGFR-2
kinase activity (Zhao et al. 2014).

Meanwhile, the methylated analogs (7 and 9),
which have weaker inhibition, are reversely posed with

TABLE 2. Molecular docking of 5-11 against VEGFR-2 (PDB ID: 4AGS)

Compounds Lowest Binding Energy Binding interaction
(kcal/mol)
H-bond: Glu885, Asp1046. Hydrophobic interaction: Val848,
5 -6.47 Ala866, Leu840, Leul035, Val§899, Phe1047
H-bond: Asp1046, Cys919. Hydrophobic interaction: Val848,
6 -6.85 Ala866, Leu840, Leul035, Val899
H-bond: Asp1046, Cys919. Hydrophobic interaction: Val848,
7 -7.02 Ala866, Leu840, Leul035, Val899, Phe918
H-bond: Asp1046, Cys919. Hydrophobic interaction: Val848,
8 -6.96 Ala866, Leu840, Leul035, Val899, Cys1045
H-bond: Cys919, Glu885. Hydrophobic interaction: Val848,
9 -7.25 Ala866, Leu840, Leul035, Val899, Phe918, Cys1045, Val916
H-bond: Glu885, Asp1046, Cys919. Hydrophobic interaction:
10 -7.32 Val848, Ala866, Leu840, Leul035, Val899, Cys1045, Val916
H-bond: Lys868, Cys919, Val 916. Hydrophobic interaction:
11 -7.94 Val848, Ala866, Leu840, Leul035, Val899
H-Bond: Cys919, Lys868. Hydrophobic interaction: Val848,
Ala866, Leu840, Leul035, Val899, Val914, Val916, Phel1047,
13 -10.06 Phe 918
H-bond: Glu885, Asp1046, Glu917, Cys919. Hydrophobic
interaction: Lys868, Val914, Val916, Leul035, Ala866, Cys1045,
Axitinib -12.78 Val848, Val899, Phe1047, Phe918, Leu840
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FIGURE 3. Molecular docking visualization of axitinib, 6, 8, and 10 in
the VEGFR2 catalytic pocket (left = 3D visualization, blue-dashed line
= H-bond, right = 2D visualization, green-dashed line = H-bond)
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hydantoin’s ring resided in the hinge region and formed
H-bond with Cys919. In addition, their hydroxyl and
methoxy benzylidene moieties formed hydrogen bonds
with Glu885 and Asp1046 (Figure 4). While compound 5
has the same pose as 6, 8, and 10, the absence of hydroxy
and methoxy groups likely results in the loss of inhibition
capability (Figure 5). Moreover, a long alkyl chain at N-3
hydantoin must be avoided since pentyl moiety (compound
11) created steric hindrance in the allosteric pocket of
VEGFR-2 as it showed weaker inhibition activity (Figure
5).

A literature search showed that several synthetic
compounds have been reported to have promising VEGFR-2
and related VEGFR inhibitors. It includes indoline,
quinoline, pyridine, and pyrimidine derivatives containing
one or more N-heterocyclic rings (Modi & Kulkarni 2019).
The drugs approved as PDGFR inhibitors include imatinib,
linifanib, nintedanib, sorafenib, sunitinib, avapritinib,
and ripretinib (Kanaan & Strange 2017; Roskoski 2024;
Teli & Chawla 2021). These drugs contain one or more
N-heterocyclic rings. Previously, Carmi et al. (2006)
reported that 5-benzylidene-hydantoin could inhibit up to
61% of EGFR autophosphorylation. Further study showed
that 5-benzylidene-hydantoin also induced apoptotic cell
death (Carmi et al. 2006; Cavazzoni et al. 2008). Sallam
et al. (2014) reported that fluoro 5-benzylidene-hydantoin
marked a reduction of c-Met kinase level in western blot
analysis; this compound also has IC_ = 6.8 and 3.8 uM,
respectively, towards PC-3 and MDA-MB-23. In this study,
we reported that compounds 8 and 10 are novel selective

VEGFR-2 and PDGFR inhibitors in which the hydantoin
moiety supplies the N-heterocyclic ring. The low inhibitory
properties of 8 and 10 might be due to the smaller size of the
molecules and lack of pharmacophoric features compared
to the available drugs for VEGFR-2 and PDGFR inhibitors.
Further developments of VEGFR-2 and PDGFR inhibitors
based on 8 and 10 structures are thus needed to achieve the
IC,, values in the range of nanomolar concentrations.

Compounds 8 and 10 structures could be modified
into compounds 12 or 13, incorporating N-heterocyclic
rings, aromatic linker, urea as hydrogen bond donor
and acceptor to DFG motif, and the hydrophobic group
(Figure 6). About 14% of approved kinase inhibitors has
quinazoline scaffold (Attwood et al. 2021) and it has been
observed that the activity and selectivity of VEGFR-2
inhibitions are enhanced when urea and quinazoline are
combined (Garofalo et al. 2010; Zayed 2023). Hence, we
docked chemical 13 towards the VEGFR-2 ATP binding
site because it has a quinazoline ring and a urea-like
moiety (hydantoin). Molecular docking of 13 showed
that the observed binding affinity is significantly lower
than 5-11 (-10.06 kcal/mol vs -6.47 to -7.49 kcal/mol).
Compound 13 poses similarly with axitinib (Figure 7);
while axitinib’s heterocyclic formed a hydrogen bond with
Glu917, hydantoin of compound 13 formed a hydrogen
bond with Cys919 (Figure 7). Quinazoline of 13 filled the
allosteric pocket and formed hydrogen bonding Lys868,
and benzylidene moiety of 13 filled the hydrophobic
pocket and interacted with Val848, Ala866, and Leul035
(Figure 7).
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FIGURE 4. Molecular docking visualization of 7 and 9 in the VEGFR2
catalytic pocket (left = 3D visualization, blue-dashed line = H-bond,
right = 2D visualization, green-dashed line = H-bond)
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FIGURE 7. Molecular docking visualization of 13 in the VEGFR2
catalytic pocket (left = 3D visualization, blue-dashed line = H-bond,
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green-dashed line = H-bond)

CONCLUSION

Using the Knoevenagel condensation and alkylation
procedure, two novel benzalhydantoin compounds (10—
11) have been created from hydantoin and benzaldehyde
derivatives, yielding 20 and 17%, respectively. Initial
screening evaluation of 5-11 against eight RTKs (EGFR,
HER2, HER4, IGFI1R, InsR, VEGFR-2, PDGFR-q, and -3)
showed that the derivatives 8 and 10 are promising lead
compounds for selective VEGFR-2 and PDGFR inhibitors.
In addition, docking simulation explained that 5-11 bind
into the ATP binding site of VEGFR-2 (PDB ID: 4AGS)
and formed a similar interaction in comparison with
axitinib. Further investigation of VEGFR-2 and PDGFR
inhibitors based on these two compounds (8 and 10) would
be promising in gaining better activities and a deeper
understanding of their mechanisms of action in inhibiting
VEGFR-2 and PDGFR.
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