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Introduction

Abstract

Background: Inhibition of cancer cell migration is an appropriate strategy for the prevention
of metastasis. The purpose of this study was to identify new carbonyl thioureas as inhibitors of
gastric cancer cell migration.

Methods: N 7-(morpholin-4-yl ethyl)/phenyl/aralkyl-N3-(thiophene-2-carbonyl)/benzoyl thioureas
(1-12) were synthesized by one-pot two step reaction and assessed for their effect on growth and
migration of human adeno gastric stomach (AGS) cell lines through 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and wound-healing assays. Ras homolog family member
A (RhoA) is a guanosine tri-phosphatase (GTPase) oncogenic target with crucial role in gastric
cell migration and accordingly molecular docking and molecular dynamics (MD) simulations
were performed on RhoA by AutoDock4 and GROningen MAchine for chemical simulations
(GROMACS5) software. Drug-likeness scores and pharmacokinetics properties were calculated
by MolSoft tool through SwissADME (ADME: absorption, Distribution, Metabolism and Excretion)
online server.

Results: All of the compounds relatively inhibited wound-healing process after 24 h, whereas
compound 4 exhibited comparable anti-migratory activity to cis-platin. Compound 4 might
exhibit true migrastatic effect (6.25 pg/mL) without significant cytotoxicity. SwissADME data
were indicative of high gastrointestinal (Gl) absorption and with the exception of compounds
7 and 9, all the compounds had lower risk of producing efflux-based resistance. Docking and
MD simulations provided stable binding model for top-scored derivative (compound 4) inside
RhoA binding site near to the GTP-binding pocket. All the structural indices were converged in
the MD simulations and free energy calculations showed appropriate accommodation inside the
RhoA binding site. Bind trajectory analysis revealed no stable intermolecular H-bonds within
simulation time and the complex was majorly stabilized through hydrophobic contacts.
Conclusion: The results of the current study suggested that compound 4 may be an appropriate
candidate for further development into selective small molecule GTPase inhibitors against
gastric cancer metastasis.

factors associated with gastric cancer include genetics,

Gastric cancer has a significant incidence and is still one
of the prominent causes of morbidity and mortality led
to more than 80000 deaths annually.! Gastric cancer
is the fourth leading cause of cancer-related deaths
globally.? Despite prosperous achievements in therapeutic
strategies,” numerous patients are diagnosed in advanced
cancer stages as a result of subtle symptoms and delayed
detection.* It has been documented that a significant
number of resected gastric cancer patients are detected
with local relapse or distant metastasis leading to median
survival not exceeding than 12 months.” Common risk

obesity, smoking, helicobacter pylori infection, high
salt intake, low consumption of fruits/vegetables.*” To
decrease the incidence of gastric cancer, scientific reports
have recommended the contribution of a healthier dietary
and lifestyle pattern including physical activity to avoid
obesity.®

Most frequently utilized treatment approaches are
radiation therapy, chemotherapy, targeted therapy and
immunotherapy whereas, surgical resection is the most
popular therapeutic method for gastric adenocarcinom.’
Sequential lines of systemic chemotherapy is the major
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treatment approach for the metastatic or advanced gastric
cancer.”” It has been well revealed that the majority of
cancer-related deaths is associated with metastasis.'>'
Metastasis is a complicated heterogeneous process and
known as a molecular hallmark of cancer. It is designated
by the dissemination of tumor cells toward body
tissues through blood/lymphatic vessels."” Metastatic
dissemination is promoted by cell migration and there
is a robust correlation between the mechanisms of cell
migration and metastasis progression.'*

Cancer cell migration is mechanistically associated
with the epithelial to mesenchymal transition (EMT)
of malignant cells. EMT is an essential mechanism in
metastasis and converts epithelial cells into mesenchymal
phenotype via loss of apicobasal polarity and intercellular
adhesion of epithelial cells.”>'® EMT allows the solid
tumors to be more malignant, with enhanced invasiveness
and metastatic activity."” Cell migration occurs through a
single-cell or a collective dissemination model. In a single-
cell migration there are no intercellular connections while
collective cell migration occurs as multicellular groups
with intercellular connections.'®

Inhibitors of cancer cell migration have gained a
considerable attraction with regard to their anti-metastatic
potential.’” Suppression of cell migration interferes with
tumor invasion and angiogenesis as downstream processes
and prevents metastasis event.”” Moreover, migration
inhibitors have an advantage over cytostatic agents due to
the lower adverse effects and drug resistance.'® Literature
review reveals that N-substituted thiourea derivatives
exhibit anticancer effects and furthermore®-?%; NI1-(2-
hydroxy-3-chloro-4-nitro phenyl)-N3-benzoyl thiourea
derivative was demonstrated to suppress cell migration at
concentrations that were inactive for killing SUM Breast
Cancer Cell Line Collection (SUM159) cells even after
48 h.** It has also been indicated that ruthenium-N,N-
disubstituted-N-acyl thiourea complexes could inhibit
migration of cells of the M. D. Anderson Cancer Center-
Mammary/Breast (MDA-MB-231) lineage.”

Discovery and design of novel drugs are elaborate
and time-consuming processes that need considerable
financial sources to achieve desirable outcomes. In this
context, computer aided drug discovery/design (CADD)
or in silico methods are economic strategies that can
be used to facilitate the performance of important drug
design tasks such as drug-target binding prediction,
pharmacophore  development,  virtual screening.
Molecular docking is a well-known structure-based
drug design technique the increases the efficiency of the
drug discovery strategies through predicting drug-target
interactions and comparison of the biological activities
to theoretical calculations.?® Molecular dynamics (MD) is
a robust computational approach that is primarily used
to determine the stability of ligand-protein complexes
via evaluating the dynamic behavior of the molecules
as a function of time.” Pharmacokinetics issues that
are designated by ADME (Absorption, distribution,

metabolism and excretion) are equally important in the
identification and selection of drug candidates since they
are determinant in achievement of a typical drug or ligand
to its appropriate molecular target in vivo.”® Due to their
importance, in silico ADME prediction methods are
undisputable part of CADD studies.

With regard to our previous interests in the effect of
N3-substituted-N1-aryl/alkyl thioureas on adeno gastric
stomach (AGS) cell migration behavior,” the purpose of
this study is the synthesis of a series of NI-(morpholin-
4-yl  ethyl)/phenyl/aralkyl-N3-(thiophene-2-carbonyl)/
benzoyl thioureas (1-12) and determine their effects on
the growth and migratory behavior of AGS gastric cancer
cells. It is also aimed at the in silico ADME and drug-
likeness analysis of synthetic carbonyl thioureas alongside
a sequential docking and MD simulations to obtain stable
binding model for a top-scored migration inhibitor. For
this purpose, Ras homolog family member A (RhoA)
binding site was computationally targeted since it is an
important guanosine tri-phosphatase (GTPase) that is
has been documented as oncogenic target in migration,
metastasis and progression of gastric cancer cells.***!

Materials and Methods

Chemistry

All the chemical reagents and solvents were purchased
from Sigma-Aldrich (India) company and used without
purification. Melting points of the products were
determined by an Electro thermal type 9200 MP apparatus
(England) and uncorrected. Infra-Red (IR) spectra were
obtained by a Perkin Elmer-400 Fourier transform-IR
(FT-IR) spectrophotometer (England). Proton nuclear
magnetic resonance ('H-NMR) and carbon nuclear
magnetic resonance (“C-NMR) spectra were recorded on
a Bruker DRX400 spectrometer (400 MHz).

General Procedure for the Synthesis of N1-Phenyl/Aralkyl-
N3-(Thiophene-2-Carbonyl) Thioureas (1-6)

To a KSCN (1 mmol) in acetonitrile (15 mL), thiophene-
2-carbonyl)/benzoyl chloride (1 mmol) was added. The
reaction mixture was stirred for 1 h at room temperature.
After appearance of the precipitate, corresponding
amine (1 mmol) and triethylamine (3 drops) were added
slowly into the solution and heated (40 °C) for 24 h. The
progress of the reaction was monitored through thin layer
chromatography (TLC). After the completion of reaction,
the reaction mixture was poured into the ice-cold water
and stirred for a few minutes. The residue was filtered,
washed with distilled water, purified by recrystallization
with ethanol and filtered to afford desired products
(Table 1) (65-94%). Characterization data for the
synthesized products are as follows:

NI-Phenyl-N3-(Thiophene-2-Carbonyl) Thiourea (1)

Yellow solid, Yield 65%; mp. 155-156 °C; R, 0.78
(Petroleum ether (PE)/EtOAc 1:2); H-NMR (400 MHz,
DMSO-d6) § (ppm): 12.46 (brs, 1H, N3H), 11.63 (brs,
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Table 1. Synthetic derivatives of N7-(morpholin-4-yl ethyl)/phenyl/aralkyl
N3-(thiophene-2-carbonyl)/benzoyl Thioureas

(
o

S
NJKN
H H

oo v Yt
1 Thiophen-2-yl Phenyl 262.02 65
2 Thiophen-2-yl Thiophen-2-yl methyl 282.00 80
3 Thiophen-2-yl 4-Fluorophenyl methyl 294.03 94
4 Thiophen-2-yl 4-Chlorophenyl methyl 310.00 92
5 Thiophen-2-yl Furan-2-yl methyl 266.02 82
6 Thiophen-2-yl 4-Methoxyphenyl methyl  306.05 91
7 4-Methoxyphenyl  Morpholin-4-yl ethyl 323.13 73
8 3-Chlorophenyl Morpholin-4-yl ethyl 327.08 80
9 3,5-dinitrophenyl  Morpholin-4-yl ethyl 383.09 59
10 Thiophen-2-yl Morpholin-4-yl ethyl 299.08 67
11 4-Fluorophenyl Furan-2-yl methyl 278.05 88
12 4-Methylphenyl  Thiophen-2-yl methyl 290.05 87

1H, N1H), 8.40 (d, 1H, J=3.6 Hz, CH Thiophene), 8.06
(d, 1H, J=4.8 Hz, CH Thiophene), 7.68 (d, 2H, J=7.6 Hz,
CH Phenyl), 7.43 (t, 2H, J=8.0 Hz, CH Phenyl), 7.26-7.30
(m, 2H, CH Phenyl and thiophene); "C-NMR (100 MHz,
DMSO-d6) § (ppm): 178.7, 162.0, 137.9, 136.6, 135.3,
132.7,128.7,128.6,126.3,124.7; IR (KBr) v, _(cm™): 3440
(N3-H), 3283 (N1-H), 1661 (C=0), 1263 (C=S)

NI-(Thiophen-2-yl Methyl)-N3-(Thiophene-2-Carbonyl)
Thiourea (2)

Pale yellow crystal, yield 80%; mp. 110-111 °C; R 0.62
(Petroleum ether (PE)/EtOAc 1:2); H-NMR (400 MHz,
DMSO-d6) & (ppm): 11.57 (s, 1H, N3H), 11.13 (brs, 1H,
N1H), 8.41 (d, 1H, J=4.0 Hz, CH Thiophene), 8.07 (d,
1H, J=4.0 Hz, CH Thiophene), 7.50 (d, 1H, J=3.6 Hz, CH
Thiophene), 7.29 (t, 1H, J=4.0 Hz, CH Thiophene), 7.19
(d, 1H, J=4.0 Hz, CH Thiophene), 7.06 (t, 1H, J=4.0 Hz,
CH Thiophene), 5.09 (d, 2H, J=5.6 Hz, CH,); "C-NMR
(100 MHz, DMSO-d6) 8 (ppm): 179.8, 161.8,139.4, 136.7,
135.1, 132.7, 128.8, 126.9, 126.6, 125.9, 42.9; IR (KBr) Vo
(cm™): 3409 (N3-H), 3147 (N1-H), 1653 (C=0), 1282
(C=9)

NI-(4-Fuorophenyl Methyl)-N3-(Thiophene-2-Carbonyl)
Thiourea (3)

White crystal, Yield 94%; mp. 124-125 °C; R, 0.80
(Petroleum ether (PE)/EtOAc 1:2); H-NMR (400 MHz,
DMSO-d6) 8 (ppm): 11.49 (s, 1H, N3H), 11.09 (brs, 1H,
N1H), 8.35 (d,1H, J=4.0 Hz, CH Thiophene), 8.02 (d,
1H, J=4.0 Hz, CH Thiophene), 7.38-7.44 (m, 4H, CH
Fluorobenzyl), 7.23 (t, 1H, J=4.0 Hz, CH Thiophene), 4.85
(d, 2H, J=6.0 Hz, CHZ); BC-NMR (100 MHz, DMSO-d6)
d (ppm): 180.2, 161.8, 136.8, 135.0, 133.6, 133.6, 132.4,
129.7, 129.7, 128.7, 47.3; IR (KBr) v (cm™): 3305 (N3-
H), 3182 (N1-H), 1654 (C=0), 1250 (C=S), 1163 (C-F)

N1I-(4-Chlorophenyl Methyl)-N3-(Thiophene-2-Carbonyl)
Thiourea (4)

White crystal, Yield 92%; mp. 127-128 °C; R, 0.82
(Petroleum ether (PE)/EtOAc 1:2); H-NMR (400 MHz,
DMSO-d6) § (ppm): 11.50 (brs, 1H, N3H), 11.10 (brs,
1H, N1H), 8.35 (d, 1H, J=4.0 Hz, CH Thiophene), 8.02
(d, 1H, J=4.4 Hz, CH Thiophene), 7.44 (d, 2H, CH
Chlorobenzyl), 7.41 (d, 2H, CH Chlorobenzyl), 7.23 (t,
1H, J=4.0 Hz, CH Thiophene), 4.85 (d, 2H, J=5.6 Hz,
CH,); *C-NMR (100 MHz, DMSO-d6) § (ppm): 180.2,
161.8,136.8,136.5,135.0,132.4, 131.7, 129.4, 128.7, 128.3,
47.3; IR (KBr) v (cm): 3438 (N3-H), 3159 (N1-H),
1655 (C=0), 1262 (C=S), 731(C-Cl)

NI-(Furan-2-yl
Thiourea (5)
White Crystal, yield: 82%, mp: 100-101°C, R. 0.86
(Petroleum ether (PE)/EtOAc 1:2); 'TH-NMR (400 MHz,
DMSO-d6 ) 8 (ppm): 11.50 (1H, s, N3H), 11.03 (brs, 1H,
N1H), 8.30 (1H, d, /=3.5 Hz, CH Thiophene), 8.00 (1H,
d, /=4 Hz, CH Thiophene), 7.60 (1H, d, CH Furan), 7.2
(1H, t, J=4 Hz, CH Thiophene), 6.45 (1H, t, J=2.5 Hz,
CH Furan), 6.41 (1H, d, J=2.8 Hz, CH Furan), 4.8 (2H, d,
J=6.5Hz, CH_); “C-NMR (100 MHz, DMSO-d6) § (ppm):
180.1, 162.1, 149.9, 142.7, 136.6, 135.1, 132.5, 128.6, 110.5,
108.1, 41.4; FT-IR (KBr) v (cm™): 3410 (N3-H), 3141
(N1-H Thiourea), 1651 (C=0), 1280 (C=S)

Methyl)-N3-(Thiophene-2-Carbonyl)

N1-(4-Methoxyphenyl Methyl)-N3-(Thiophene-2-Carbonyl)
Thiourea (6)

White Crystal, yield 91%; mp. 97-98°C, R.0.79 (Petroleum
ether (PE)/EtOAc 1:2); 'H-NMR (400 MHz, DMSO-d6 )
§ (ppm): 11.52 (1H, s, N3H), 11.07 (brs, 1H, N1H), 8.40
(1H, d, J=4 Hz, CH Thiophene), 8.0 (1H, d, J=4.4 Hz,
CH Thiophene), 7.2 (1H, t, J=4 Hz, CH Thiophene), 7.3
(2H, d, J=8.4 Hz, CH Phenyl), 6.9 (2H, d, J=8.4 Hz, CH
Phenyl), 4.8 (2H, d, J=5.2 Hz, CH,), 3.88 (3H, s, CH,
methoxy); *C-NMR (100 MHz, DMSO-d6) § (ppm):
179.8,161.9, 158.6, 136.8, 135.0, 132.3, 129.1, 129.0, 128.7,
113.9, 5.1, 47.7; FT-IR (KBr) v (cm™): 3400 (N3-H),
3200 (N1-H), 1659 (C=0), 1240 (C=YS)

General Procedure for the Synthesis of N1-(Morpholin-4-
yl ethyl)-N3-(Thiophene-2-Carbonyl)/Benzoyl Thioureas
(7-10)

To a KSCN (1 mmol) in ethanol (15 mL), thiophene-
2-carbonyl)/benzoyl chloride (1 mmol) was added.
The reaction mixture was stirred for 10 min at room
temperature and subsequently at 40 °C for 20 min. After
appearance of the precipitate, amino ethyl morpholine
(1 mmol) and triethylamine (3 drops) were added slowly
into the solution and heated (40 °C) for 24 h. The progress
of the reaction was monitored through TLC. After the
completion of reaction, the reaction mixture was poured
into the ice-cold water and stirred for a few minutes. The
residue was filtered, washed with distilled water, purified
by recrystallization with ethanol and filtered to afford

132 | Pharmaceutical Sciences. 2026;32(1)



Sagha et al

desired products (Table 1) (59-80%). Characterization
data for the synthesized products are as follows:

NI-(Morpholin-4-yl
Thiourea (7)

White Solid, yield: 73%; mp: 80-81°C; R, 0.62 (Petroleum
ether (PE)/EtOAc 1:2); H-NMR (400 MHz, DMSO-d6) §
(ppm(: 11.15 (s, 1H, N3H), 11.10 (brs, 1H, N1H), 7.96 1
(2H, d, J=8.8 Hz, CH Phenyl), 7.04 (2H, d, J=8.8 Hz, CH
Phenyl), 3.84 (3H, s, OCH,), 3.71 (2H, q, J]=6 Hz, CH,),
3.60 (4H, t, = 4.8 Hz, CH, Morpholine), 2.57 (2H, t, ]=6.4
Hz, CH,), 2.43 (4H, brs, CH, Morpholine). *C-NMR (100
MHz, DMSO-d6) § (ppm): 179.9, 167.2, 162.9, 130.0,
124.0,113.6,66.2, 55.5, 55.2,52.9,41.7; FT-IR (KBr) v (cm’
1: 3239 (N3-H), 3152 (N1-H), 1664 (C=0), 1256 (C=S)

Ethyl)-N3-(4-Methoxy  Benzoyl)-

NI-(Morpholin-4-yl
Thiourea (8)

Pink crystal, Yield 80%; mp. 120-121°C; R.0.77 (Petroleum
ether (PE)/EtOAc 1:2) H-NMR (400 MHz , DMSO-d6) 6
(ppm): 11.53 (1H, brs, N3H), 10.97 (brs, 1H, N1H), 7.98
(1H, s, CH Phenyl), 7.86 (1H, d, J=8.0 Hz, CH Phenyl),
7.71 (1H, d, J=8.0 Hz, CH Phenyl), 7.54 (1H, t, = 8.0 Hz,
CH Phenyl), 3.70 (2H, q, J=6.0 Hz, CH,), 3.60 (4H, t,
J=4.8 Hz, CH, Morpholine), 2.58 (2H, t, J=6.0 Hz, CH,),
2.43 (4H, brs, CH, Morpholine); *C-NMR 30 (100 MHz,
DMSO-d6) 8§ (ppm): 179.6, 166.6, 134.3, 133, 132.5, 130.2,
128.3, 127.2, 66.2, 55.1, 52.9, 41.7; FT-IR (KBr) v (cm-
): 3167 (N1-H, N3-H, broad peak), 1664 (C=0), 1251
(C=S8), 722 (C-Cl)

Ethyl)-N3-(3-Chloro ~ Benzoyl)

NI-(Morpholin-4-yl
Thiourea (9)
Yellow crystal, Yield 59%; mp. 202-203 °C; R, 0.83
(Petroleum ether (PE)/EtOAc 1:2); H-NMR (400 MHz
, DMSO-d6) § (ppm): 12.13 (1H, s, N3H), 10.90 (brs,
1H, N1H), 9.06 (2H, s, CH Phenyl), 9.02 (1H, s, CH
Phenyl), 3.73 (2H, q, J=6 Hz, CHz)’ 3.61 (4H, t, J=4.4,
CH, Morpholine), 2.60 (2H, t, J=6.0 Hz, CH,), 2.45 (4H,
brs, CH, Morpholine). *C-NMR (100 MHz, DMSO-d6)
0 (ppm): 179.4, 164.2, 147.6, 135.4, 129.1, 121.1, 66.2, 55,
52.8,41.8; FT-IR (KBr) v (cm™): 3376 (N3-H), 3157 (N1-
H), 1633 (C=0), 1275 (C=S)

Ethyl)-N3-(3,5-Dinitro  Benzoyl)-

NI-(Morpholin-4-yl  Ethyl)-N3-(Thiophene-2-Carbonyl)-
Thiourea (10)

Yellow solid, Yield 67%; mp. 142-143 °C; R, 0.65
(Petroleum ether (PE)/EtOAc 1:2); H-NMR (400 MHz,
DMSO-d6) & (ppm): 11.38 (1H, s, N3H), 10.90 (brs, 1H,
N1H), 8.35 (1H, d, J=3.5 Hz, CH Thiophene) 8.00 (1H,
d, J=5.5 Hz, CH Thiophene), 7.23 (1H, t, J=1.1 Hz, CH
Thiophene) 3.70 (2H, q, J=6.0 Hz, CH)), 3.60 (4H, t,
J=5.0 Hz, CH, Morpholine), 2.57 (2H, t, J]=6.4 Hz, CH,),
2.43 (4H, brs, CH, Morpholine). "C-NMR (100 MH,
DMSO-d6) § (ppm): 179.3, 161.8, 136.8, 134.8, 132.3,
128.0, 66.2, 55.2, 52.9, 41.8; FT-IR (KBr) v (cm™): 3248
(N3-H), 3140 (N1-H), 1642 (C=0), 1268 (C=S)

General Procedure for the Synthesis of N1-Phenyl/Aralkyl-
N3-(Thiophene-2-Carbonyl) Thioureas (11 and 12)

To a KSCN (1 mmol) in acetonitrile (15 mL), benzoyl
chloride (1 mmol) was added. The reaction mixture was
stirred for 1 h at room temperature. After appearance
of the precipitate, corresponding amine (1 mmol) and
triethylamine (3 drops) were added slowly into the
solution and heated (40 °C) for 24 h. The progress of
the reaction was monitored through TLC. After the
completion of reaction, the reaction mixture was poured
into the ice-cold water and stirred for a few minutes. The
residue was filtered, washed with distilled water, purified
by recrystallization with ethanol and filtered to afford
desired products (Table 1) (87%-90%). Characterization
data for the synthesized products are as follows:

NI-(Furan-2-yl
(11)

Pale yellow solid, Yield 88%; mp. 127-129°C, R, 0.77
(Petroleum ether (PE)/EtOAc 1:2); 'H-NMR (400 MHz,
DMSO0-d6) § (ppm): 11.54 (1H, s, N3H), 11.12 (s, 1H,
N1H), 8.03 (2H, d, J=5.6 Hz, CH phenyl), 7.99 (2H, d,
J=5.2 Hz, CH phenyl), 7.66 (1H, brs, CH Furan), 7.34
(1H, t, J=9.2 Hz, CH Furan), 6.44 (1H, d, J=2 Hz, CH
Furan), 4.87 (2H, d, J=5.2 Hz, CHZ); BC-NMR (100 MHz,
DMSO-d6) § (ppm): 180.1, 169.4, 166.0, 148.9, 142.3,
129.8, 129.2, 115.5, 110.6, 106.6, 41.5; FT-IR (KBr) v
(cm™): 3416 (N3-H), 3155 (N1-H), 1666 (C=0), 1266
(C=5S), 1159 (C-F)

Methyl)-N3-(4-Fluorophenyl)-Thiourea

NI-(Thiophen-2-yl Methyl)-N3-(4-Methylphenyl)-Thiourea
(12)

Pale yellow crystal, Yield 87%; mp. 110-111 °C, R 0.61
(Petroleum ether (PE)/EtOAc 1:2); 'H-NMR (400 MHz,
DMSO-d6 ) § (ppm): 11.38 (1H, s, N3H), 11.23 (brs,
1H, N1H), 7.85 (2H, d, J=8.4 Hz, CH Phenyl), 7.45
(2H, d, J=5.2 Hz, CH Phenyl), 7.31 (1H, d, J=8 Hz, CH
Thiophene), 7.15 (1H, d, J=2.4 Hz, CH Thiophene), 7.01
(1H, t, J=4.8 Hz, CH Thiophene), 5.05 (2H, d, J=5.6 Hz,
CH,), 2.38 (3H, s, CH,); "C-NMR (100 MHz, DMSO-d6) &
(ppm): 179.6,169.0, 143.7, 139.5, 131.0, 128.8,127.1, 126.9,
126.7,125.8, 42.9, 24.2; FT-IR (KBr) v, _(cm'): 3152 (N1-
H, N3-H, broad peak), 1674 (C=0), 1257 (C=S)

Biological Assessment

Reagents and Chemicals

Fetal bovine serum (FBS), Roswell Park Memorial Institute
1640 (RPMI 1640), trypsin, and phosphate-buffered saline
(PBS) were all purchased from Biosera (Ringmer, UK).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide  (MTT)  (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) was acquired from Sigma
(Saint Louis, MO, USA), and penicillin/streptomycin was
purchased from Invitrogen (San Diego, CA, USA). Cis-
platin and dimethyl sulphoxide (DMSO) were obtained
from EBEWE Pharma (Unterach, Austria) and Merck
company (Darmstadt, Germany), respectively.
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Evaluation of Cytotoxicity by MTT Assay

Cell viability following exposure to the synthetic
compounds was estimated via MTT reduction assay.”
AGS cells were plated in 96-well microplates at a density of
1 x 10* cells per well in RPMI 1640 medium supplemented
with 10% FBS and 1% pen/strep for 24 h and then, the
culture medium was changed to a medium containing the
desired volume of the synthetic compounds (which were
firstly dissolved in DMSO and then diluted in medium).
After 24 h of culture, the medium was removed and MTT
solution was added to each well at a final concentration
of 0.5 mg/mL, and the plates were incubated for further
4 h at 37 °C in a dark condition. Then, the resulted
formazan crystals were solubilized in 200 uL DMSO and
optical density was measured at 570 nm with background
correction at 570 nm using a Bio-Rad microplate reader
(Model 680, USA). Control wells contained no drugs
and blank wells contained only growth medium for
background correction. The percentage of cell viability
compared to the control wells was calculated for each
concentration of the compounds and IC, values were
calculated with Sigma Plot version 12.5. In all groups,
the absorbance of wells containing no cells (Blank) was
subtracted from the sample well absorbance.

Wound Healing Assay

To evaluate the cell migration property following
treatment, AGS cells (6 x 10?) were seeded onto 24-well
plates to grow in a monolayer (48 h). Then a sterile 100-200
uL pipette tip was held vertically to scratch a cross in each
well. The detached cells were removed by washing with
500 uL PBS. Then 6.25 and 12.5 pg/mL concentrations of
the compounds were prepared by dilution with medium.
In the next step, the medium of the wells was removed and
the first column of the plate was treated as control and the
next columns were treated with intended concentrations.
After 24, 48 and 72 hours, photos with Olympus CKX41
inverted microscope were taken using cellSens software,
standard 1.14 equipped with DP27 camera.”

In Silico Studies

Drug-Likeness

Overall drug-likeness scores and Number of H-bond
donors/acceptors were calculated by MolSoft tool (https://
molsoft.com/mprop/). Pharmacokinetics properties were
estimated by SwissADME online server.***

Molecular Docking

Lamarckian genetic algorithm (LGA) of AutoDock4.2
software was used to run ligand flexible docking
simulations on thiourea compounds.**” All the
preparation procedure for ligand, receptor and docking
parameters were performed according to the previous
protocols.”? Post-docking analysis of ligand-protein
interactions were estimated and visualized by protein-
ligand interaction profiler (PLIP) fully automated
server.®® Crystallographic Homo sapiens 3D structure

of RhoA in complex to its inhibitor (PDB code 5JHH)
was retrieved from Brookhaven protein data bank (PDB;
www.rcsb.org) with the structural resolution of 2.30 A.*
It should be notified that the retrieved holo structure
contained a quinoline based ligand (Designated as RAO)
(Supplementary file 1).

Molecular Dynamics

All-atom MD simulations were performed for 60 ns
with GROningen MAchine for chemical simulations
(GROMACS 5.1.1) software.* Topology files and other
force field parameters for thiourea derivatives were
generated by ATB (Automated topology builder) server.*
Water molecules were considered by a simple point
charge (SPC216) model. Overall charge neutrality of
the complex system was acquired through insertion of 7
Na‘*ions. GROMOS96 54a7 force field of the GROMACS
was used to determine chemical interactions.” Energy
minimization of the protein-ligand complex was done
by steepest descent followed by conjugate gradient
algorithms via stopping the minimization when the
maximum force achieved <1000 kJ/mol/nm. Subsequent
to energy minimization process, position restraint step
was performed in association with NVT (Number of
particles, volume, temperature) and NPT (Number of
particles, volume, temperature) ensembles. An NVT
ensemble was adopted at constant temperature of 300 K
with a coupling constant of 0.1 ps and time duration of
500 ps. NPT ensemble was performed under a constant
pressure of 1 bar and a coupling constant of 5.0 for 1000
ps. The pressure was held constant with the Parrinello-
Rahman barostat.* The lincs algorithm for covalent
bond constraints was applied.* The particle-mesh Ewald
(PME) and cut-off methods were used to determine the
long-range electrostatic and van der Waals interactions,
respectively.” Protein surface areas were obtained by
rolling a 1.4 A sphere on the molecular surface.”

Results and Discussion

Chemistry

Chemical structures of synthesized N3-(thiophene-2-
carbonyl)/benzoyl-NI1-(morpholin-4-ethyl)/phenyl/
aralkyl thiourea derivatives were confirmed by FT-IR,
H-NMR, and “C-NMR methods. Melting points and
TLC retention indices (R)) in different ratios of petroleum
ether and ethyl acetate were reported for each compound.
Synthetic routs to compounds 1-12 is depicted in
Scheme 1. Form the mechanistic point of view, the
initial synthetic step comprised a nucleophilic attack of
potassium thiocyanate nitrogen to acid halide and leaving
of chloride ion. Subsequent capture of thiocarbonyl
intermediate with corresponding amines afforded
carbonyl thiourea products (59-94%) (Scheme 1).

On the basis of H-NMR data, hydrogen atoms attached
to the N3 of carbonyl thiourea derivative exhibited the
most down field peaks (8 11.15-12.46 ppm) due to their
position between carbonyl and thiocarbonyl moieties as
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3: Y=4-fluorobenzyl
o s 4: Y=4-chlorobenzyl
5: Y=Furfuryl
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7: X=4-methoxyphenyl, Y=Morpholin-4-y| ethyl
8. X=3-chlorophenyl, Y=Morpholin-4-yl ethyl

1112
11: X=4-fluorophenyl, Y=Furfuryl
12: X=4-methylphenyl, Y=Thiophen-2-yl methyl

9: X=3,5-dinitrophenyl, Y=Morpholin-4-yl ethyl
10: X=Thiophen-2-yl, Y=Morpholin-4-y| ethyl

Scheme 1. Synthetic route of N1-(morpholin-4-ethyl)/phenyl/aralkyl-N3-(thiophene-2-carbonyl)/benzoyl thioureas (1-12); a) KSCN, Acetonitrile, 1 h (RT); b) R/
ArNH2, triethylamine, 24 h, 40 °C; ¢) KSCN, Acetonitrile, 1 h (RT); d) Amino ethyl morpholine, triethylamine, 24 h, 40 °C; ) RNH2, triethylamine, 24 h, 40 °C

two electron withdrawing groups (EWGs). As reported
for related compounds,*** with regard to N3H, hydrogens
of N1 atom were a bit more shielded and hence appeared
at 10.90 to 11.63 ppm since they were not located near
the carbonyl group. All the hydrogen atoms attached to
the N1 atoms appeared as the broad singlet peak. For
compounds 1-6 including thiophene ring attached to
the carbonyl group, the hydrogens which are attached
to the carbon atom adjacent to sulfur appeared at 8.30-
8.40 ppm due to the de-shielding effect of sulfur atom.
Compounds 2 and 12 had thiophene ring which was
attached to the thiocarbonyl ring through alkyl linker and
appeared at more de-shielded chemical shifts (7.29 and
7.31 ppm) due to the lack of EWG on the thiophene ring
with regard to the same hydrogen in thiophene carbonyl
moiety. Thiophene rings of compounds 2 and 12 could
be comparable to the furan rings of compounds 5 and 11,
respectively. In compounds 5 and 11, similar hydrogen
atoms which were closest to the heteroatom appeared at
more de-shielded chemical shifts (7.60 and 7.66 ppm) due
to the more electronegativity of oxygen atom than sulfur.
In all H-NMR spectra, peaks appeared around 2.50 and
3.35 ppm belong to the solvent. The most de-shielded
phenyl hydrogen atoms belonged to the compound 9
(9.02 and 9.06 ppm) with two strong electronegative
nitro substituents.”” Compounds 7-10 included ethyl
morpholine moiety and a peak that appeared as a quartet
(3.70-3.73 ppm) belonged to the methylene hydrogens
that were attached to the NIH group. Within the
morpholine ring, hydrogens located near oxygen atom
exhibited higher chemical shifts (3.60 ppm) with regard to
the similar hydrogens near less electronegative nitrogen
atom (2.43 ppm).>>*!

In the FT-IR spectrum, stretching vibrations of N3-H
bonds led to a broad and intense peak with v of 3239

to 3440 cm™ in compounds 1-12. N1-H bond showed
vibrational peaks in the range of 3140-3283 cm in
various derivatives.” Carbonyl vibrational peak appeared
in the range of 1633-1674 cm™ for different derivatives
which are located at lower wavenumber values due to
the resonance between carbonyl bond and aromatic ring.
Thiocarbonyl vibrational bonds appeared in the range
of 1240-1282 cm™.** The vibrational peak at 722 cm
at compound 8 was assigned to the C-Cl bond which is
in excellent agreement with previous reports on similar
carbonyl thiourea derivatives.”® In compounds 3 and 11,
the vibrational peak at 1163 and 1159 cm™ were assigned to
the C-F bond stretching, respectively. Within a "C-NMR
spectra, the number of existed bands were equal to the
number of types of carbon atom in synthetic derivatives.
The most down-field bands attributed to the carbon atom
of thiocarbonyl group (179.3-180.2 ppm) followed by
carbon in the case of atoms of carbonyl moieties (161.8-
169.4 ppm).»*

Drug-Likeness
Overall drug-likeness and a few pharmacokinetics
properties of the synthesized thiourea derivatives
were estimated by MolSoft and SwissADME servers
(Table 2) (Supplementary file 2). It has been postulated
that compounds possessing zero or negative drug-
likeness scores do not seem to be a drug-like structures,
and values greater than zero could be regarded as drug-
like compounds.®* Average drug-likeness score of the
synthetic derivatives (1-12) was found to be 0.09. Unlike
Compounds 3, 4 and 7-11 that could be categorized in the
region of Food and Drug Administration (FDA) approved
drugs, derivatives 1, 2, 5, 6 and 12 showed a bit violation
from the drug-like region.

SwissADME driven data indicated that candidate
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molecules had high gastrointestinal (GI) absorption and
the only exception with low GI absorption was compound
9 bearing two hydrophilic nitro groups. Moreover, with
the exception of derivatives 7 and 9, all the compounds
seemed not to be a P-glycoprotein (P-gp) substrate
and hence showed probably lower risk of producing
drug-resistance via efflux pump. None of the thiourea
compounds showed potential blood brain barrier (BBB)
penetration implying that the intended derivatives would
probably not cause serious side effects to central nervous
system (CNS).

Biological Assessment

Cytotoxicity Assessment

Cytotoxic effects of compounds 1-12 against AGS cell
lines are summarized in Table 3. As indicated by the
results, within low concentrations, cytotoxic effects of
thiourea derivatives are not significantly different with

respect to the solvent (DMSO 2%). Since the cytotoxicity
of the synthetic derivatives were not significant within
medium to low doses, it was preferred to report the
percentages of viability (or death) and compare the results
of cytotoxicity within definite concentrations. Cytotoxic
effects were superior after applying 50 ug/mL dose of
compound 4 (AGS cell viability 40.57%). This compound
was demonstrated to be the most cytotoxic derivative
among synthesized derivatives. Higher cytotoxic effect of
compound 4 was more apparent at 100 ug/mL (AGS cell
viability 9.44%) and 200 pg/mL (AGS cell viability 3.15%).
Other thiourea derivatives exhibited AGS cell viabilities
of 57.35-86.50% and 8.97-65.21% at 100 and 200 ug/mL
doses, respectively. Following compound 4, compound
11 showed higher cytotoxic effects at 50 and 100 pg/mL
doses and led to the 60.65% cell death at 200 pg/mL dose.
Dose dependent diagrams for compounds 4 and 11 in
terms of cell survival (viability) are depicted in Figure 1.

Table 2. Overall drug-likeness and a few pharmacokinetics of N7-(morpholin-4-yl ethyl)/phenyl/aralkyl-N3-(thiophene-2-carbonyl)/benzoyl thioureas

Comp.

No. HBD HBA Drug-likeness score TPSA® (A2) Consensus logP Gl absorption ~ BBB permeant  P-gp substrate
1 2 3 -0.80 101.46 2.81 High No No
2 2 4 -0.46 129.70 2.83 High No No
3 2 3 0.00 101.46 3.16 High No No
4 2 3 0.22 101.46 3.38 High No No
5 2 4 -0.51 114.60 2.24 High No No
6 2 4 -0.26 110.69 2.88 High No No
7 2 5 1.07 94.92 1.46 High No Yes
8 2 4 0.88 85.69 1.96 High No No
9 2 8 0.35 177.33 -0.09 Low No Yes
10 2 5 0.67 113.93 1.51 High No No
11 2 3 0.02 86.36 2.41 High No No
12 2 3 -0.06 101.46 3.15 High No No

* TPSA stands for topological polar surface area which is the sum of surface areas for nitrogen and oxygen atoms and their attached hydrogens.

Table 3. Percentage of AGS cell viability upon treatment with different concentrations of N7-(morpholin-4-yl ethyl)/phenyl/aralkyl-N3-(thiophene-2-carbonyl)/
benzoyl thioureas

Comp. Viability% *+SEM in different doses (pg/mL) of compounds

No 6.25 12,5 25 50 100 200

1 98.88+2.00 97.30x1.74 96.53+1.69 93.29+1.66 82.12+2.45 46.30+4.51

2 92.02+3.09 87.03+7.40 88.49+8.34 77.19+7.52 61.38+2.05 35.61£13.53
3 101.10+4.46 98.33+£1.92 91.10+6.22 85.10£2.82 84.84+2.32 13.28+1.76
4 99.74+16.44 95.12+£17.92 85.23+£15.35 40.57£6.02 9.44+2.08 3.15+1.12

5 113.98+11.26 107.83+1.62 104.59+10.65 101.20+12.14 82.49+15.59 65.21+6.59
6 81.87+0.61 78.63+0.83 78.13+0.68 74.77£1.45 74.45+1.75 65.17+1.32
7 100.16+12.05 97.59+13.32 96.14+11.57 95.65+£12.21 86.50+15.42 60.93£18.80
8 96.78+1.28 96.78+1.22 96.09+3.61 90.34+1.61 77.93+2.39 8.97+£7.47

9 96.95+9.25 95.05+7.20 93.71+5.16 86.95+5.73 65.14+2.15 15.96+10.02
10 102.91+0.85 101.83+1.74 100.46+1.06 95.57 £4.02 82.72+5.71 54.74+3.79
1 92.64+8.18 80.74£8.73 75.72+7.85 69.57+7.00 57.35+£6.55 39.35£6.00
12 81.00+£9.33 78.36+8.60 74.88+10.3 71.49+9.18 66.11+£9.75 54.40+10.72
Cis-Platin® 68.44+7.36 49.09+6.77 26.31+4.10 17.25+2.98 711+£1.25 0.20+0.02

* Data are presented as mean +SEM (n=3), for cis-platin the IC,  (ug/mL)+SEM is reported. ® The IC, of cis-platin was acquired as 11.47 +1.35 ug/mL.
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In the case of compound 4, cell cytotoxicity effect
emerged as a curvature with steeper slope following 25
ug/mL dose. Derivative 9 exhibited similar trend but the
relevant curvature showed steeper slope in comparison
with compound 4 and emerged after 50 pg/mL. It seemed
that the introduction of morpholin-2-yl ethyl moiety
significantly decreased the cytotoxic effects of thiourea
derivatives with regard to phenyl and benzyl substituents.
Although not being statistically significant, results
indicated relatively enhanced cytotoxicity of compounds
8 and 9 at higher doses among the morpholine bearing
structures (Table 3). This observation could be further
clear when the cytotoxic effect of compound 7 was
compared with the effects of its close analogues N1-(4-
fluorophenyl methyl)-N3-(4-methoxybenzoyl) thiourea
(IC,, 9.39 pg/mL), N1-(4-chloroophenyl methyl)-N3-
(4-methoxybenzoyl) thiourea (IC,, 14.57 pg/mL), NI-
(4-methoxyphenyl methyl)-N3-(4-methoxybenzoyl)
thiourea (IC,, 3.67 pg/mL) and NI1-(thiophen-2-yl
methyl)-N3-(4-methoxybenzoyl) thiourea (IC_ 21.75 pg/
mL) in our previous work.? Another supporting example
could be denoted through comparing the cytotoxicity
of compound 8 and NI-(thiophen-2-yl methyl)-N3-
(3-chlorobenzoyl) thiourea derivative (IC, 20.27 ug/
mL) (29). Moreover; when thiophen-2-yl methyl was
substituted at thiourea NI instead of benzoyl moiety
(Compound 2), potent cytotoxic effect of N1-(thiophen-
2-yl methyl)-N3-(3-chlorobenzoyl) thiourea could not be
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re-achieved.

Similar comparisons between compound 3 and its
close structural analogues, N1-(4-chlorophenyl methyl)-
N3-(4-fluorobenzoyl) thiourea and N1-(4-chlorophenyl
methyl)-N3-(4-methoxybenzoyl) thiourea or compound
4 and its close structural analogues, N1-(4-fluorophenyl
methyl)-N3-(4-methoxybenzoyl) thiourea and NI-(4-
fluorophenyl methyl)-N3-cyclopropanoyl thiourea,”
revealed that the replacement of benzoyl substituents with
thiophen-2-carbonyl moiety at N3 position of thiourea
led to the significant decrease of cytotoxic effects.

Cell Migration Inhibitory Effect by Wound Healing Assay
As depicted in Figure 2, AGS cells transited from the
epithelial state to the mesenchymal phenotype with
distinct processes and fusiform morphology. The
acquired morphology enables cancer cells to migrate from
the primary location and thus wound-healing effect can
be observed. Results of the in vitro wound-healing assay
at 6.25 and 12.5 ug/mL doses of compounds 1-12 at 24, 48
and 72 h with regard to the untreated cells (control group)
are depicted in Figures 3-5. It was also assured that cell
migrations in untreated and DMSO-treated media were
comparable to each other and significant wound coverage
occurred after 24 h culture (Supplementary file 3). Cis-
platin was used as the positive control in the assessment
and inhibited the wound-healing of AGS cells within IC_|
value (11.49 pg/mL) (Figure 6).
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Figure 1. Percentage of AGS cell viabilities in different doses of carbonyl thiourea derivatives (4 & 11)

100 pm

Figure 2. Photomicrograph of AGS cells after cross scratching and b) Migrating AGS cells which underwent EMT and appeared mesenchymal phenotype with
short processes and fusiform morphology after 24 h treatment with compounds to heat the wound
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Figure 3. Photomicrographs of migrated AGS cells in the presence of DMSO (control) and 6.25 and 12.5 pg/mL doses of compounds 1-4 after 24, 48 and 72 h
treatment

Control Compound 5 Compound 6 Compound 7 Compound 8

6.25 25 6.25 25 6.25 23 ) 6.25 25

Figure 4. Photomicrographs of migrated AGS cells in the presence of DMSO (control) and 6.25 and 12.5 pg/mL doses of compounds 5-8 after 24, 48 and 72 h
treatment

All of the compounds could relatively inhibit wound- 4 and to some extent compound 12 exhibited superior
healing process after 24 h, although some derivatives were wound-healing inhibitions with regard to the control
observed to be better migratory inhibitors. Compound group at the intended doses. The inhibition effect of
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Figure 5. Photomicrographs of migrated AGS cells in the presence of DMSO (control) and 6.25 and 12.5 pg/mL doses of compounds 9-12 after 24, 48 and 72 h

treatment
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Figure 6. Photomicrographs of migrated AGS cells in the presence of IC50
dose of cis-platin and 6.25 and 12.5 ug/mL doses of compounds 4 after 24,
48 and 72 h treatment

derivative 4 was less noticeable following 48 h treatment
but still better than the other thiourea compounds.
Unlike compound 4, other derivatives led to the complete
wound-healing effect after 72 h treatment.

Our results specified that compound 4 could be further
evaluated and developed as potential anti-metastatic
agent in invasive AGS cancer cells. The structures with the
characteristics of compounds 4 are appropriate candidates
since they may inhibit tumor migration via more
metastatic mechanisms, without any interfering cytotoxic
effects.”” Although highest cytotoxic effect against AGS
cancer cells was indicated by compound 4, the MTT
assay indicated that compounds 4 and 12 could not be
demonstrated as potent cytotoxic agent against AGS cells
in concentrations below 50 pg/mL. Non/weak-cytotoxic
cell migration inhibitors have advantage over the potent
cytostatic agents due to their probable more selective anti-
metastatic effects. To be noted, N1-substutued phenyl-
N3-benzoyl thiourea derivatives have been previously
demonstrated to inhibit cancer cell migration without any
significant cellular toxicity effects.*

Molecular Docking

We were prompted to predict the probable binding pose/
affinity of carbonyl thiourea derivatives in the binding
site of RhoA. RhoA is a validated oncogenic target in cell
adhesion, migration and metastasis of gastric cancer. In a
biological context, RhoA is an intracellular GTPase with
determinant role in progression of gastric cancer cells
with higher expression in comparison to other adjacent
tissues.***! Moreover, RhoA is involved in EMT process
and actin remodeling which supports its significance in
targeting cell migration and metastatic gastric cancer.”
A few studies have also revealed that the focal adhesion
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kinase-RhoA (FAK-RhoA) pathway may influence
cancer cell motility.>>*

Validation of docking method was evaluated through
extraction of a co-crystallographic ligand and it’s re-
docking into the designated protein binding site. Root
mean square deviation (RMSD) between re-docked
and primary co-crystallized ligand conformation is the
criteria of validation which needs to be<2 A. On the basis
of re-docking results, appropriate predictability levels
(1.64 A) could be achieved after 50 independent genetic
algorithm (GA) runs, and 2.5x 10’ maximum number
of energy evaluations (For more information, refer to
Supplementary file 1).

Molecular docking procedure was applied to obtain
the desired binding conformations and their respective
affinities to the target protein. With regard to the
obtained docking scores (Table 4), none of the carbonyl
thioureas had more affinity than the corresponding co-
crystallographic ligands. This result might be expected
due to the induced fit phenomenon between RhoA
structure and relevant bound ligand. Compound 9 was
the top-ranked derivative in binding to RhoA GTPase
site (AG, -6.75 kcal/mol) but on the basis of cell migration
assessments and also low energy differences, compound
4 was selected for our further structural analysis through
MD simulations. Furthermore, top-scored cluster of
compound 4 was supported by higher conformational
population (40%). It should be noted that docking-
based binding conformation of compound 4 is going
to be represented and compared with the MD-driven
interaction model in next section. With regard to the
mechanistic correlation of RhoA functionality to gastric
cancer cell migration and metastasis, binding mechanism
of candidate inhibitors may assist in deriving applicable
structure binding relationships and devise new and more
potent RhoA inhibitors.’!

Table 4. AutoDock 4.2 estimated binding energies between N7-(morpholin-
4-yl  ethyl)/phenyl/aralkyl-N3-(thiophene-2-carbonyl)/benzoyl  thiourea
derivatives and human RhoA GTP-binding site (PDB code: 5JHH)

Highest AG, in cluster

Comp. No. Mean AG, (kcal/mol) (kcal/mol)
1 -5.01 -5.31
2 -4.94 -5.46
3 -5.02 -5.30
4 -5.42 -5.96
5 -4.88 -5.51
6 -5.39 -5.88
- -5.28 -5.59
8 -5.36 -5.78
9 -5.75 -6.31
10 -4.68 -5.09
1 -5.16 543
12 -5.06 -5.32
Co-crystallographic 737 -7.90

Inhibitor

MD Simulations of Promising Candidate

Compound 4 included para-chlorophenyl methyl and
thiophene-2-carbonyl substituents at thiourea N1 and N3
sites and was found as the top-scored inhibitor of the AGS
cell migration. Following docking analysis, stable binding
mode of compound 4 was elucidated with respect to the
dynamic features of RhoA structure. For this purpose,
MD simulations were carried out on RhoA-compound
4 complex throughout 60 ns time scale. Conformations
from each MD trajectory were used to evaluate root mean
square deviation (RMSD), root mean square fluctuation
(RMSF), radius of gyration (Rg), intramolecular/
intramolecular H-bonds and solvent accessible surface
area (SASA) of the RhoA structure upon binding to
compound 4. For comparison purposes, the apo form of
the RhoA structure was also subjected to MD simulations.

Analysis of RhoA Structure

As depicted in Figure 7a, RhoA reached to the more stable
phase upon binding to compound 4 and after about 25 ns.
The apo state achieved a more stable phase a bit earlier. The
observed RMSD patterns indicated that RhoA structures
(Complex and apo) converged to the equilibrium state
although the apo conformation was associated with
lower RMSDs (Average value 0.22+0.02 nm) with regard
to the complex (Average value 0.28+0.03 nm). The
coefficient variation (CV) of RMSD for RhoA structures
were found to be 11.55 and 11.44%, correspondingly.
It was revealed that RMSF variation patterns of RhoA
Ca atoms conformed to each other in complex and apo
conformations (Figure 7b). The average RMSF values for
RhoA backbone Co atoms were estimated to be 0.15+0.01
and 0.14 £ 0.01 nm for complex and apo state, respectively.
Despite similar distribution patterns, most of the residues
showed higher fluctuations upon presence of compound
4 with regard to their apo state. Val33 (Complex 0.48
nm, apo 0.34 nm) and GIn63 (Complex 0.36 nm, apo
0.21 nm) and Val24 (Complex 0.25 nm, apo 0.14 nm)
were the most fluctuated residues (>0.1 nm) in the RhoA
structure. These highly flexible residues were not found
in the binding site, but might be essential for retaining
the ligand through conferring structural flexibility.
Val33 and GIné3 resided in switch I and II of the RhoA
structure (Figure 7b), respectively, and on the basis of
previous structural investigations, switch regions were
highly dynamic.” Switch regions of RhoA are important
sites for nucleotide binding and their conformational
changes is correlated well to GDP/GTP exchange.*® It has
been revealed that the dynamic equilibrium of the Switch
I region provides interactions to guanine nucleotide
exchange factors (GEFs) and GTPases activating proteins
(GAPs).” Interestingly, there were some residues (33.7%)
that showed lower flexibilities upon presence of compound
4. Aspl3 (ARMSF -0.08 nm), Glyl4 (ARMSF -0.09 nm)
and Gly50 (ARMSF -0.07 nm), Arg70 (ARMSF -0.06
nm) and Pro71 (ARMSF -0.05 nm) were the amino acid
residues that showed noticeable RMSF decrements upon
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presence of compound 4 (<0.05 nm).

The compactness of RhoA structure in complex system
was checked by estimation of Rg during MD simulations
(Figure 7c). Rg variation patterns were comparable for
both complex and apo states and it was found that RhoA
backbone could preserve its appropriate folding after
binding to compound 4. Average Rg values were found
to be 1.59+0.01 and 1.58+0.01 nm for the complex and
apo state with very low variations (CV 0.73 & 0.60%),
respectively. Structural stability was also evaluated
through persistence of RhoA intramolecular H-bonds
during MD time (Figure 7d). The results confirmed
former structural data and showed no significant variation
of H-bond numbers upon binding to compound 4.
Average number of H-bonds per frame time (10 ps) were
estimated as 122.97+6.00 and 126.71 £6.54 for complex
and apo conformation, respectively. Retaining a stable
geometry could be further demonstrated by low CV value
(4.88%) of intramolecular H-bonds in the complex form
compared to the apo state (CV 5.16%).
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SASA specifies an exterior area of protein that is exposed
to the solvent molecules. On the basis of this definition,
we were prompted to determine SASA fluctuations of
the RhoA structure upon binding to compound 4 and
its comparison with the apo form (Figure 8a). It was
observed that SASA plots exhibited similar trends during
MD simulations with average SASA values of 105.57 +2.65
(CV 2.51%) and 105.86+2.32 (CV 2.19%) for the complex
and apo states, respectively. No significant enhancement
was observed in the RhoA SASA during MD simulations
due to the lack of structural relaxation in complex and
apo conformations.®” According to the SASA distribution
pattern, it might be deduced that the simulation time of
60 ns would be long enough for sampling equilibrated
complexes. To get better insight into individual role of
RhoA residues, per-residue SASA fluctuation plot was also
obtained for the RhoA structure. For this purpose, SASA
deviation of each amino acid upon binding to compound
4 with regard to the apo form is shown in Figure 8b. In
confirmation to RMSF results, higher SASA fluctuations
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were attributed to the residues of switch I and II regions.
Our calculations demonstrated that Val33 (ASASA 0.315
nm?) and Trp58 (ASASA 0.309 nm?*) moved to the more
solvent exposed locations in the presence of compound 4.

Analysis of Small Molecule Structure

All atom RMSD variations of compound 4 indicated
its persisted accommodation inside RhoA structure
during MD simulations (CV 3.29%) (Figure 9a). In this
regard, average RMSD was estimated to be 0.39+0.01
nm. As depicted in Figure 9b, none of the heteroatoms
of compound 4 showed RMSF values>0.3 nm. The most
fluctuated fragment of compound 4 was found to be
a terminal phenyl ring (left side of the Figure 9b). This
observation might be associated to the re-orientation
of phenyl ring and its contribution to energy-favored
hydrophobic contacts.

SASA values fluctuated approximately in the range of
4.10-5.66 nm? (Figure 9c¢). The average SASA value for
compound 4 structure was estimated to be 4.88+0.21
nm? (CV 4.48%) which is very close and comparable
to the primary docked value (4.87 nm?). We found
that the RhoA-compound 4 complex was stabilized
throughout hydrophobic contacts since average number
of intermolecular H-bonds was estimated to be 0.06 £0.00
during MD time scale (Figure 9d). The H-bond plot
showed that the intended complex formed one transient
hydrogen bond that appeared mainly around 22 to 40 ns
and disappeared afterward. In our opinion, lack of H-bond
interaction(s) to RhoA structure might be attributed to
the buried position of thiourea nitrogen atoms as the
result of possible shifted rings towards the thiourea core.

Binding Conformation

Next step included a time-dependent calculation of the
binding free energies between compound 4 and RhoA
strucutres by a linear interaction energy (LIE) method.®!
For this purpose, average energies between compound 4
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and its surroundings (Target and solvent) were estimated
via MD binding trajectories (Figure 10).” As depicted
in Figure 10, the intended complex was associated with
stabilizing binding energies during the entire simulation
time. The average bindig free energy was estimated to be
-5.90+0.04 kcal/mol. Our result was in good agreement
with the mean binding energy of the docked complex (-5.42
kcal/mol). Short range van der Waals (Lennard-Jones)
interaction energies (LJ-SR) for compound 4-solvent
association was obtained as -10.97 kcal/mol whereas; short
range coulomb energy (Coul-SR) for compound 4-solvent
association was found to be -25.59 kcal/mol.

To understand the structural basis of the observed
binding indices for RhoA-compound 4 complex,
conformational trajectories were analyzed by trjconv
functionality of GROMACS 5.1.1. For this purpose,
various snapshots pertained to different time intervals
were taken into consideration. Comparison of binding
poses confirmed our previous results and revealed
that compound 4 reoriented to attain its more stable
conformation after about 25 ns. Extracted ligand-
protein interaction patterns showed that the new
conformation facilitated hydrophobic and electrostatic
contacts to the RhoA residues (Figure 10). As estimated
before, no stable H-bonds could be detected within the
ligand protein interactions and it seemed that unlike
the docked structure, shift of thiophene ring towards
thiourea core put thiourea NH groups in a more
buried position. In conformation to intermolecular
H-bond plot (refer to Figure 9d), an unstable hydrogen
bond interaction between Lys7 side chain NH and
thiophene carbonyl oxygen of compound 4 tended to
appear around 30 ns (Figure 10). Stable accommodation
of compound 4 was evidenced by two hydrophobic
interactions, one T-shaped m-stacking and a m-cation
interaction. Compound 4 participated in m-cation
interaction to The Lys7 sidechain amine group via
thiophene ring. In this case, the distance between center
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Figure 9. a) RMSD variations of compound 4 structure, b) RMSF variations of compound 4 atoms, c) variations of SASA for compound 4 structure and d) variation
of number of intermolecular H-bonds between RhoA and compound 4 during MD simulation (60 ns)
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of charge and aromatic ring center was estimated to be
4.49 A. For the m-stacking, Trp58 pyrrole moiety and
thiophene ring were interacted sites and distance between
two ring centers was calculated to be 5.43 A. Angle between
two ring planes was estimated to be 85.49°. Asn41 and
Asn43 were residues that contributed to two hydrophobic
contacts to the carbon atoms of the phenyl ring. Within
the interacted residues, Trp58 was merely belonged to
the nucleotide binding site region and our characterized
binding site that resided near the GTP binding pocket
may offer more selectivity.”” For more clarification, the
main residues that were important in the interaction to
compound 4 alongside their binding characteristics were
summarized in Table 5. Obtained results showed that
compound 4 could be accommodated near RhoA GTPase
binding site and some interacted residues have been
formerly reported in binding model of other inhibitors.®
A major limitation of MD simulations is the timescale
period. In this context, we tried to extend the simulation
timescale up to the point that the achievement of stabilized
binding patterns could be assured via its persistence
in an acceptable period. All the binding indices were
converged in the MD simulations but we plan to develop
our computational facilities to extend the time for further
studies.

Structure-Activity Relationship (SAR)

With regard to the number of synthetic derivatives, it
would not be possible to offer a systematic SAR rules,
but due to the similarity of the intended compounds with

Thr37

AG, (kcal/mol)

Time (ns)

those of the previous researches by this group, it was tried
to perform a few comparisons. The presence of EWGs
on the aroyl ring increased the cytotoxic effect against
AGS cells. As demonstrated in former studies,® there
is a meaningful relation between electronegativity and
cytotoxicity of carbonyl thiourea derivatives. The presence
of chloro and nitro groups in compounds 11 and 12 led to
the higher cytotoxicity with regard to other morpholine-
based analogues. In this case, it might be probable that
the electron-poor nature of the ring provided interactions
with positively charged macromolecular targets. Besides
highest cytotoxic effect of compound 4 against AGS
cancer cells among other carbonyl thioureas, the MTT
results indicated that it could not be considered as
potent cytotoxic agent. Weak-cytotoxic inhibitors of cell
migration may be prioritized anti-metastatic candidates
over the cytostatic agents for their plausible more selective
anti-metastatic effects. Results of the current study
were correlated to a previous report on similar carbonyl
thiourea derivatives.® It was demonstrated that some
N1-substutued phenyl-N3-benzoyl thiourea derivatives
without EWGs on benzoyl ring inhibited cell migration
of various human cancer cell lines at doses insufficient
to induce cell death.®® Moreover; results of our previous
studies revealed that dihydropyrimidine thiones which
resembled the synthetic derivatives, showed higher
inhibition of AGS cell migration when contained more
hydrophobic rings.® This result could be relatively
observed in the current carbonyl thiourea derivatives

W,
N

Asn41

« . = );Alass
Lys77 ] )

Figure 10. Free binding energies between RhoA structure and compound 4 during MD simulation (60 ns); Acquired binding conformations of compound 4 at

different MD intervals (0, 30 and 60 ns) are designated

Table 5. Binding interactions and their characteristics between compound 4 and human RhoA GTP-binding site (PDB code: 5JHH) in the stable MD-driven complex

Interacted residue Interaction type

Interacted residue atom

Interacted ligand atom Bond length / distance (A)

Lys7 n-cation Side chain*NH, Thiophene ring 4.49
Asn41 Hydrophobic Side chain carbon Phenyl carbon 3.77
Val43 Hydrophobic Side chain alkyl Phenyl carbon 3.50
Trp58 T-shape n-stacking Side chain pyrrole ring Thiophene 5.43
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that included more hydrophobic characters. The results
of molecular modeling studies gave some evidence on the
presence of possible novel binding site near to the GTP-
binding pocket. It was revealed that due to the presence of
hydrophobic rings within the structure of compound 4,
it contributed to hydrophobic contacts with amino acid
residues that have been previously observed in binding of
other RhoA inhibitors.*

Conclusion

NI-(morpholin-4-ylethyl)/phenyl/aralkyl-N3-
(thiophene-2-carbonyl)/benzoyl  thiourea
inhibited migration of AGS cells in wound-healing assay
after 24 h at 6.25 pg/mL, and some derivatives such as
4 were observed to have comparable inhibition effects
to cis-platin at even longer intervals. A comparison of
the intended compounds with those of the previous
researches indicated the increased cytotoxic effect against
AGS cell lines as the result of benzoyl rings including
EWGs. Although carbonyl thiourea derivatives with
poor electron benzoyl rings are beneficial for developing
anticancer agents, but our results specified that among the
assessed derivatives, compound 4 may be an appropriate
anti-metastatic candidate. In this context, future attempts
may be focused on the development of compound 4 and
similar structures since it may inhibit the migration of
AGS cancer cells via metastatic mechanisms, without
interference of cytotoxic effects.” Non-cytotoxic cell
migration inhibitors such as 4 have advantage over
the cytostatic agents as more selective anti-metastatic
compounds. Results of this study could be to some extent
correlated to a previous study that has been performed on
N1-substutued phenyl-N3-benzoyl thiourea derivatives.!
Miao et al.,, demonstrated a few N1-substutued phenyl-
N3-benzoyl thiourea derivatives without EWGs on
benzoyl ring to inhibit cell migration of various human
cancer cell lines at doses insufficient to induce cell
death.® Although the detailed binding modes of diverse
carbonyl thiourea derivatives within corresponding
target await further structural elucidations, molecular
docking and dynamics simulations of compound 4
inside RhoA structure indicated the stability of ligand-
protein complex (LIE free binding energy -5.90 kcal/
mL). Our results differed a bit with previous reports on
the MD-driven binding affinities of similar compound
i.e. 1-(4-methoxybenzyl)-3-(4-methoxybenzoyl) thiourea
as the top-scored inhibitor of AGS cancer cell migration
(LIE free binding energy -6.54 kcal/mL). The results of
MD simulations gave some evidence on the presence
of possible novel binding site near to the GTP-binding
pocket. It was revealed that compound 4 contributed
in hydrophobic binding interactions with amino acid
residues that have been formerly reported in binding
model of other inhibitors.*® In overall, acquired cell-based
results and in silico evaluations suggested that compound
4 may be an appropriate candidate for future directions
toward improving selective small molecule GTPase

derivatives

inhibitors against gastric cancer metastasis.
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