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In this report, we designed and synthesized ten N-(R-phenyl)-3-carboxamide-coumarin
derivatives (2a-2j), exploring the coumarin nucleus, and an R-phenyl group as a structural
scaffold and a peptide bond as a linker between them. The structure-activity relationships were
investigated with different R-substituents (H, Br, NO,, Cl) in ortho, meta, or para positions from
the phenyl group. Coumarins were obtained in good yields (72-95%), and in vitro screening against
Canavalia ensiformis urease showed potential inhibitory percentages ranging from 42 to 65%.
Half-maximal inhibitory concentration (ICs,) values were determined for the best compounds 2b
(R =2-Br) and 2d (R = 4-Br). After conducting molecular docking and molecular dynamics on
urease from C. ensiformis and Helicobacter pylori, potential binding modes for the most effective
compounds 2b and 2d showed that these derivatives are able to interact with the crucial residue
Cys592, thereby blocking the access of the urea substrate to the active site. According to density
functional theory (DFT) calculations, 4-Br substitution on H. pylori urease was necessary for
interacting with catalytic amino acids on the active site.
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Introduction

Ureases (EC 3.5.1.5, urea amidohydrolases) are nickel-
dependent metalloenzymes that catalyze the hydrolysis of
urea, producing ammonium bicarbonate after spontaneous
decomposition, generating carbon dioxide, ammonia, and
water.! This enzyme can be present in large quantities
in plants such as Canavalia ensiformis, animal tissues,
and many microorganisms such as fungi and bacteria.**
Due to its catalytic activity, ureases are related to several
health problems, such as stomach cancer, peptic ulceration,
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pyelonephritis, or cryptococcosis, caused by pathogenic
ureolytic microorganisms.’ For example, the Gram-negative
bacterium Helicobacter pylori uses urease as a virulence
factor since the products from catalytic hydrolyses, mainly
ammonia and carbamate, increase the pH of the stomach,
and then this neutralizing effect supports its survival
and colonization of gastric mucosa.’ Therefore, urease
inhibition is considered a promising strategy for searching
for new and effective inhibitors to treat diseases caused by
pathogenic microorganisms.

Several urease inhibitors have been reported in the
literature due to their potential to inhibit urease in vitro,’”'°
including compounds containing coumarin scaffold.
Among them are bis-coumarins,'""'> coumarinyl pyrazolinyl
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thioamide derivatives,' and hybrids featuring coumarin
and thiazolotriazole' that showed excellent results against
urease from Canavalia ensiformis (CEU) when compared
to the standard thiourea inhibitor. Based on this potential
exhibited by coumarin derivatives as urease inhibitors,
we decided to synthesize a series of ten N-(R-phenyl)-
3-carboxamide-coumarin derivatives (2a-2j, R = H, Br,
NO,, Cl) and evaluate them in vitro against CEU urease.
Our series involves a peptide bond as a linker (shown
in blue in Figure 1) to a phenyl group. The phenyl group
has substituents at ortho-, meta-, or para-positions with
varying steric and electronic properties, such as CI, Br, or
NO,, aiming to explore the structure-activity relationship
(SAR). Furthermore, our goal is to explore the potential
pharmacophore role of the coumarin nucleus, which
is highlighted in red in Figure 1. This is because these
particular coumarins have yet to be recognized in the
literature as inhibitors of CEU compounds. Another
hypothesis being investigated is the potential connection
between the coumarin core that contains a Michael
acceptor group (indicated with dashed lines in Figure 1)
and its susceptibility to a nucleophilic attack from the
free thiol group of Cys592. For this purpose, we applied
in silico methods, such as density functional theory
(DFT), molecular docking, and molecular dynamics
studies, to explore putative binding modes on CEU and
Helicobacter pylori ureases (HPU) (Figure 1).

Experimental
General procedures

Solvents were used without further purification,
except for acetone which was dried on a 3 A molecular
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sieve for 4-6 h before use. Melting points were recorded
on a hot plate apparatus (MQAPF-302, Microquimica
Equipamentos Ltda, Palhoca, Brazil) and are uncorrected.
The mass spectra were obtained in gas chromatography
coupled to a mass spectrometer (GC-MS) Shimadzu
(Kyoto, Japan) model GCMS-QP5000, 99604. 'H nuclear
magnetic resonance (NMR) spectra were recorded on a
Bruker Avance III (Billerica, USA) operating at 400 MHz
using a 5 mm broadband probe and CDCI; as solvent.
Chemical shifts (0 in ppm) were referenced to the residual
solvent signal (CHCI, in CDCl, at 6 7.26). Abbreviations
used in the description of the splitting of proton resonances:
s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet),
Ar (aromatic). Coupling constants (J) are reported in Hz.

Synthesis of coumarin-3-carboxylic acid (1)

Starting material was synthesized according to
the method described by Deshmukh er al.'® Briefly,
2-hydroxybenzaldehyde (7.00 mmol) was dissolved
in 25 mL of distilled water, followed by the addition
of Meldrum’s acid (7.01 mmol). The reaction mixture
remained under stirring and heating at 75 °C for 4 h. Then,
the reaction mixture was cooled to room temperature, and
the white precipitate was filtered under a vacuum and
washed with ice-cold distilled water (3 x 5 mL).

White solid; 92% yield; mp 191 °C; lit. 191-192 °C;
MS m/z, 190 (35%), 146 (100%); '"H NMR (400.1 MHz,
CDCly) 6 12.21 (1H, s, OH), 8.95 (1H, s, H4), 7.82-7.76
(2H, m, H5 and H7), 7.52-7.47 (2H, m, H6 and HS);"
BC NMR (100.6 MHz, CDCL,) d 164.20 (C), 162.5 (C),
154.7 (C), 151.6 (C), 135.9 (C), 130.6 (CH), 126.4 (CH),
118.6 (CH), 117.3 (CH), 115.0 (CH).

In vitro evaluation
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Figure 1. Structural design, experimental, and in silico approaches were applied to evaluate N-(R-phenyl)-3-carboxamide-coumarin derivatives as potential

urease inhibitors (2a-2j).
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Synthesis of N-phenyl-3-carboxamide-coumarin derivatives
(2a-2j)

Derivatives 2a-2j were synthesized using the
method described by Bispo et al.,'® with modifications.
Firstly, coumarin-3-carboxylic acid (1, 0.792 mmol)
was suspended in 1.20 mL of thionyl chloride (SOCI,,
20 eq.). This mixture was heated under reflux for 2 h
30 min. Then, the SOCI, excess was removed under
reduced pressure, and in the chloride in situ produced, a
solution of the corresponding aniline (0.792 mmol, 1.0 eq)
in 10 mL of dry acetone was added into the flask. The
reaction remained under reflux for 1 h. Subsequently, the
solution was poured into crushed ice, and the precipitate
was filtered under vacuum and washed with cold distilled
water and ethyl ether (both 3 x 5 mL). Thus, derivatives
2a-2j were obtained in 75-92% yields.

N-Phenyl-3-carboxamide-coumarin (2a)

Yellow solid; 89% yield; mp 266 °C; lit.'” 253.5-255
°C; '"H NMR (400.1 MHz, CDCL,) 6 10.84 (1H, s, NH),
9.03 (1H, s, H4),7.77-7.68 (4H, m, H5, H7, H15 and H17),
7.47-7.37 (4H, m, H6, H8, H14 and H18), 7.19-7.15 (1H,
m, J, 8.5, J, 1.0 Hz, H16);"” HSQC (400.1/100.6 MHz,
DMSO-d;) d 8.93—147.8 (H4—C4), 8.0-8.02—130.84
(H8—C8),7.77-7.80—134.7 (H7—>C7),7.72-7.74—120.4
(H5—C5), 7.55-7.57—116.8 (H15/H17—>C15/C17),
7.46-7.49—125.7 (H6—C6), 7.38-7.41—128.48
(H14/H18—C14/C18),7.14-7.17—124.7 (H16/C16); MS
m/z, 265 (9%), 173 (100%).

N-(2-Bromophenyl)-3-carboxamide-coumarin (2b)

White solid; 88% yield; mp 236 °C; 1it.!8 218-219 °C;
'H NMR (400.1 MHz, CDCl;) 6 11.23 (1H, s, NH),
9.02 (1H, s, H4), 8.52 (1H, dd, J, 8.3, J, 1.5 Hz, H15),
7.77-7.68 (2H, m, H5 and H7), 7.61 (1H, dd, J, 8.0,
J, 1.4 Hz, H18), 7.4-7.33 (3H, m, H6, H8 and H17),
7.06-7.01 (1H, m, H16);'®* HSQC (400.1/100.6 MHz,
DMSO-d,) 6 9.11-5149.6 (H4—>C4), 8.46-
8.48—122.8 (H15—->C15), 8.07-8.09—131.1 (H8—>C8),
7.79-7.83—>135.3 (H5—>C5),7.72-7.74—133.3 (H7—>C7),
7.57-7.58—116.7 (H18—C18), 7.47-7.51—>125.8
(H6—C6), 7.44-7.48—128.9 (H17—>C17), 7.11-
7.155126.6 (H16—>C16); MS m/z, 264 (21%), 173
(67%), 89 (100%).

N-(3-Bromophenyl)-3-carboxamide-coumarin (2c)
Yellow solid; 92% yield; mp 246 °C; lit.'8
232-233 °C; 'H NMR (400.1 MHz, CDCI,) 6 10.89 (1H,
s, NH), 9.02 (1H, s, H4), 8.04 (1H, t, J, 1.9 Hz, H14),
7.78-7.69 (2H, m, H5 and H7), 7.62 (1H, ddd, J, 8.0,
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J, 1.9, J, 1.2 Hz, H18), 7.49-7.40 (2H, m, H6 and HS),
7.32-7.28 (1H,m, H16),7.23 (1H, d, J, 8.0 Hz, H17);'s HSQC
(400.1/100.6 MHz, DMSO-d,) 6 8.90—147.9 (H4—>C4),
8.11->122.7 (H14—C14), 8.00-8.02—130.9 (H16—C16),
7.77-7.80—134.9 (H8—C8), 7.55-7.56—>116.8 (H5—C5),
7.62-7.64—119.4 (H7—C7), 7.46-7.49—125.9 (H6—C6),
7.34-7.35—127.7 (H17/C17), 7.34-7.35->134.5
(H18—C18); MS m/z, 343 (1%), 173 (100%), 89 (97%).

N-(4-Bromophenyl)-3-carboxamide-coumarin (2d)

Yellow solid; 83% yield; mp 268 °C; lit.'$ 247-248 °C;
'"H NMR (400.1 MHz, CDCl,) 6 10.88 (1H, s, NH),
9.02 (1H, s, H4), 7.77-7.69 (2H, m, H5 and H7),
7.68-7.63 (1H, m, H15 and H17), 7.52-7.48 (2H,
m, H14 and H18), 7.48-7.40 (2H, m, H6 and HS);'®
HSQC (400.1/100.6 MHz, DMSO-d;) 6 8.91—>147.9
(H4—C4), 8.00-8.02—130.7 (H15/H17—C15/C17),
7.77-7.80—>134.8 (H8—CS8), 7.71-7.73—>122.3
(H5/H7—C5/C7), 7.56-7.58—132.4 (H14—C14),
7.54-7.56—>132.4 (H18—C18), 7.46-7.49—126.0
(H6/H8—C6/C8); MS m/z, 343 (1%), 173 (96%), 89
(100%).

N-(2-Nitrophenyl)-3-carboxamide-coumarin (2e)

Yellow solid; 80% yield; mp 243 °C; lit.!? 226-227 °C;
'H NMR (400.1 MHz, CDCI,) 6 12.56 (1H, s, NH), 9.00
(1H,s,H4),8.75(1H,dd, J, 8.5, J, 1.2 Hz, H15), 8.22 (1H,
dd, J, 8.4, J, 1.4 Hz, H18), 7.77-7.65 (3H, m, H5, H7 and
H17),7.49-7.38 (2H, m, H6 and H8), 7.29 (1H, dd, J, 8.4,
J, 1.1 Hz, H16);" HSQC (400.1/100.6 MHz, DMSO-d;)
0 9.09—150.0 (H4—C4), 8.56-8.58—124.4 (H15—C15),
8.18-8.20—>126.1 (HI8—>C18), 8.06-8.08—>131.2
(H5—>C5), 7.80-7.84—135.5 (H16/H17—>C16/C17),
7.56-7.58—116.8 (H7—>C7),7.47-7.50—125.8 (H8—CS),
7.38-7.42—125.2 (H6—C6); MS m/z, 264 (11%), 173
(93%), 89 (100%).

N-(3-Nitrophenyl)-3-carboxamide-coumarin (2f)

White solid; 82% yield; mp 292 °C; 'H NMR
(400.1 MHz, CDCl,) 6 11.14 (1H, s, NH), 9.06 (1H,
s, H4), 8.73 (1H, t, J, 2.1 Hz, H14), 8.01-8.05 (2H, m,
H16 and H18), 7.80-7.72 (2H, m, H5 and H7), 7.57-7.51
(1H, dd, J, 14.9, J, 6.8 Hz, H17), 7.49-7.43 (2H, m,
H6 and HS8);?* HSQC (400.1/100.6 MHz, DMSO-d,)
0 8.93—148.2 (H4—C4), 8.81>114.7 (H14—>C14),
8.05—126.7 (H16—>C16), 8.02—119.5 (H17—>C17),
8.01-130.8 (H18—>C18), 7.78-7.71—134.9 (H5—-C5),
7.77-7.710—130.9 (H7—C7), 7.56-7.58—116.8 (H8§—>CS),
7.47-7.50—125.7 (H6—C6); MS m/z, 310 (2%), 173
(100%), 89 (84%).
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N-(4-Nitrophenyl)-3-carboxamide-coumarin (2g)

White solid; 79% yield; mp 366 °C; 'H NMR
(400.1 MHz, CDCl,) 6 11.27 (1H, s, NH), 9.05 (1H, s,
H4), 8.28 (2H, d, J, 9.1 Hz, H15 and H17), 7.94 (2H, d,
J, 9.0 Hz, H14 and H18), 7.80-7.73 (2H, m, HS5 and H7),
7.52-7.44 (2H, m, H6 and H8);>* HSQC (400.1/100.6 MHz,
DMSO-d;) 6 8.93—148.2 (H4—C4), 8.28-8.30—125.6
(H15/H17—C15/C17), 8.03—>130.92 (H14—>C14),
8.01-7.99—->120.43 (H18—>C18), 7.78-7.82—135.1
(H5/H7—C5/C7), 7.56-7.58—>116.9 (H6—CO0),
7.47-7.50—126.0 (H8—C8); MS m/z, 310 (3%), 173
(100%), 89 (84%).

N-(2-Chlorophenyl)-3-carboxamide-coumarin (2h)

White solid; 92% yield; mp 238 °C, 1it.!8 220-221 °C;
'H NMR (400.1 MHz, CDCl,) 6 11.34 (1H, s, NH),
9.02 (1H, s, H4), 8.56 (1H, dd, J, 8.2, J, 1.0 Hz,
H15), 7.77-7.68 (2H, m, H5 and H7), 7.49-7.39
(3H, m, H6, H8 and H17), 7.33 (1H, m, HI8),
7.14-7.07 (1H, m, H16);'® HSQC (400.1/100.6 MHz,
DMSO-dy) 6 9.10—>149.5 (H4—C4), 8.52-8.54—>122.2
(HI5—>C15), 8.09-8.07—>131.1 (H18—>C18),
7.80-7.83—>135.3 (H17->C17), 7.57-7.59—>116.8
(H7—>C7), 7.57-7.59—>129.90 (H5->C5), 7.51-
7.48—125.9 (H6—C6), 7.44-7.40—128.3 (H8—CS);
MS m/z, 299 (5.3%), 173 (100%), 264 (61%).

N-(3-Chlorophenyl)-3-carboxamide-coumarin (2i)

Yellow solid; 84% yield; mp 248 °C, 1it."8 217-218 °C;
'"H NMR (400.1 MHz, CDCl,) 6 10.90 (1H, s, NH),
9.02 (1H, s, H4), 7.90 (1H, t, J, 1.8 Hz, H14), 7.78-7.69
(2H, m, HS5 and H7), 7.56 (1H, dd, J, 8.2, J, 1.0 Hz,
H18), 7.47-7.41 (2H, dd, J, 16.3, J, 8.4 Hz, H6 and
HS), 7.30 (1H, t, J, 8.2 Hz, H16), 7.14 (1H, dd, J, 8.0,
J; 0.9 Hz, H17);'8 HSQC (400.1/100.6 MHz, DMSO-d)
0 8.91—148.0 (H4—C4), 8.00-8.03—130.9 (H14—C14),
7.98—119.9 (H16—C16),7.77-7.81—-134.9 (H17—>C17),
7.58-7.59—>118.9 (H18—>C18), 7.55-7.57—>116.8
(H5—-C5), 7.46-7.49—125.8 (H7—>C7), 7.42—131.2
(H8—C8), 7.20-7.23—>124.6 (H6—~>C6); MS m/z, 299
(14%), 173 (100%), 89 (34%).

N-(4-Chlorophenyl)-3-carboxamide-coumarin (2j)

Yellow solid; 75% yield; mp 260 °C; lit.!8 264-265 °C;
'"H NMR (400.1 MHz, CDCI;) 6 10.88 (1H, s, NH), 9.02
(1H, s, H4), 7.76-7.69 (4H, m, H5, H7, H15 and H17),
7.47-7.41 (2H,dd, J, 16.2,J,8.2 Hz, H6 and H8), 7.34 (2H,
d, J, 8.8 Hz, H14 and H18);'® HSQC (400.1/100.6 MHz,
DMSO-d,) 6 8.91—147.9 (H4—C4), 7.80—134.7
(H14—C14), 7.79-7.76—122.0 (H15/H17—C15/C17),
7.57-7.55—116.7 (H18—>C18), 7.49-7.46—>125.8
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(H5/H7—C5/C7),7.46-7.44—129.3 (H6/H8—C6/C8). MS
m/z 299 (16%), 173 (100%), 89 (32%).

Urease inhibition assay and determination of half of the
maximum inhibitory concentration (ICs,)

The urease inhibition screening was performed as
described by our research group.?! In 96-well plates,
the reaction mixture was prepared by addition of 55 uL
phosphate buffer solution (100 mM, 7.4 pH) with 1 mM
ethylenediaminetetraacetic acid (EDTA), 100 pL of the
substrate (10 mM urea), 25 pL. of CEU type III (Sigma-
Aldrich, Saint Louis, USA) enzyme solution (0.035 mM)
and 10 pL of test compound (0.5 mM). After incubation
for 30 min at 45 °C, the reaction was cooled down for
10 min. Sequentially, 40 uL of phenol reagent (a mixture
of 1% phenol and 0.05% of sodium nitroprusside) and
40 pL of alkaline reagents (0.5% NaOH and 0.1% sodium
hypochlorite) were added to each of the wells. After
20 min, the final absorbance of the reaction mixture was
recorded at 630 nm using a microplate reader (Synergy HT,
BioTek-Agilent, Santa Clara, USA). Urease inhibition (I)
was calculated after measuring absorbance values using
the equation 1.

o \_10n_| [ Absa
1(%)=100 ((Ab jxlOO) ()

SC

where Abs a is the observed absorbance for the samples, and
Abs c is the observed absorbance for the control. Thiourea
was used as a reference to urease inhibitors.

For the determination of the half-maximal inhibitory
concentration (ICs,), compounds 2b, 2d, and 2e were
evaluated in different concentrations (5, 10, 20, 30, and
50 uM) using the same protocol described above. The
assay was performed in triplicate, and IC, values were
calculated by nonlinear regression using GraphPad
Prism 8.0.2.%> Statistical analyses were performed using
SISVAR software (version 5.70).% Distinct letters indicate
a significant difference between treatments by Scott-Knott
(P <0.05) test.

Molecular modeling studies

DFT calculations

The DFT calculations were performed with the Gaussian
09 package® using the functional B3LYP exchange-
correlation hybrid®? and the 6-311G(d,p) basis-set.?”*
The Polarized Continuum Model (PCM, solvent = water)
also was adopted, in agreement with other studies involving
molecules with biological activity.?
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Protein and ligands preparation for molecular docking study

The X-ray crystal structure of CEU (PDB ID:
3LA4 resolution: 2.05 A*) and HPU (PDB ID: 6ZJA,
resolution: 2.00 A3') was obtained from the Protein Data
Bank.* All ions (except the Ni" ions) and waters were
removed. To the 3LA4 structure, the KCX490 (Lys490),
CME59 (Cys59), CME207 (Cys207), and CMES592
(Cys592) were modified since the molecular docking
programs did not recognize these residues. To 6ZJA, the
B subunit was considered since there is active binding.
The center of the binding site to both enzymes was
considered the middle between the Ni" ions: CEU defined
as X=-39.959,Y =-44.679, and Z = 74.986; HPU defined
as X =231.5970, Y = 239.1290, and Z = 195.9730. The
2D structures of 2b, 2d, and 2e were constructed using
ChemDraw,*> and 3D structures were constructed in the
Discovery Studio Visualizer program (v.19.1.0.18287),%
followed by geometry optimization using the MMFF94
force field implemented in the Avogadro program (v. 1.2.0).%

Molecular docking procedure

To CEU, a consensus molecular docking study was
performed using AutoDock?® AutoDock Vina*® and
GOLD.* The AutoDock Tools interface (v 1.5.6) was
used for protein and ligand preparation for the molecular
docking study with AutoDock 4.2 and AutoDock Vina
software. After adding the polar hydrogen atoms, the
Kollman and Gasteiger charge methods were applied to
the protein and ligand. The grid box dimension considered
was 60 x 60 x 60 A? with a grid spacing of 0.375 A for
AutoDock 4.2 and 30 x 30 x 30 A? with a grid spacing of
1 A for AutoDock Vina. The additional parameters were
considered as default. The Genetic Algorithm (GA) and the
Lamarckian Genetic Algorithm (LGA) scoring functions
were implemented in AutoDock 4.2, and the Vina scoring
function was implemented in AutoDock Vina carried
out with 10 interactive runs. Then, the lowest energy
conformation was used for docking analysis.

The consensus molecular docking using the GOLD
program (v. 2020.1) was performed to CEU considering
the following scoring functions: GoldScore,*”” ChemScore,*
ChemPLP,* and Astex Statistical Potential (ASP).** About
HPU, the molecular docking was validated by redocking
procedure considering the crystallized ligand (PDB ID:
DIJM), using the scoring function ASP. For both enzymes
CEU and HPU, the hydrogen atoms were added to the
protein supported on ionization inferred by the software,
considering pH = 7, the number of genetic operations,
and another parameter was set as default in each run. The
binding site was defined within a 10 A radius to CEU and
15 A to HPU, with the ligands subjected to 50 interactive
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runs. The highest score was used to determine the best
conformation for docking analysis. The poses resulting
from the molecular docking studies were selected from
the root-mean-square deviation (RMSD) values < 2.0 A,
and the analysis of the intermolecular interactions were
carried out using the Discovery Studio Visualizer program
(v.19.1.0.18287),% and figures were built in the Pymol
program (version 3.8).%!

Molecular dynamics simulation

The poses obtained in the docking studies were used for
molecular dynamics simulations with the CHARMM?36 force
field* employing the GROMACS program.* The ligands
parameters were generated through the Cgenff server.*#* To
CEU and HPU targets, the protonation states were determined
using the H™ server,***’ considering the pH 7.4 and 8.0,
respectively. After that, the protein topology was obtained
using the pdb2gmx module. Each protein-ligand system
was inserted and centered in a triclinic box (dimensions:
10.772 x7.312 x7.653 nm; volume: 602.79 nm?) with periodic
conditions. The water model considered was TIP3P,*® and
the complex (target-ligand-water) was neutralized with 19
atoms of Na* ions. The energy minimization, equilibration,
and production steps were executed according to our previous
work.**° The energy minimization step was realized using
the steepest-descent algorithm followed by the gradient
conjugate algorithm with a convergence criterion of 1000
and 100 kJ mol!' nm™, respectively. Next, the equilibration
step was realized considering 300 K and 1 bar with position
restraint to the whole system, except for ions and water
molecules. In the first step (1 ns), the NVT (constant-volume
ensemble) ensemble was considered constant, and in the
second step (1 ns), the system was viewed as isothermal-
isobaric (NPT ensemble). The above equilibration allows
the system to reach atom speeds compatible with the target
temperature and pressure. Furthermore, the position restraint
of the protein-ligand atoms allows ions and water molecules
to organize optimally along the protein surface, forming
more structured solvation layers. Temperature control
was achieved with the V-rescale thermostat® and pressure
control through the Parrinello-Rahman barostat.>> All bonds
to hydrogen atoms in the complex were constrained using
the linear constrained solver (LINCS) algorithm.> The
long-distance electrostatic interactions were treated using
the Particle-Mesh Ewald (PME) algorithm> and the cut-off
radius applied to the van der Waals and Coulomb interactions
was 1 nm. After equilibration, molecular dynamics (MD)
simulations were carried out during 100 ns, considering
the NPT ensemble without any position restraint, using
2 fs integration time and 10 A of cut-off radius to the long-
distance interactions.
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MD simulation analysis

All complexes were evaluated regarding RMSD, RMSF
(root-mean-square fluctuation), and hydrogen bonds (cutoff
radius of 4.0 A and cutoff angle of 30 A). We used the
HbMap2Grace software® to calculate the frequency of
the hydrogen bonds and the VMD software*® to visualize
the trajectories of the simulations. RMSD, RMSF, and
hydrogen bonds were plotted with the xmgrace tool.”’
The binding free energies (AG,;,,) were calculated using
the modified method of molecular mechanics Poisson-
Boltzmann surface area (MMPBSA) through the module
added to GROMACS 5.1.4 program package.’

Results and Discussion

The synthesis of the series of ten N-(R-phenyl)-
3-carboxamide-coumarin derivatives (2a-2j) was efficiently
reproduced according to Figure 2. Firstly, coumarin-
3-carboxylic acid (1) was prepared through a Knovenagel
condensation between 2-hydroxybenzaldehyde with
Meldrum’s acid, using water as a solvent.” Then, acid 1
was converted in situ into the corresponding acyl'® and
condensate with the corresponding aniline (R-C;H,-NH,),
leading to the N-(R-phenyl)-3-carboxamide-coumarin
derivatives (2a-2j) in 75-92% yields (Figure 2).

o o]
o] (o]
H @ X OH
SO @ g
OH 7< (o]
2-hydroxybenzaldehyde Meldrum's 1
acid
0] = 0
/O:—R (iii)
S N S - AN cl
H
[ON©) (oo}
2a-2j
R R R R R

a H c 3Br e 2NO, g 4NO, i 3<Cl

b 2B d 4Br f 3NO, h 2Cl | 4Cl

Figure 2. Reagents and conditions for the synthesis of N-(R-phenyl)-
3-carboxamide-coumarin derivatives (2a-2j): (i) H,0, 75 °C, 4 h, 92%;
(it) SOCL, (20 eq), reflux, 2 h 30 min; (iii) corresponding aniline (R-CH,-
NH,), acetone, reflux, 1 h, 75-92%.

All the N-(R-phenyl)-3-carboxamide-coumarin
structures (2a-2j) were confirmed by spectral data, which
agree with previous data reported.'”" Since the compounds
are already described in the literature and are poorly soluble
in common deuterated solvents, we characterized them
by mass spectroscopy, 'H NMR, and heteronuclear single
quantum correlation (HSQC) experiments.

The mass spectra showed the molecular ion peaks with
the m/z ratio compatible with the substances molar mass
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(MM), ranging from 265 to 344 g mol'. Besides, '"H NMR
spectra showed characteristic signals of the amides 2a-2j,
such as broad singlets at 10.84-12.56 ppm relative to the NH
proton and the singlet at 9.06-9.00 ppm corresponding to
H4 of the coumarin ring. Moreover, the benzoyl group was
confirmed by the expected signals for its aromatic protons
between 8.75 and 7.01 ppm. The HSQC spectra generally
showed the characteristic carbon signals from aromatic
rings between 116 at 130 ppm and CH from the Michael
acceptor group between 134 at 149 ppm (Figures S1-S35,
Supplementary Information (SI) section).

All ten compounds (2a-2j) were assayed against CEU
in vitro using the colorimetric indophenol method.*® The
results of the in vitro screening of 2a-2j (0.5 mM) against
the enzyme are shown in Table 1 and were expressed as
a percentage of urease inhibition (I), using thiourea as a
standard inhibitor. Besides, the ICs, values were determined
for derivatives with a urease inhibition above 60% (Table 1).

Table 1. In vitro inhibitory activity against jack bean (Canavalia ensiformis)
urease of coumarin derivatives 2a-2j, in reactions containing 10 mM urea,
expressed as the percentage of urease inhibition (I) and the half-maximal
inhibitory concentration (ICs)

TR
H
o O
2a-2j

Compound R 1/ % 1Cs, / uM
2a H 55.97 +4.98° Nd
2b 2-Br 64.18 £ 0.00>  35.29 + 3.86¢
2c 3-Br 59.17 + 1.65° Nd
2d 4-Br 65.24 £ 0.60>  22.86 + 4.84¢
2e 2-NO, 60.23 + 0.76* Nd
2f 3-NO, 56.18 +3.17* Nd
2¢g 4-NO, 56.29 + 543 Nd
2h 2-Cl 59.27 £ 0.30° Nd
2i 3-Cl 47.65 + 2.86° Nd
2j 4-Cl 4243 + 1.81° Nd
Thiourea - 88.59 + 0.45¢  28.89 + 1.52¢

I: percentage of urease inhibition (%1) + SEM (standard error of the mean,
n =2);ICs,: half maximal inhibitory concentration = SEM (n =2); Nd: not
determined; Different letters indicate statistical difference by Scott-Knott
test (P < 0.05). In bold are highlighted the best compounds of the series.

The in vitro screening results showed that all derivatives
are potential urease inhibitors, with an inhibitory percentage
ranging from 42 to 65%. In addition, a preliminary SAR
study based on the I indicated that compounds presenting
bromo at ortho (2b) and para (2d) positions showed the
highest I when compared to meta (2¢) position, suggesting
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that stereo and/or electronic effects could influence on the
inhibitory activity. Besides, all bromine derivatives (2b-2d)
have better I than the corresponding nitro (2e-2g) and
chloro (2h-2i) derivatives at the same position in the ring.
However, nitro-substituted compounds (2e-2g) and 2h
(R = 2-Cl) presented around 60% of urease inhibition,
indicating that the presence of chloro at meta (2i) and
para (2j) positions seemed to be prejudicial to the inhibitory
effect since the values observed were around 47%.

The IC,, was determined for the best compounds 2b
and 2d (I = 65%), presenting values of approximately 35
and 23 uM, respectively. In addition, these compounds
did not show a significant statistical difference compared
to standard inhibitor thiourea, showing that the coumarin
class can be considered a promising scaffold for developing
urease inhibitors.

Quantum calculations were used to evaluate the
electronic structure of compounds 2a, 2b, and 2d. The
graphical representation of the frontier molecular orbitals
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) in Figure 3 showed
that in 2a, HOMO is delocalized by the complete molecular
structure while LUMO was localized in coumarin-nucleus.
The addition of the Br-group kept the LUMO localized in
the coumarin-nucleus region while making the HOMO
localized in the region of the phenyl-group, independent
of the position of the substituent. These results show that
the smaller electron-withdrawing nature of the substituent
(Br-group) localized the frontier orbitals in different
molecule regions.

o’ e 1
E %

2a 2a HOMO 2a LUMO
’r‘o ‘o/‘J .
,»«'.*. f;a ,*.IX%) w’
2b HOMO 2b LUMO ’
[ ]
,,»«' 2%, 9“5
“‘P d‘ ‘po 2 ‘l;
2d 2d HOMO 2d LUMO

Figure 3. Graphical representation of 2a, 2b, and 2d. The color difference
is related to the signal of the wave function. Atoms: carbon (black),
hydrogen (white), oxygen (red), nitrogen (blue), and bromine (brown).

The energies of frontier molecular orbitals can indicate

tendencies in the abilities to withdraw and donating-
electron. For example, the high energy of the HOMO
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indicates the excellent ability of the molecule to donate
electrons, and the low energy of the LUMO indicates its
ability to receive electrons.®

Comparing the results of the Br-substituent in distinct
positions (Table 2), the presence of the Br in the 4-position
increased the Eyqy0, suggesting the improvement of the
coordination ability of the Ni. In the case of the LUMO,
the position of the Br-group did not significantly change
the energy of this orbital. In general, the increase in Eyy0
and the decrease in the E, ,,, caused by the Br-group in
the 4-position improve the coordination abilities of Ni and
suffer a nucleophilic attack on carbon B (C9, Figure S2, and
Table S1, SI section) in comparison to 2a and 2b.

Table 2. Energies of the frontier molecular orbitals calculated with the
theory level B3LYP/6-311G/PCM (solvent = water) compared with ICy,
obtained

R ICsy/uM  Eyomo/eV  Egmo/eV Gap / eV
H Nd —6.68 -2.34 434
2Br 35.29 —6.72 -2.51 421
4Br 22.86 —6.54 -2.49 4.05

1Cy,: half maximal inhibitory concentration; Nd: not determined.

The gap value is a difference between the energies of
LUMO and HOMO, and is an index of chemical reactivity:
a smaller gap indicates high reactivity and low kinetic
stability.®! For 2a, 2b, and 2d, it was observed that the
addition of the Br-group and their change to the 4-position
(compared to the 2-position) decreased the gap value. These
results indicate that the position of the Br-group in the
4-position makes the coumarin-derivative more reactive.

The participation percentage of every atom on the
HOMO and LUMO of 2a, 2b, and 2d was calculated
(Table S1). The results of the HOMOs showed that, for
all three molecules, the atoms with a significant tendency
to coordinate the Ni of the active site were O18 and N19
(Figure S2, SI section), with a contribution of around
5.00-7.50 and 7.00-12.00% to generating this orbital,
respectively, indicating that the coordination to the Ni
should occur by these atoms.

The results of the LUMOSs showed that, for all three
molecules, the atoms with a significant tendency to suffer
anucleophilic attack from S-atom of cysteine residue were
C9 (carbon B) and C12 (Figure S2), with a contribution
of around 7.00-14.50 and 4.00-12.00% to generating this
orbital, respectively. Once C9 (carbon f3) would be the atom
that should react with a cysteine residue, high participation
of this atom on LUMO was expected. Instead, it was
observed that the Br-group increased the involvement of
C9 on LUMO. The results of frontier orbitals suggest that

7of 15



Fabris et al.

the substituent group that favored the biological activity of
the coumarin derivatives was the Br-group in the 4-position
of the phenyl ring (2d).

To predict the potential binding modes of the two
promising compounds (2b and 2d), we performed
molecular docking studies using 3D structures of the CEU
(PDB ID: 3LA4, 2.05 A resolution)** and HPU (PDB ID:
6ZJA, 2.00 A resolution).>' Although ureases from diverse
microorganisms, such as fungal, bacterial, and plants, have
different characteristics, such as the number of polypeptide
chains, studies indicate that regardless of the urease
source, they have the same ancestor and, thus, share an
active site of high similarity.®> Therefore, it is common to
carry out in vitro studies with the CEU since it is the most
commercially accessible.

The CEU 3LA4 did not contain a co-crystalized
inhibitor. Therefore, considering the importance of the
docking validation process and the reliability of the pose
obtained in several studies, we choose to apply herein the
consensus docking.®*$> The RMSD between the different
poses are shown in Figures 3 and 4 for compounds 2b
(R =2-Br) and 2d (R = 4-Br), respectively.

By overlapping the structures of 2b (R = 2-Br)
shown in Figure 4a, we can see the similarity between
the conformations obtained by LGA and GA scoring

v ey

8 LGA hPLP o
| GA @cCS A N
i Vina B ASP E 5

M Gs 2b

(b)

0.47
Vina 6.78 667 0 -
GS 727 7.5 535 0 -
PLP 798 787 285 538 0 -
cs 9.87 100 810 732 797 0 -
ASP 724 7.10 264 5.09 149 754 0

H519
LGA GA Vina GS _PLP_CS_ASP V4o
LGA 0 S
GA o - - -
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functions, confirmed by the RMSD value of 0.47 A.
Besides, the RMSD (Figure 4b) shows that there is
also a consensus between the poses generated by ASP
and ChemPLP, with an RMSD of 1.49 A. Among the
consensual amino acid residues, for GA and LGA, Arg439
and Ala436 stand out, responsible for the hydrogen bond
with the oxygen atoms of the lactone in the coumarin ring,
as well as the Ala440, Met558, Cys592 (flap), GIn635,
Ala636 and Met637 residues that interact hydrophobically
with the aromatic rings of derivative 2b (Figure 4c).
Besides, the distance (4.92 A) between the thiol group of
the Cys592 residue with the 3 carbon, Michael acceptor
group of coumarin, does not allow the nucleophilic attack
from the thiol group. Figure 4d reveals the consensual
residues for the poses generated by ASP and ChemPLP.
The compound only performed hydrophobic interactions
in this case, with Ala436, Arg439, Ala440, His492,
Asp494, His519, Cys592, His593, His594, Arg609, and
Ala636 residues.

Figure 5a shows that compound 2d (R =4-Br) displays
similar poses generated in at least three scoring functions.
This result is confirmed by the analysis of the RMSD
(Figure 5b), in which LGA, GA, and ChemPLP are
consensual, with RMSD between poses below 1.2 A. Also,
ASP and ChemScore demonstrate RMSD < 2.0 IOX, but the

= \A440 5704

4

R609

Figure 4. (a) Overlapping conformations and (b) RMSD values obtained in molecular docking of compound 2b (R = 2-Br) considering seven scoring
functions (LGA, GA, Vina, GoldScore, ChemPLP, ChemScore, and ASP). Main interactions of 2b with amino acid residues from consensus docking by
the (c) LGA and GA and (d) ASP and ChemPLP scoring functions. The dashed yellow lines represent hydrogen bonds, and the green ones the distance
between atoms. Atom colors: oxygen (red); nitrogen (blue); sulfur (yellow); hydrogen (white), nickel (green).
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(b) 2d
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Figure 5. (a) Overlapping conformations and (b) RMSD values obtained in molecular docking of compound 2d (R = 4-Br) considering seven scoring
functions (LGA, GA, Vina, GoldScore, ChemPLP, ChemScore, and ASP). (c) Main interactions of 2d with amino acid residues from consensus docking
by the LGA, GA, and ChemPLP scoring functions. The dashed yellow lines represent hydrogen bonds, and the green ones the distance between atoms.
Atom colors: oxygen (red); nitrogen (blue); sulfur (yellow); hydrogen (white), nickel (green).

better consensus obtained was among the first highlighted
poses. Figure Sc illustrates the main consensual interactions
for compound 2d. We emphasize the hydrogen interaction
of Arg439 with the oxygen atom of the coumarin ring,
while the other highlighted amino acids Ala436, Ala440,
Met588, Cys592, and Asn635, Ala636 and Met637 perform
hydrophobic interactions with the derivative. As noted for
the 2b derivative, the thiol group of Cys592 is located at
4.70 A from the carbon B of coumarin of compound 2d,
making it difficult for the coumarin to suffer a nucleophilic
attack from the group.

Overall, these results indicate a consensus for the two
compounds between LGA and GA function scoring, with
RMSD < 1.0 A. It is interesting to note that due to the size
of the evaluated molecules, the bis-coumarins assessed by
Alomari et al.'" have shown the same tendency discussed
here since they do not reach the center of the enzyme active
site, fitting only on the surface of the urease active site.
Furthermore, we investigated the interactions by coumarins
derivates 2b and 2d on active sites from bacterial HPU
(6ZJA). The docking protocol to the ASP function score was
successfully validated by redocking the presented RMSD
value of 1.05 A (Figure S1, SI section).

J. Braz. Chem. Soc. 2024, 35, 4, e-20230151

The compounds 2b and 2d demonstrated binding affinity
to catalytic subunit B (Figure 6a). However, differently
from what has been observed for CEU, the substituent
position drastically altered the observed interactions since
the compound 2b was located on the surface of the protein
in a region interacting with Met262, Glu292, Asn294, and
Gly627 residues, far from the catalytic amino acids and
nickel ions (Figure 6b). In contrast, the 2d binding mode
was observed close to the active site. In addition, one
hydrogen bond between oxygen from the amide scaffold
of 2b was observed with His293 (Figure 6b). On the other
hand, as mentioned for 2d, the binding mode into the active
site from HPU presented hydrophobic interactions mainly
with His221 and His248, described by its coordination
with Ni** ion; catalytic amino acids Asp362 and Met366;
His322 at the top of the flap region,*! and other residues
as GIn142, Ala169, Glu222, Asp223, Phe334, and Ala365.
In addition, one hydrogen bond between oxygen from the
amide scaffold also was observed with Arg338 (Figure 6¢).

We performed MD simulations with CEU and HPU-
complexes of compounds 2b and 2d to complement data
from molecular docking results. Initially, we investigated
the RMSD profiles for both a-carbon atoms of the enzymes.
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Figure 6. (a) Overlapping conformations of 2b and 2d coumarin derivatives in the catalytic subunit B of H. pylori urease 6ZJA. (b) Main interactions of
2b (R =2-Br) and (c) 2d (R =4-Br) with amino acid residues from molecular docking studies. Atom colors: oxygen (red); nitrogen (blue); sulfur (yellow);
hydrogen (white), nickel (green).

The results of CEU suggested stability compared to the targets, it is possible that the low standard deviation (SD)
docking and similar behavior between complexes with indicated a-carbon atoms were stable between the frames
values of 2.36 + 0.27 and 2.32 + 0.37 A to CEU-2b and during the 100 ns simulation.%¢-¢”
CEU-2d, respectively (Figure 7a). The same behavior We observed a displacement of 2d from the active site in
was observed in HPU results, where the RMSD profiles the first ten ns of the CEU simulations for the RMSD profile
values were 2.54 = 0.22 and 3.29 + 0.36 A for HPU-2b of ligands. However, it remained stable in another region
and HPU-2d complexes, respectively (Figure 7b). In both with an RMSD value of 8.54 + 1.30 A and an SD greater
RMSD Ca CEU RMSD Ca HPU
3 il 4 I-||ﬁ'| 4T ) b et
2 A Py N J«W "*1' 2 h N :
W A M_w 1 : M’W‘WWWNWW
(@) - (b)
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Figure 7. The RMSD analysis of (a) CEU and (b) HPU a-carbon atoms of the enzymes in the presence of the compounds 2b (black) and 2d (orange).
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than 1.00 (Figure 7c). On the other hand, ligand 2b showed
stability from the beginning of the simulation with smaller
SD values and an RMSD value of 7.32 + 0.46 A (Figure 7c).
During the HPU simulations, we noticed distinct RMSD
values among the ligands. Specifically, the RMSD value for
2d (8.57 +0.45 A) was twice as high as 2b (4.22 £ 0.59 A)
but with a lower standard deviation. However, both ligands
demonstrated stability from the initial nanoseconds of the
MD simulations (Figure 7d).

In addition, the hydrogen bond analysis of the CEU and
HPU complexes with compounds 2b and 2d were performed
to understand structural changes and predict the binding
mode with molecular targets. The examination for CEU
complexes demonstrated direct hydrogen bonds of 2b only
with His594 with a short 9% lifetime, proving unable to
reach the center of the active site of the enzyme (Figure 8a).
Interestingly, during MD simulations, 2d displayed a slightly
longer lifetime for hydrogen-bond interactions with Ala636
(15.8%), Arg609 (9.6%), and His593 (7.1%) (Figure 8b). It
is worth noting that the binding mode observed for 2d in
the MD simulations was in the internal region of the active
site, as opposed to the docking pose. This displacement of
the initial bind location was also confirmed by the RMSD
calculation discussed previously.

During the analysis of HPU complexes, it was observed
that there were intermittent hydrogen bonds between 2b

r P ; : , . Lifetime(¢
His594-N/Lig-Oj¢  >ErameotOsmemms OIS 500 5 M Xomw< < — 95
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Time (ns)
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and amino acids His322 and Arg338 and short lifetime.
Additionally, a stronger hydrogen bond with up to 55%
lifetime was observed with Ala278, which lasted until the
final stages of MD simulation (Figure 9a). The amino acids
His332, Arg338, and Ala278 were on the HPU active site
mobile flap. It is well-known that this flap strictly controls
substrate entry and product exit from the urease active
site.®* These findings are according to the low RMSD
value observed since the flap region is close to the active site
of HPU. On the other hand, the RMSD value to the HPU-2d
complex was twice more significant, and MD simulations
revealed weak interactions with His274 responsible for Ni**
coordination. In contrast, persistent interactions occurred
with His314 (55%), showing movement from the surface
into the active site (Figure 9b). Thus, continuous interaction
with these residues could inhibit the urease.

The RMSF evaluated the residue mobility. We analyzed
especially the residues that form the active site of both
ureases, regions between 136-362 to HPU and 409-633
to CEU (Figure 10). Based on previous observations, the
RMSF results showed significant fluctuations of around
3 A in the amino acids within the CEU active site. These
fluctuations are particularly noticeable between 593-606,
where hydrogen bond interactions occurred. This suggests
that the presence of 2b and 2d could potentially affect the
stability of the enzyme (Figure 10a). Additionally, there was

His594

Figure 8. The predicted binding modes and the lifetime of compounds 2b and 2d hydrogen bonding interactions at the CEU active site during 100 ns MD. The
red circles on 2D structures indicate which atoms involve amino acid bonds. Atom colors: oxygen (red); nitrogen (blue); bromine (salmon); nickel (green).
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Figure 9. The predicted binding modes and the lifetime of compounds 2b and 2d hydrogen bonding interactions at the HPU active site during 100 ns MD. The
red circles on 2D structures indicate which atoms involve amino acid bonds. Atom colors: oxygen (red); nitrogen (blue); bromine (salmon); nickel (green).
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Figure 10. The RMSF analysis of (a) CEU and (b) HPU a-carbon atoms of the enzymes in the presence of the compounds 2b (black) and 2d (orange)
The colored square in 3D structures indicates highlighted fluctuations of the active site (red) and flexible loops (green and pink).

considerable fluctuation in residues on flexible loops such higher fluctuations in the amino acids from the active site,
with values ranging from 4 to 5 A. This was observed for

as Pro332 (4 A) due to 2b binding and high fluctuation of
7 A to Ser666 by 2d. The HPU complexes displayed even both 2b and 2d compounds, particularly in the region
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of the mobile flap (residues 310-342), according to MD
simulation findings (Figure 10b).

The AG,;,, values were evaluated using the frames from
the most representative cluster from the last 50 ns of the MD
simulation. Compound 2d had a better affinity than 2b for
both urease enzymes, presenting AG = —21.8 kcal mol ' to
CEU-complex and AG =—-12.1 kcal mol! to HPU-complex
(Table 3). The AG values for CEU-complexes are more
representative (—15.9 and —21.8 kcal mol') than HPU
complexes (—7.08 and —12.1 kcal mol'), but this fact
could be related to the active site characteristics of both
enzymes. CEU has a smaller active site (106.95 Az) and can
accommodate smaller ligands. On the other hand, HPU has
a hydrophobic and more extensive active area (238.29 A2)™
where larger substances such as these coumarin derivatives
can interact more strongly.

The solvation energy analysis indicates a higher energy
cost for ligands to enter the HPU active site due to its more
hydrophobic environment than CEU.”" Consequently, the
entropic cost for ligands to access the site is elevated.
Although our molecular dynamics study showed a tendency
for the compounds to be more selective for HPU, the AG
values were lower than for CEU. This is due to the energy
values of van der Waals being compensated by the solvation
energy, leading to alower AG value for the HPU complexes
(Table 3). As previously discussed, this is attributed to the
hydrophobicity of the active site. In contrast, for CEU,
the ligands tended to bind to the surface of the active site
instead of entering the cavity, resulting in a relatively
lower energetic cost of solvation and reflecting a higher
AG observed (Table 3).

In summary, the results of molecular dynamics indicate
that the amide and lactone scaffold were essential to the main
interactions of both 2b and 2d compounds. The para-position
of the bromine atom in the phenyl ring is believed to heighten
the compounds affinity, which supports the DFT analyses.
Moreover, the molecular dynamics study showed that these
coumarin derivatives have a higher chance of selectivity by
the bacterial enzyme than the vegetable one. The in vitro tests
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with CEU confirmed this observation, as derivatives 2b and
2d showed similar inhibition values. Our findings suggest
that coumarins hold great potential for future enzymatic and
phenotypic assays against H. pylori.

Conclusions

This research outlines a method for efficiently
synthesizing ten N-(R-phenyl)-3-carboxamide-coumarin
derivatives with high yields. All the compounds were
effective inhibitors of CEU enzymatic activity in vitro. A
study of structure-activity relationships by DFT discovered
that the presence of bromo, particularly in the ortho and para
positions, enhanced the compounds inhibitory activity. At
the same time, a similar effect was not observed in the meta
position. This finding was supported by molecular docking
analysis, which indicated that the 4-Br substituent position
is crucial for interacting with catalytic amino acids on the
active site of both enzymes. Molecular dynamics simulations
revealed that these coumarin derivatives may have selectivity
for HPU, making them promising candidates for future
enzymatic and phenotypic assays against H. pylori.
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