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Priscila Goes Camargo a, Marciéli Fabris a, Matheus Yoshimitsu Tatsuta Nakamae a, 
Breno Germano de Freitas Oliveira b, Camilo Henrique da Silva Lima c, Ângelo de Fátima b, 
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A B S T R A C T   

We report the investigation of hydantoins and thiohydantoins derived from L and D-amino acids as inhibitors 
against the Canavalia ensiformis urease (CEU). The biochemical in vitro assay against CEU revealed a promising 
inhibitory potential for most thiohydantoins with six of them showing %I higher than the reference inhibitor 
thiourea (56.5%). In addition, thiohydantoin derived from L-valine, 1b, as well as the hydantoin 2d, derived from 
L-methionine, were identified as the most potent inhibitors with %I = 90.5 and 85.9 respectively. Enzyme kinetic 
studies demonstrated a mixed and uncompetitive inhibition profile for these compounds with Ki values of 0.42 
mM for 1b and 0.99 mM for 2d. These kinetic parameters, obtained from traditional colorimetric assay, were 
strictly related to the KD values measured spectroscopically by the Saturation Transfer Difference (STD) tech
nique for the urease complex. STD was also used to evince the moieties of the ligands responsible for the binding 
with the enzyme. Molecular docking studies showed that the thiohydantoin and hydantoin rings can act as a 
pharmacophoric group due to their binding affinity by hydrogen bonding interactions with critical amino acid 
residues in the enzyme active and/or allosteric site. These findings agreed with the experimental alpha values, 
demonstrating that 1b has affinity by free enzyme, and 2d derivative, an uncompetitive inhibitor, has great 
binding affinity at the allosteric site. The results for the thiohydantoin 1a, derived from D-valine, demonstrated a 
drastic stereochemical influence on inhibition, kinetics, and binding parameters in comparison to its enantiomer 
1b.   

1. Introduction 

Ureases (EC 3.5.1.5) are a group of metalloenzymes belonging to the 
family of amidohydrolases and phosphotriestreases. Among other 
binuclear metallohydrolases, ureases are the only ones to have Ni2+ ions 
in the active site [1]. They are prevalent among plants, algae, fungi, and 
bacteria but not found in animals. Regardless of the organism, ureases 
have as their main function the hydrolysis of urea, resulting in carba
mate and ammonia as products, being able to accelerate the rate of this 
reaction at least 1014 compared to urea decomposition by an elimination 
reaction [2]. 

Their pivotal environmental role is to allow the organism to use urea 
(natural substrate) as a source of nitrogen. In addition, ureases partici
pate in systemic nitrogen transport pathways, acting as a toxin for plant 

defense. Pathogenic microorganisms use ammonia released from the 
ureases catalytic activity to neutralize the gastric environment in 
infected mammals [3]. Therefore, the applicability of urease is broad 
and includes agriculture and medicine. 

The amount of nitrogen available in agriculture comes from the at
mosphere since, in the soil, this nutrient can be lost by leaching, deni
trification, and volatilization [4]. An alternative to increase the amount 
of nitrogen available to plants is the use of urea-based fertilizers [5], on 
the other hand, the effectiveness of using urea as a fertilizer is impaired 
due to the hydrolysis process caused by the catalytic activity of urease 
present in the soil, resulting in the emission of ammonia which, its 
volatilization also contributes to the pollution and degradation of eco
systems near the sites of application [6]. 

In the medical context, infections by ureolytic bacteria, such as 
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Helicobacter pylori, which infects about 40–70% of the global population, 
cause health complications due to gastric inflammation and the devel
opment of duodenal gastric ulcers, gastric adenocarcinoma, and lym
phoma [7]. This Gram-negative bacteria can survive in an acid 
environment, such as the stomach (pH 1–2), using urease as a defense 
mechanism, since the increase in local pH caused by the resulting 
accumulation of NH3 by urea hydrolysis allows a favorable microenvi
ronment for the microorganism to survive and colonize in these extreme 
conditions [8,9]. 

Therefore, both in the agro-industrial or medicinal context, alter
natives in the development of urease inhibitors have great relevance. 
The development of enzyme inhibitors based on the structure of the 
natural substrate urea is a common approach used in the rational design 
of anti-bacterial drugs as well as to be used as an additive in urea-based 
fertilizers. In the last ten years, five main classes of urease inhibitors 
have been reported: phosphoramidites, barbiturate analogs, five- or six- 
membered heterocycles, and thiourea derivatives [8]. 

In a previous study, our research group reported the inhibitory ac
tivity of Canavalia ensiformis urease by benzoylthioureas [10]. These 
findings instigated led us to evaluate two other classes of heterocyclic 
compounds: 2-thioxo-imidazolidin-4-one (1a-o) and imidazolidin-2, 
4-dione (2b-n), commonly called, respectively, as thiohydantoins and 
hydantoins (Fig. 1) as potential urease inhibitors. Thiohydantoins and 
hydantoins can be readily synthesized [11] and are promising com
pounds in drug discovery because of the wide range of previously re
ported biological activities such as anticancer [12], antifungal [13], 
antioxidant [14], and antileishmanial [10,15,16]. Additionally, these 
compounds are reported to have low toxicity to mammalian cells (CC50 
= 935.7 μg/mL) [17]. 

Therefore, to conduct a preliminary structure-activity relationship 
study, aliphatic, aromatic, or polar groups were introduced as side 
chains, and the respective thiohydantoins and hydantoins were assayed 
against Canavalia ensiformis urease. Besides, the kinetic studies and 
possible molecular modes of interactions of the most active compounds 

were investigated experimentally by NMR using the Saturation Transfer 
Difference (STD) technique and theoretically by molecular docking 
(Fig. 1). 

2. Materials and methods 

2.1. Synthesis of thiohydantoins and hydantoins 

2.1.1. General 
Analytical grade solvents were used without previously purification. 

The melting points (Mp.) were determined on hot plate apparatus 
Microquímica (model MQAPF 302) and were not corrected. The 1H and 
13C Nuclear Magnetic Resonance (NMR) spectra were acquired in a 
Bruker spectrometer model Avance III, operating at 400.13 MHz for 1H 
and 100.13 MHz for 13C, at 25 ◦C temperature, equipped with a 5 mm 
multinuclear probe. Water (D2O, 4.70 ppm) and dimethylsulfoxide 
(DMSO‑d6, 2.50 ppm) were used as deuterated solvents and tetrame
thylsilane (TMS, 0.00 ppm) as the internal standard. The multiplicity of 
protons in the 1H NMR spectra is reported as singlet (s), broad singlet 
(br), doublet (d), double doublet (dd), triplet (t), quartet (q), quintet (qt), 
and multiplet (m). Coupling constants (J) are reported in Hz. 

2.1.2. Synthesis of thiohydantoins (1a, 1f, and 1n) and hydantoins (2b-g) 
from direct condensation of L or D-amino acids with urea or thiourea 
(Adapted from Wang et al., 2006) 

In a round-bottom flask, the L or D-amino acid (20 mmol) and urea or 
thiourea (60 mmol) were added and heated on a sand bath at 
170–180 ◦C for 35 min under magnetic stirring. The reactions were 
followed by thin-layer chromatography, using ethyl acetate as eluent 
and potassium permanganate. After consumption of the starting mate
rial, the mixture was allowed to cool, and then, 20 mL of distilled ice- 
cold water was added. The mixture was again heated until the solids 
formed during cooling had dissolved, and then cooled in a refrigerator 
for 24 h. The crystallized product formed was filtered and washed with 

Fig. 1. The experimental approach to the anti-ureolytic evaluation, STD, and molecular docking studies of the thiohydantoins (1a-o) and hydantoins (2b-n).  
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ice-cold distilled water (10 mL). For substances, 2b and 1a, a further 
recrystallization process from the water were required [11]. 

(R)-5-Isopropyl-imidazolidin-2,4-dione (1a) (D-valine). Yield 
484 mg (31%); yellow solid; Mp 139–140 ◦C; 1H NMR (400.13 MHz, 
DMSO‑d6) δ 0.81 (d, J = 6.91 Hz, 3H), 0.95 (d, J = 7.02 Hz, 3H), 
2.00–2.08 (m, 1H), 4.11 (dd, J1 = 1.13; J2 = 3.62 Hz, 1H), 10.0 (s, 1H), 
11.6 (s, 1H); 13C NMR (100.13 MHz, DMSO‑d6) δ 16.54 (CH3), 18.75 
(CH3), 30.42 (CH), 66.21 (CH), 176.42 (C––O), 183.36 (C––S). 

(S)-5-(4-Hydroxibenzhyl)-2-thioxoimidazolidin-4-one (1f) (L- 
tyrosine). Yield 282 mg (63%); yellow solid; Mp 197–202 ◦C; 1H NMR 
(400.13 MHz, DMSO‑d6) δ 2.87 (d, J = 4.77 Hz, 2H), 4.46 (t, J = 4.71 
Hz, 1H), 6.64 (dd, J1 = 2.00; J2 = 6.54 Hz, 2H), 6.95 (dd, J1 = 2,00; J2 =

6.60 Hz, 2H), 10.43 (br, 2H); 13C NMR (100.13 MHz, DMSO‑d6) δ 35.30 
(CH2), 62.15 (CH), 115.38 (CH), 125.32 (CH), 131.05 (C), 156.66 (C–O), 
176.26 (C––O), 182.68 (C––S). 

(S)-5-((1H-Imidazole-4-yl)methyl)-2-thioxoimidazolidin-4-one 
(1n) (L-histidine). Yield 67,85 mg (35%); yellow solid; Mp 224–228 ◦C; 
1H NMR (400.13 MHz, DMSO‑d6) δ 2.92 (dq, J1 = 4.84; J2 = 15.38 Hz, 
2H), 4.44 (t, J = 5.72 Hz, 1H), 6.80 (d, J = 0.96 Hz, 1H), 7.54 (d, J =
1.12 Hz, 1H), 9.93 (s, 1H), 11.56 (br, 1H); 13C NMR (100.13 MHz, 
DMSO‑d6) δ 28.93 (CH2), 61.00 (CH), 116.69 (CH), 132.64 (CH), 135.19 
(C) 176.45 (C––O), 184.36 (C––S). 

(S)-5-Isopropyl-imidazolidin-2,4-dione (2b) (L-valine). Yield 
1200 mg (39%); yellow solid; Mp 145–146 ◦C; 1H NMR (400,13 MHz, 
DMSO‑d6) δ 0.79 (d, J = 6.79 Hz, 3H), 0,94 (d, J = 6.96 Hz, 3H), 
1.95–2.02 (m, 1H), 3.90 (dd, J1 = 1.14, J2 = 3.43 Hz, 1H), 7.92 (s, 1H) 
10.6 (s, 1H); 13C NMR (100.13 MHz, DMSO- d6) δ 16.29 (CH3), 19.01 
(CH3), 29.99 (CH), 63.20 (CH), 158.3 (C––O), 175.9 (C––O). 

(S)-5-Isobutyl-imidazolidin-2,4-dione (2c) (L-leucine). Yield 
2250 mg (72%); yellow solid; Mp 215–216 ◦C; 1H NMR (400.13 MHz, 
DMSO‑d6) δ 0.88 (t, J = 6.60 Hz, 6H), 1.35-1,52 (m, 2H), 1.72–1.82 (m, 
1H), 4.00 (ddd, J1 = 0.95; J2 = 4.42 Hz, 1H), 10.08 (br, 1H), 11.69 (s, 
1H); 13C NMR (100.13 MHz, DMSO‑d6) δ 21.91 (CH3), 23.54 (CH3), 
24.57 (CH2), 41.16 (CH), 56.61 (CH), 157.95 (C––O), 177.09 (C––O). 

(S)-5-(2-(Methylthio)ethyl)-imidazolidin-2,4-dione (2d) (L- 
methionine). Yield 1720 mg (49%); yellow solid; Mp 104–105 ◦C; 1H 
NMR (400.13 MHz, DMSO‑d6) δ 1.71–1.80 (m, 1H), 1.88–1.97 (m, 1H), 
2.03 (s, 3H), 2.50–2.54 (m, 2H), 4.09 (dda, J = 4.70 Hz, 1H), 8.00 (s, 
1H), 10.6 (s, 1H); 13C NMR (100.13 MHz, DMSO‑d6) δ 14.88 (CH3), 
29.18 (CH2), 31.32 (CH2), 57.01 (CH), 157.89 (C––O), 176.40 (C––O). 

(S)-5-Benzyl-imidazolidin-2,4-dione (2e) (L-phenylalanine). 
Yield 3120 mg (82%); yellow solid; Mp 183–185 ◦C; 1H NMR (400.13 
MHz, DMSO‑d6) δ 2.93 (d, J = 4.87 Hz, 2H), 4.33 (ta, J = 4.59 Hz, 1H), 
7.16–7.29 (m, 5H), 7.92 (s, 1H), 10.4 (s, 1H); 13C NMR (100.13 MHz, 
DMSO‑d6) δ 36.71 (CH2), 58.86 (CH), 127.17 (CH), 128.56 (CH), 130.20 
(CH), 135.93 (C), 157.61 (C––O), 175.75 (C––O). 

(S)-5-(4-Hidroxybenzyl)-imidazolidin-2,4-dione (2f) (L-tyro
sine). Yield 3710 mg (90%); yellow solid; Mp 258–259 ◦C; 1H NMR 
(400.13 MHz, DMSO‑d6) δ 2.81 (d, J = 4.83 Hz, 2H), 4.24 (t, J = 4.52 
Hz, 1H), 6.65 (d, J = 8.55 Hz, 2H), 6.96 (d, J = 8.46 Hz, 2H), 7.85 (s, 
1H), 9.34 (br, 1H), 10.22 (br, 1H); 13C NMR (100.13 MHz, DMSO‑d6) δ 
36.03 (CH2), 59.12 (CH), 115.33 (CH), 125.95 (CH), 131.15 (C), 156.55 
(C–O), 157.65 (C––O), 175.77 (C––O). 

(S)-5-((1H-Indol-3-yl)methyl)-imidazolidin-2,4-dione (2g) (L- 
tryptophane). Yield 3700 mg (81%); yellow solid; Mp 209–210 ◦C; 1H 
NMR (400.13 MHz, DMSO‑d6) δ 10.9 (s, 1H), 10.4 (s, 1H), 7.89 (s, 1H), 
7.55 (d, J = 7.87 Hz, 1H), 7.32 (d, J = 8.03 Hz, 1H), 7.13 (d, J = 2.25 Hz, 
1H), 7.06 (m, 1H), 7.31–7.33 (m, 1H), 7.11 (d, J = 2.37 Hz, 1H), 7.04- 
7,08 (m, 1H), 6.97 (m, 1H), 6.95–7.00 (m, 1H), 4.30–4.32 (m, 1H), 3.07 
(d, J = 4.89, 2H); 13C NMR (100.13 MHz, DMSO‑d6) δ 176.23 (C––O), 
157.87 (C––O), 136.36 (C), 127.97 (C), 124.61 (C), 121.30 (CH), 119.06 
(CH), 118.79 (CH), 111.71 (CH), 108.44 (CH), 58.78 (CH), 26.99 (CH2). 

2.1.3. Synthesis of hydantoins (2h-n) from the reaction of L-amino acids 
with sodium cyanate (Adapted from Schörghuber et al., 2015) 

In a round-bottom flask, a mixture of L-amino acid (5.00 mmol) and 

NaOCN (6.60 mmol) in water (3.00 mL) was heated at 100 ◦C for 3 h 
under magnetic stirring. After cooling to 0 ◦C, 6 M aqueous HCl solution 
(3.00 mL) was added slowly to the reaction mixture, which was heated 
at 120 ◦C for further 4 h. The reactions were followed by thin-layer 
chromatography, using ethyl acetate as eluent, and potassium perman
ganate developer. After consumption of the starting material, the solvent 
was reduced by evaporation on a hot plate until almost dry and the 
residue was cooled in a refrigerator for 24 h. After this period, the 
formed precipitate was filtered, washed with ice-cold distilled water 
(3.00 mL) giving the hydantoins of interest without the need for further 
purification. Compounds 2j and 2m, to which no precipitation was the 
observed product, were extracted with ethyl acetate (3 × 10 mL). The 
organic phase was dried with anhydrous sodium sulfate and evaporated 
in a rotary evaporator, resulting in the desired products without the 
need for further purification [18]. 

Imidazolidin-2,4-dione (2h) (Glycine). Yield 37 mg (62%); white 
solid; Mp. 221–222 ◦C; 1H NMR (400.13 MHz, DMSO‑d6) δ 3.85 (s, 2H), 
7.72 (s, 1H), 10.7 (s, 1H); 13C NMR (100.13 MHz, DMSO‑d6) δ 47.69 
(CH2), 158.88 (C––O), 174.53 (C––O). 

(S)-5-Methyl-imidazolidin-2,4-dione (2i) (L-alanine): Yield 140 
mg (24%); white solid; Mp 167–168 ◦C; 1H NMR (400.13 MHz, 
DMSO‑d6) δ 1.21 (d, J = 6.92 Hz, 3H), 4.02 (dq, J1 = 1.10; J2 = 6.92 Hz, 
1H), 7.87 (s, 1H), 10.56 (s, 1H); 13C NMR (100.13 MHz, DMSO‑d6) δ 
17.70 (CH3), 53.72 (CH), 157.57 (C––O), 177.28 (C––O). 

(S)-(Z)-5-Ethylidene-imidazolidin-2,4-dione (2j) (L-treonine). 
Yield 567 mg (90%); white cristal; Mp 208–209 ◦C; 1H NMR (400.13 
MHz, DMSO‑d6) δ 1.13 (d, J = 6.53 Hz, 3H), 3.83 (dd, J1 = 0.83; J2 =

2.44 Hz, 1H), 3.90 (dq J1 = 2.62; J2 = 6.50, 1H), 7.86 (s, 1H), 10.4 (s, 
1H); 13C NMR (100.13 MHz, DMSO‑d6) δ 20.74 (CH3), 64.27 (CH), 
65.64 (C), 158.63 (C––O), 175.21 (C––O). 

(S)-5-Acetamide-2,4-imidazolidin-4-one (2k) (L-asparagine). 
Yield 185 mg (23%); white solid; Mp 224–225 ◦C; 1H NMR (400.13 
MHz, DMSO‑d6) δ 2.62 (d, J = 5.25 Hz, 2H), 4.20 (m, 1H), 7.85 (s, 1H), 
10.6 (s, 1H), 12.5 (s, 1H); 13C NMR (100.13 MHz, DMSO‑d6) δ 35.88 
(CH2), 54.79 (CH), 158.08 (C––O), 171.48 (C––O), 175.85 (C––O). 

(S)-5-Propanamide-2,4-imidazolidin-4-one (2l) (L-glutamine). 
Yield 26 mg (23%); white solid; Mp 184–185 ◦C; 1H NMR (400.13 MHz, 
DMSO‑d6) δ 1.68 (m, 1H), 1.91 (m, 1H), 2.32 (m, 1H), 4.03 (m, 1H), 
8.01 (s, 1H), 10.7 (s, 1H), 12.2 (s, 1H); RMN de 13C (100.13 MHz, 
DMSO‑d6) δ 27.35 (CH2), 29.55 (CH2), 57.15 (CH), 157.81 (C––O), 
174.16 (C––O), 176.29 (C––O). 

(S)-Tetrahydro-1H-pirrol[1,2-c]imidazole-1,3(2H)-dione (2m) 
(L-proline). Yield 178 mg (25%); white solid; Mp 153–155 ◦C; 1H NMR 
(400.13 MHz, DMSO‑d6) δ 1.60–1.69 (m, 1H), 1.90–2.08 (m, 3H), 
3.01–3.07 (m, 1H), 3.43–3.49 (m, 1H), 4.09–4.13 (m, 1H), 10.7 (s, 1H); 
13C NMR (100.13 MHz, DMSO‑d6) δ 27.13 (CH2), 27.19 (CH2), 45.39 
(CH2), 64.47 (CH), 161.48 (C––O), 175.91 (C––O). 

(S)-5-((1H-Imidazole-4-yl)methyl)-imidazolidin-2,4-dione (2n) 
(L-histidine). Yield 2370 mg (26%); yellow solid; Mp 256.5 ◦C decomp.; 
1H NMR (400.13 MHz, D2O) δ 3.27 (dq, J1 = 5.18; J2 = 15.66 Hz, 2H), 
4.59 (t, J = 5.41 Hz, 1H), 7.34 (sa, 1H), 8.65 (d, J = 1.32 Hz, 1H); 13C 
NMR (100.13 MHz, DMSO‑d6) δ 25.80 (CH2), 57.64 (CH), 117.53 (CH), 
127.11 (CH), 133.75 (C), 159.18 (C––O), 176.72 (C––O). 

2.1.4. Synthesis of thiohydantoins (1k-l and 1o) from the reaction of L- 
amino acids with ammonium thiocyanate (Adapted from Burgess & Reyes, 
2006) 

In a round-bottom flask, a mixture of the suitable L-amino acid (13.3 
mmol), ammonium thiocyanate (13.3 mmol), and acetic anhydride 
(79.3 mmol) was heated at 100 ◦C for 30 min under magnetic stirring. 
The mixture was allowed to cool down and, then ice-cold distilled water 
(20 mL) was added. Following, the mixture was stored at 5 ◦C for 24 h, 
the crystals were removed by vacuum filtration and the crude product 
was purified by recrystallization from water resulting in the acetyl thi
ohydantoins 1k, 1l, and 1o. The corresponding acetyl-thiohydantoins 
1k and 1l (1 mmol) was added to 10 mL of hydrochloric acid solution 
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(5 M) and placed in a round-bottom flask and heated at 110 ◦C for 60 
min under magnetic stirring. The mixture was allowed to cool down to 
room temperature and, then the resulting in a yellow solution was 
extracted (3 × 10 mL) with ethyl acetate. The organic phase was dried 
with anhydrous sodium sulfate and evaporated in a rotary evaporator, 
resulting in the product of deacetylation [19]. 

(S)-5-Acetamide-2-thioxoimidazolidin-4-one (1k) (L-aspara
gine). Yield 146,38 mg (51%); yellow solid; Mp 210–212 ◦C; 1H NMR 
(400.13 MHz, DMSO‑d6) δ 2.69 (s, 3H), 2.75 (dd, J1 = 2.89; J2 = 16.45 
Hz, 1H), 3.08 (dd J1 = 5.21; J2 = 16.45 Hz, 1H), 4.76 (dd, J1 = 2.89; J2 
= 5.21 Hz, 1H), 6.90 (s, 1H), 7.43 (s, 1H), 12.53 (s, 1H); RMN de 13C 
(100.13 MHz, DMSO‑d6) δ 27.82 (CH3), 34.86 (CH2), 60.07 (CH), 79.64 
(C––O), 170.26 (C––O), 173.48 (C––O), 183.81 (C––S). 

(S)-5-Propanamide-2-thioxoimidazolidin-4-one (1l) (L-gluta
mine). Yield 165 mg (80%); white solid; Mp 115–116 ◦C; 1H NMR 
(400.13 MHz, DMSO‑d6) δ 1.04 (qt, J = 7.48 Hz, 1H), 1.93 (m, 1H), 2.34 
(t, J = 7.35, 2H), 4.23 (t, J = 7.40, 1H), 10.1 (s, 1H), 11.7 (s, 1H); 13C 
NMR (100.13 MHz, DMSO‑d6) δ 26.66 (CH2), 29.34 (CH2), 60.17 (CH), 
173.88 (C––O), 176.75 (C––O), 183.23 (C––S). 

(S)-1-Acetyl-5-isopropyl-2-thioxoimidazolidin-4-one (1o) (L- 
valine). Yield 111,20 mg (42%); white solid; Mp 100–103 ◦C; 1H NMR 
(400.13 MHz, DMSO‑d6) δ 0.76 (d, J = 6.92 Hz, 3H), 1.08 (d, J = 7.04 
Hz, 3H), 2.39–2.47 (m, 1H), 2.73 (s, 3H), 4.58 (d, J = 3.40 Hz, 1H), 
12.63 (br, 1H); 13C NMR (100.13 MHz, DMSO‑d6) δ 15.84 (CH3), 17.92 
(CH3), 27.78 (CH3), 29.39 (CH), 67.18 (CH), 170.19 (C––O), 172.67 
(C––O), 183.34 (C––S). 

2.2. Alpha-D measurements 

Samples of the compounds 1a (c= 0,020 g/mL), 1b, and 2d (c=
0,033 g/mL) were weighed and dissolved in dimethylsulfoxide, the 
molecular optical rotation was measured at 589 nm with a polarimeter 
(Biosystem, model WGX-4, sodium lamp) equipped with a cell of 100 
mm. Results are available in Section B on Support Information. 

2.3. In vitro assays of Canavalia ensiformis urease 

2.3.1. Inhibitory activity test 
The analysis of the inhibitory activity of the urease of CEU (Canavalia 

ensiformis - Jack Bean; Type III, CAS 9002-13-5) acquired from Sigma 
Aldrich Brazil (Barueri, SP-BR) was performed in triplicate, using the 
indophenol colorimetric methodology adapted from Khan et al. (2017) 
[20]. In a 96-well plate, the reaction mixture was prepared by addition 
of 10 μL of test compound (5.00 mM), 55.0 μL of sodium phosphate 
buffer solution (100 mM, pH 7.4) supplemented with EDTA (ethyl
enediamine tetraacetic acid, 1 mM), 100 μL of urea (10 mM) and 25.0 μL 
of enzymatic urease solution (0.0035 mM), which were incubated at 
45 ◦C for 30 min. After this period, 40.0 μL of phenol reagent (1% phenol 
and 0.05% sodium nitroprusside) and 40.0 μL of alkaline reagent (1.0% 
NaOH and 0.1% sodium hypochlorite) were added to each well, and the 
mixture remained at rest for 15 min. The final absorbance of the reaction 
mixture was recorded at 630 nm with a UV–visible microplate reader 
Biotek (Winooski, VT, USA) model Synergy HT. The percentage of in
hibition (%I) was determined by the equation: 

%I = 100 −

((
Abs a
Abs c

)

x 100
)

where Abs a is the observed absorbance for the samples, and Abs c is the 
observed absorbance for the control. The inhibitor standard used was 
thiourea (5.00 mM). Control wells contained dimethylsulfoxide (DMSO) 
(10.0 μL) which was the solvent used to dissolve the compounds. 

2.3.2. Enzymatic kinetic test 
The reaction mixture used was the same as for inhibition measure

ment. However, two concentrations of the test compound (2.00 and 

1.00 mM) and five different concentrations of urea substrate (0.66, 1.00, 
1.50, 2.00, and 2.50 mM) were used for each sample. The final absor
bance of the reaction mixture was recorded at 630 nm with a UV–visible 
microplate reader Biotek (Winooski, VT, USA) model Synergy HT. 
Michaelis-Menten and Lineweaver-Burk plots were recorded, and values 
for inhibition constants (Ki) were determined using the slopes of each 
line graph, using the Graph-Pad software (version 8.00). The kinetics 
were studied by taking the reciprocal of enzymatic activity along the y- 
axis and the reciprocal of substrate concentration along the x-axis. The 
enzymatic activity was calculated through an ammonium chloride 
calibration curve. The tests were conducted in triplicate. 

2.4. Ligand-protein interactions studies by STD 

2.4.1. Sample preparation 
Canavalia ensiformis urease (CEU), was used in the experiments. A 

stock solution of CEU (0.05 mM) was prepared in a phosphate buffer in 
D2O (75 mM sodium phosphate, 150 mM sodium chloride, pH 7.50). For 
all ligands, 5 mM stock solutions in D2O were prepared not exceeding 
the value of 1% DMSO‑d6 for solubilization of the compounds in the 
final volume. Samples for NMR analysis were prepared from these stock 
solutions. 

2.4.2. Details and general Settings for STD experiments 
The STD experiments were performed following the methodology 

adapted from Viegas et al. (2011), performed in a Bruker Advance III 
spectrometer operating at 400.13 MHz for 1H at 25 ◦C, equipped with a 
5 mm multinuclear probe. STD spectra were obtained using standard 
pulse sequence parameters provided by Bruker® (stddiffesgp.3), recor
ded with 64 scans. For each experiment, the 90◦ pulse was calibrated 
separately. For saturation of the 1H protein nuclei (f2 channel), 50 ms 
selective Gaussian pulses were used with n repetitions throughout the 
saturation time ranging from 0.50 to 2.50 s, while the delay between 
scans was set to saturation time + 1. Suppression of protein signal was 
performed using a 10 ms spin-lock filter. Irradiation frequencies were set 
up as 400 Hz (1 ppm, on resonance) and 50,000 Hz (125 ppm, off- 
resonance. The suppression of the residual water signal was performed 
using excitation sculpting with gradients and a calibrated Sinc1.1000 
pulse with 2.00 ms width [21]. The difference spectrum was obtained by 
subtracting the selectively irradiated spectrum from the reference 
spectrum. 

2.4.3. Saturation time optimization for Group Epitope Mapping experiments 
The samples were prepared by adding 200 μL of the CEU stock so

lution (0.05 mM), 100 μL of phosphate buffer in D2O (75 mM sodium 
phosphate, 150 mM sodium chloride, pH 7.50), and 200 μL of the test 
compound stock solution (5 mM). Therefore, the final ligand-enzyme 
ratio (L/E) = 100. Nine experiments were acquired varying the satura
tion times from 0.50 to 2.50 s. 

2.4.4. Longitudinal relaxation (T1) for Group Epitope Mapping 
experiments 

The samples were prepared by adding 200 μL of the stock solution of 
the test compounds 1a, 1b, and 2d (5 mM), 300 μL of phosphate buffer 
in D2O (75 mM sodium phosphate, 150 mM sodium chloride, pH 7.50. 

The inversion-recovery experiment was performed using the “t1ir” 
pulse sequence provided by Bruker®. 

For data acquisition, a delay of 10 s was used for the three ligands, 
approximately between 3 and 5 times the time of the largest T1 present 
in the molecule. The experiment was carried out using 10-time intervals 
between the 180◦ and 90◦ pulses, ranging from 0.001 to 5.000 s. The 
experiment was performed with 32 scans [22,23]. The spectrum ob
tained was then processed using the dynamic analysis tools of the 
TopSpin v3.6.2 software, obtaining the T1 for each of the ligand signals. 
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2.4.5. Kinetic studies for KD determination by STD 
The determination of KD was performed by the acquisition of five 

STD experiments. The samples were prepared by adding 200 μL of the 
CEU stock solution (0.05 mM), 100–260 μL of phosphate buffer, and 
40.0–200 μL of the test compound stock solution (5 mM) (depending on 
the concentration of ligand ranging from 0.40, 0.80, 1.00, 1.40 or 2.00 
mM). Where the solutions resulted in a 20 to 100-fold excess of binder 
over the enzyme concentration (0.02 mM) which was kept fixed. The 
values for the amplification factor were obtained by the equation: 

ASTD =
ISTD

I0
×

[
L
E

]

where I0 is the absolute area of the signal of the reference spectrum (off- 
resonance), ISTD is the absolute area of the signal observed by the STD 
effect (difference spectrum), and [L/E] is the ligand-enzyme ratio. 

The dissociation constant (KD) was obtained from the titration based 
on the STD experiments, according to the analogy of Michaelis Menten’s 
equation resulting in: 

ASTD =
αSTD[L]

KD + [L]

where ASTD is the amplification factor, αSTD is the maximum observed 
amplification factor, [L] is the ligand concentration. Estimation of pa
rameters αSTD and KD for the equation were obtained by linearization 
method of Lineweaver-Burk using the GraphPad software (version 8.0) 
and Solver utility of the program Excel (Microsoft, Redmond, USA). 

2.5. Molecular modelling 

The crystallographic structure of the Canavalia ensiformis urease 
(PDB ID: 4H9M, resolution: 1.52 Å) was obtained from the PDB 
(http://www.rcsb.org, Protein Data Bank). The active site was centered 
between nickel ions with the following coordinates x: 18.7825 y: 
57.8095 z: 24.1515. The Allosteric site was defined between residues 
Tyr32, Thr33, Val36, Gln82, His492, Asp633, Phe712, Lys716, Glu718, 
Glu742, and Val744 (x: 61.8344 y: 23.2354, z: 89.2500), after the 
FTMap server analysis (https://ftmap.bu.edu/). 

The 3D structures of thiohydantoin and hydantoin derivatives (1a, 
1b, 1o, and 2d) were constructed in Marvin Sketch, and geometry 
optimization was performed using the MMFF94 (ChemAxon, https://ch 
emaxon.com/products/marvin). The pose with the best score for which 
the fitting results were considered and selected by calculating Root 
Mean Squared Deviation (RMSD). RMSD values between pose solutions 
were performed using Discovery Studio Visualizer (Dassault Syst emes 
BIOVIA, Discovery Studio Modeling Environment, 2017 version, San 
Diego: Dassault Systemes, 2016) [24]. The analysis of intermolecular 
interactions and figures were built in the Pymol program (version 3.8) 
[25]. 

Molecular docking was performed using the GOLD program (Genetic 
Optimization for Ligand Docking, Cambridge Crystallographic Data 
Centre, version 2020.1), the scoring function employed was ASP (Astex 
Statistical Potential) [26]. Polar hydrogen atoms were added to the 
protein based on the ionization inferred by the program, the number of 
genetic operations in each run, and other parameters were set by default. 
Solvents such as water and β-mercaptoethanol and phosphate ions were 
excluded from the structure. Fragments and conformers of the modified 
cysteines (CME) and the N-carboxyl group of carbamylated lysine (KCX) 
were corrected. The square-pyramidal geometry was considered for 
Penta-coordinated Ni2+ (Ni902) and octahedral geometry for 
hexa-coordinated Ni2+ (Ni901). The active and allosteric radius were 
defined within 12 Å and 13 Å, respectively. In addition, the ligands were 
subjected to 10 iterative runs. The protocol validation was made by 
redocking considering Root Mean Square Deviation (RMSD) < 2.00 Å. 

2.6. Statistical analysis 

The data were from three independent experiments each performed 
in triplicate and were expressed as mean ± standard error of the mean. 
Statistical analyzes were performed using the Graph-Pad software 
(version 8.00) (GraphPad Software, Inc., USA, 6.00) – ANOVA, or SIS
VAR (version 5.70. Distinct letters indicate significant difference be
tween treatments by Tukey (P < 0.05) or Scott-Knott (P < 0.05) test. 
Pearson’s correlation analysis was performed in Microsoft Office Excel 
(Microsoft 365), where the linear correlation coefficient r can present 
the values: 

r = 1, indicates a perfect positive correlation between the two 
variables, 
r = −1, indicates a perfect negative correlation between the two 
variables (increasing one always decreases the other, and 
r = 0, indicates that there is no linear dependence on each other, but 
the result must be investigated by other means. 

3. Results and discussions 

3.1. Chemistry 

Ten of out fifteen thiohydantoins evaluated in this work (1c-e, 1e-j, 
1l-m) were synthesized as previously described [16,17]. Thio
hydantoins 1a, 1f, 1k, 1l, 1n, and 1o, were synthesized herein by two 
synthesis methods. The condensation reaction between thiourea and 
three different D or L-amino acids (D-valine, L-tyrosine, and L-histidine) 
Using this methodology, the derivatives 1a, 1f, and 1h, were obtained in 
yields of 31.0%, 63.0%, and 35.0%, respectively (Table 1, entries 1, 2 
and 5). The derivatives 1k, 1l, and 1o were obtained in good yields by 
treatment of corresponding amino acid (L-valine, L-asparagine, and 
L-glutamine) with acetic anhydride and ammonium thiocyanate. 1k and 
1l were hydrolyzed in acidic media resulting in deacetylated products 
with 51.0% and 80.0% yield, respectively. In addition, the acetylated 
compound 1o (42.0% yield) was used for comparative purposes dis
cussed in section 3.2 (Table 1, entries 3, 4, and 6). 

The use of the methodology involving the condensation between 
urea and L-amino acids also allowed to obtain hydantoins with non-polar 
side chains (2b-g), such as valine, leucine, methionine, phenylalanine, 
tryptophan, and hydantoins with polar side chains such as tyrosine 

Table 1 
Results for the synthesis of thiohydantoins 1a, 1f, 1k, 1n, and 1o. 

Entry Amino acids R1 R2 Thiohydantoins Yield (%) 

1 D-val (CH3)2CH H 1a 31 
2 L-tyr p-OH-Bz-CH2 H 1f 63 
3 L-asx COOHCH2 H 1k 51 
4 L-glu COOH(CH2)2 H 1l 80 
5 L-his Imidazole-CH2 H 1n 35 
6 L-val (CH3)2CH COCH3 1o 42  
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(30–90% yield), as shown in Table 2 (entries 1 to 6 and 13). Among the 
derivatives with hydrophobic side chains, those with aromatic rings 2e- 
g were obtained with the highest yields ranging from 81.0 to 90.0% 
(Table 2, entries 4 to 6). However, this methodology failed to yield 
compounds derived from glycine, alanine, threonine, asparagine, 
glutamine, proline, and histidine, possibly due to thermic decomposi
tion of these amino acids, or even because of side reactions involving the 
functional groups of their side chains, resulting in by-products [11,27]. 

On the other hand, the methodology involving the reaction of L- 
amino acids with sodium cyanate (NaOCN) in an aqueous solution, with 
subsequent cyclization in the presence of chloride acid, proved to be 
adequate to obtain the series of hydantoins. Indeed, these conditions 
allowed us to obtain 2h-j and 2m-n, which include derivatives from 
amino acids with nonpolar side chains, such as alanine and proline, from 
polar side chains such as glycine and threonine, and from positively 
charged amino acids (Table 2, entries 7 to 9 and 12 to 13). The com
pounds (2h-n) were obtained with low to good yields, with the highest 
yield observed for the 2k derivative of 94% (Table 2, entry 10), and the 
lowest yields observed for the 2i, 2m, and 2n derivatives of 24, 2 and 
13% respectively (Table 2, entries 8, 12 and 13). 

In general, the 1H NMR spectra of the synthesized derivatives 
showed chemical shift signals of the two NH groups around 7.70–12.5 
ppm, in addition to signals with from 3.85 to 4.33 ppm, attributed to 
α-hydrogens. The 13C NMR spectra showed characteristic C––O and C––S 
signals of the hydantoin or thiohydantoin rings at 157.6–177.3 and 
182.7–183.4 ppm, respectively (Support Information, Figs. S1–19). All 
NMR signals of the derivatives were in agreement with the data avail
able in the literature for these compounds [11,17,27]. 

3.2. Measurement of urease inhibitory activity by colorimetric technique 

Thiohydantoins and hydantoins, derived from different amino acids, 
were used to evaluate the influence of the polar, non-polar, aliphatic, 
and aromatic side chains and the variation of oxygen and sulfur of the 
hydantoin moiety on the urease inhibition. The results of the enzyme 
inhibition assay revealed that all thiohydantoins (1a-o) inhibited urease 

with inhibition percentages (%I) ranging from 22 to 90%, as shown in 
Table 3. 

Thiohydantoin 1b had the most significant inhibitory effect of the 
series with %I = 90, almost twice as much as the standard inhibitor, 
thiourea (56%). This data evinces that the introduction of the thio
hydantoin ring has a determinant positive influence on the inhibitory 
activity since the amino acid L-valine presented %I = 42, less than half of 
its corresponding thiohydantoin derivative. 

Moreover, it is noteworthy that the thiohydantoin 1a, derived from 
D-valine, presented a three times lower percentage of inhibition (%I =
28) than its antipode 1b. This evidence suggests that the configuration at 
C5 of thiohydantoin 1a/b displays an important stereoselective influ
ence on the active site of the enzyme. The introduction of the acetyl 
group at N1 of the thiohydantoin ring also negatively influenced the 
enzymatic inhibition since 1o showed %I = 29. 

The glycine derivative, 1h presented %I = 53%, equivalent to thio
urea (%I = 56), not differing statistically. It was possible to observe a 
good inhibitory profile showing %I = 48 to 60 for amino acid derivatives 
with smaller aliphatic side chains, up to three carbons such as 1h, 1i, 
and 1j (Table 3, entries 8–10). This interpretation is supported by the 
lower activity observed for derivatives with a large aliphatic (1c and 
1m) and/or aromatic (1e-g) side chains (%I = 22 to 40). The derivatives 
1d (sulfur chain), 1k (polar chain), 1n (basic chain), and 1o (acetylated 
derivative) showed good inhibition of CEU with %I = 62–69% values. 

It was observed that the replacement of sulfur by oxygen in the 
hydantoin ring did not contribute positively to the inhibitory activity, 
since only seven hydantoins showed an inhibitory profile, six of them, 
2i, 2j, 2k, and 2l, with %I value ranging from 3 to 10%. Hydantoin 2d, 
the only one in the series with a sulfur atom in the side chain, showed %I 
= 86, equivalent to thiohydantoin 1b. This finding suggests that the 
sulfur atom present in this derivative may be responsible for its high rate 
of enzymatic inhibition of CEU. 

3.2.1. Study of the kinetic mechanism of urease inhibition by hydantoins 
and thiohydantoins 

Thiohydantoin 1b, the most active in the series with %I = 90, its 
enantiomer 1a (%I = 28), and the derivative from methionine 1d (%I =
86) were selected for additional tests with the enzyme CEU to investi
gate the mechanism of inhibition in the presence of different concen
trations of inhibitors to study the enzyme kinetics. Michaelis-Menten 
and Lineweaver-Burk plots were performed, and inhibition constants 
values (Ki) were determined using the slopes of each line graph (Fig. 2). 
A plot of initial rate (V0) versus urea concentration obtained from 1b 
assay data is shown in Fig. 2A to exemplify the Michaelis-Menten 
behavior of enzymatic urease catalysis. 

The Lineweaver-Burk plots (Fig. 2B and C) indicate that compounds 
1a and 1b presented mixed-type inhibition against CEU urease since the 
lines intersect the Y-axis at different places in the second quadrant of the 
X-axis. The profile observed for compound 2d presents an uncompetitive 
inhibition against CEU (Fig. 2D) since the lines intersect the Y and X axes 
in different places and are shown to be parallel. 

The compound 1b inhibited the CEU presenting Ki = 0.4 mM, fol
lowed by the derivative 1a presented the highest Ki value with 1.1 mM. 
These compounds showed Km values of 1.6 mM and Vmax ranging from 
760 to 788 μmol of NH4

+ per minute per milligram of protein (Table 4). 
In the case of mixed inhibitors, in addition to the parameters of inhibi
tion constant, Michaelis-Menten constant, and maximum enzyme ve
locity, the alpha parameter (α) was also determined, which value 
corresponds to the degree binding of the inhibitor that changes the af
finity of the enzyme by the substrate. Its value is always greater than 
zero [28]. 

If the value of α > 1, the inhibitor preferentially binds to the free 
enzyme, which was observed for 1b, the more active in the series (%I =
90 and Ki = 0.4 mM) and with α = 1.8. Furthermore, if the alpha value is 
substantially higher, the binding is almost entirely to the free enzyme, a 
behavior observed for 1a with α = 2.7 [28]. 

Table 2 
Results for the synthesis of hydantoins 2b-n. 

Entry Amino acids R Hydantoin Yield (%) 

1 L-val (CH3)2CH 2b 39 
2 L-leu (CH3)2CHCH2 2c 72 
3 L-met CH3S(CH2)2 2d 49 
4 L-phe Bz-CH2 2e 82 
5 L-tyr p-OH-Bz-CH2 2f 90 
6 L-trp 3-indole-CH2 2g 81 
7 Gly H 2h 62 
8 L-ala CH3 2i 24 
9 L-tre CH3CH 2j 90 
10 L-asx COOHCH2 2k 94 
11 L-glu COOH(CH2)2 2l 23 
12 L-pro Pyrrolidine 2m 25 
13 L-his Imidazole-CH2 2n 13  
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For uncompetitive inhibitors, as the hydantoin 2d (Ki = 1.0 mM), the 
product between the Ki and the α value determines the constant. 
Therefore, it is impossible to adjust the inhibition constant separately, as 
its value is extremely high compared to alpha since uncompetitive in
hibitors generally do not bind to the free enzyme [28]. The Km value 
observed was 0.6 mM and the Vmax = 1076 μmol NH4

+ per minute per 
milligram of protein (Table 4). 

3.3. Study of ligand-protein interactions by STD 

3.3.1. Group epitope mapping considering the relaxation of the ligand 
(GEM-CRL) 

To investigate with more detail the interactions at the molecular 
level between compounds 1a, 1b, and 2d with the CEU enzyme, the 
Saturation Transfer Difference (STD) technique was used, following the 
methodology adapted from Viegas et al. (2011) [29]. STD has been 
extensively used as an NMR tool both for screening ligands and to probe 
the binding sites of ligands to its macromolecule receptors (Group 
Epitope Mapping, GEM) [30], including studies on urease [31,32]. Since 
STD measures the transfer of saturation from a receptor to a ligand, an 
STD response reveals that a certain ligand is effectively involved in the 
binding process to a macromolecule, such as a protein. In addition, STD 
provides different response intensities to different groups of the ligand, 
depending on the contact distances of each group (epitopes) from the 
protein binding site. Since protons at different positions of the ligand 
molecule usually have different longitudinal relaxation times (T1) [30, 
33], it is important to use T1 experimental values of the ligands to 
properly weigh the STD response [34,35] (see more details on sup
porting information Table S1). Therefore, considering T1 values for each 
probed group of the molecule results in a STD effect that strictly relates 
to their proximity to the contact site. 

Fig. 3A and B shown STD spectra and reference spectra (off-reso
nance) for the mixture of CEU (0.02 mM) and thiohydantoin 1b (2.00 
mM, L/E = 100). The intense doublets in 0.96 and 0.80 ppm (Fig. 3B) 
referring to the two diastereotopic methyl groups H1 and H2 respec
tively and H3 at 2.15 ppm referring to Hβ indicate, in the first instance, 
that this ligand is active and interacts with the enzyme. Signals in the 

region of 3.40–3.91 ppm, observed in the reference spectrum (Fig. 3A), 
are attributed to the sugars used as stabilizers in the enzyme formula
tion. Since they do not present interactions with the enzyme, monitoring 
these resonances can be conveniently used as a negative control for the 
evaluation of interactions. 

The highest intensity observed was set to 100% and for all other 
signals, the relative intensity percentage was calculated. In this way, was 
possible to obtain the GEM-CRL [30]. Thus, methyl H2, with a value of 
%STD = 100 was defined as the reference intensity parameter, conse
quently H1 showed %STD = 89.6 and H3 24.4% (Fig. 3B). 

To evaluate the influence of the absolute configuration of 1b (S) and 
1a (R) for the thiohydantoin derived from the amino acid valine, the 
STD experiment was also performed for compound 1a. It was possible to 
observe the doublets in 0.96 and 0.80 ppm referring to the two dia
stereotopic methyl H1 and H2, respectively, showing that the compound 
is an active ligand for the enzyme (Fig. 4A and B). 

This derivative had the highest intensity observed for methyl H1, 
with %STD = 100, while H2 presented 87.0% (Fig. 4B). This behavior is 
qualitatively contrary to that observed for S-enantiomer 1b. This shows 
that the spatial arrangement for the valine derivative has a primordial 
influence on the interactions with the enzyme, since for the in vitro as
says, it was also observed that the change from S to R configuration was 
reduced by three times the %I of CEU enzyme (Table 3, section 3.2). 

Due to its high inhibitory activity, hydantoin 2d was also submitted 
to STD studies to assess the influence of the sulphurated side chain from 
the methionine residue. The STD effect was observed for the singlet at 
2.03 ppm, referring to methyl H4 bound to the sulfur atom, and for the 
methylene hydrogens, H5 at 2.55 ppm indicates an active ligand that 
interacts with the enzyme (Fig. 5) mainly by the terminal moiety of the 
linear side chain. The highest intensity observed for the STD effect was 
for methyl H4 bound to the sulfur atom was 100%. The relative STD 
effect of H5 methylene hydrogens had 98.2%. 

3.3.2. Kinetic studies by NMR: determination of dissociation constant by 
STD 

The determination of dissociation constant (KD) was performed by 
the acquisition of STD experiments for each evaluated compound (1a, 

Table 3 
Inhibitory activity of the thiohydantoins, hydantoins, and thiourea (0.05 mM) against CEU (0.0035 mM) in a reaction containing urea as substrate (10 mM).  

Entry Amino acids R1 R2 Thiohydantoin  %I Hydantoin  %I 

1 D-val (CH3)2CH H 1ad 28 ± 4 2a – 
2 L-val (CH3)2CH H 1bj 90 ± 1 2b 0 
3 L-leu (CH3)2CHCH2 H 1cd 33 ± 4 2c 0 
4 L-met CH3S(CH2)2 H 1dh 62 ± 6 2dj 86 ±

0.3 
5 L-phe Bz-CH2 H 1ee 41 ± 3 2e 0 
6 L-tyr p-OH-Bz-CH2 H 1fd 31 ± 4 2f 0 
7 L-trp 3-indole-CH2 H 1gd 31 ± 5 2g 0 
8 Gly H H 1hg 53 ± 6 2h 0 
9 L-ala CH3 H 1ih 60 ± 2 2ia 5 ± 0.0 
10 L-tre CH3CH H 1jf 48 ±

0.4 
2ja 3 ± 0.7 

11 L-asx COOH–CH2 H 1ki 69 ± 2 2kb 8 ± 2 
12 L-glu COOH-(CH2)2 H 1li 68 ± 4 2lb 10 ± 1 
13 L-pro Pyrrolidine H 1mc 22 ±

0.7 
2mb 11 ±

0.3 
14 L-his Imidazole- 

CH2 

H 1ni 70 ± 3 2nb 13 ± 3 

15 L-val (CH3)2CH COCH3 1od 29 ± 7 - – 
16 – – - Thioureag 56 ± 2 – – 
17 L-val – - L-valinee 42 ± 6 – – 

Results represent the mean ± standard error of the mean of the experiments performed in triplicate. Different letters indicate the significant difference between 
treatments by the Scott-Knott test (P < 0.05). 
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1b, and 2d) at different concentrations, ranging from 0.20 to 2.00 mM 
(corresponding to 20 to 100-fold excess of ligand for each case) with 
fixed enzyme concentration (0.02 mM) (see more details on Supporting 
Information Figs. S20–21). 

Thus, the titration based on the STD experiments provided the ASTD 
value corresponding to the protons that interacted effectively with the 
enzyme for each compound. The plots from Lineweaver-Burk graphics 
and correspondent linearization for methyl H1 and H2 from compounds 
1a and 1b, and H4 from compound 2d allowed us to estimate the KD and 
αSTD (Fig. 6). 

As can be observed in Table 5, compounds 2d and 1b presented the 
lowest KD values of 1.26 and 1.79 mM, respectively, once again showing 

to be the most active in the series of hydantoins and thiohydantoins 
evaluated. As expected, compound 1a had the highest value of KD =

3.00 mM (for colorimetric assay, Ki = 1.13 mM), also proving from this 
study that the S configuration of derivative 1b is essential for in
teractions with CEU enzyme. 

In order to observe quantitatively compared to results obtained from 
the colorimetric assays with the effects of the molecular interactions by 
STD, a Pearson Correlation Coefficient (r) analysis was performed on Ki 
and KD data for the compounds 1a and 1b. The compound 2d was not 
included in the analysis, since its constant is determined by the product 
between the Ki and the alpha parameter, thus the comparison with the 
KD is not coherent. 

Fig. 2. (A) Exemplification of the Michaelis-Menten behavior of enzymatic catalysis of urease for 1b. Urease inhibition mode from Lineweaver-Burk plots of the 
reciprocal of reaction rate vs. the reciprocal of the substrate (urea) in the absence (*) and in the presence of 2.00 mM (■) and 1.00 mM (•) of compounds 1b (B), 1a 
(C) and 2d (D). 

Table 4 
Effect of thiohydantoins 1a, 1b, and 2d on CEU kinetic parameters.  

Amino acids R2 R1 Ki (mM) Alfa (α) Km (mM) Vmax (μmol/min−1) 

D-val (CH3)2CH H 1a 1.1 ± 0.3 2.7 ± 2 1.6 ± 0.3 788 ± 78 
L-val (CH3)2CH H 1b 0.4 ± 0.1 1.8 ± 1 1.6 ± 0.2 760 ± 49 
L-met CH3S(CH2)2 H 2d 1.0 ± 0.2† – 0.6 ± 0.3 1076 ± 160 

Values show the mean ± standard deviation of experiments performed in triplicate. Analysis of variance by the One-way ANOVA test found differences between all 
treatments with **p < 0.05 for 1a and ****p < 0.0001 for 1b, and 2d. †AlphaKi: Product between Ki and alpha value (also described as Ki’). 
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The coefficient r evaluates the linear correlation between two 
quantitative variables, being a dimensionless measure of covariance, 
with values of −1 to +1, where r = 1, indicates a perfect positive 

correlation, r = −1 indicates a perfect negative correlation, and r =
0 indicates that there is no linear dependence on each other [36]. 
Noteworthy, the correlation analysis between the two variables of our 

Fig. 3. NMR spectra of STD the experiment with assignment of 1H signals from ligand 1b with CEU. Reference spectrum (off-resonance) (A) and STD spectrum (B). 
Parameters: [CEU] = 0.02 mM; [1b] = 2.00 mM; phosphate buffer (in D2O), pH 7.4; STD: Tsat = 1.5 s; Gauss1.1000 = 10 ms; Sync1.1000 = 2 ms; number of 
scans: 64. 

Fig. 4. NMR spectra of the STD experiment with assignment of the 1H signals of ligand 1a with CEU. Reference spectrum (off-resonance) (A) and STD spectrum (B). 
Parameters: [CEU] = 0.02 mM; [1a] = 2.00 mM; phosphate buffer (in D2O), pH 7.4; STD: Tsat = 1.5 s; Gauss1.1000 = 10 ms; Sync1.1000 = 2 ms; number of 
scans: 64. 
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Fig. 5. NMR spectra from the STD experiment with assignment of the 1H signals from the 2d ligand with the CEU. Reference spectrum (off-resonance) (A) and STD 
spectrum (B). Parameters: [CEU] = 0.02 mM; [2d] = 2.00 mM; phosphate buffer (in D2O), pH 7.4; STD: Tsat = 1.5 s; Gauss1.1000 = 10 ms; Sync1.1000 = 2 ms; 
number of scans: 64. 

Fig. 6. Representative Lineweaver-Burk plots and their respective equations representing the slope and the ordinate at the origin with standard deviations of the 
lines for the methyl H1, H2, and H4, of compounds 1a, 1b, and 2d respectively were used for the calculations of αSTD and KD. 
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studies (Ki and KD) indicated an r = 1.00 (Table 6) (or 100%) which 
means a perfect positive correlation between these two variables for the 
investigated derivatives [37]. 

The calculated correlations suggest that the intermolecular ligand- 
to-enzyme contact pointed by the STD results is strictly related to the 
inhibitory activity measured for the analyzed derivatives. 

3.4. Molecular docking studies 

After in vitro evaluation by colorimetric assays and STD, molecular 
docking studies were carried out to obtain more information on the ef
fects of thiohydantoins 1a, 1b, and hydantoin 2d on the CEU (4H9M), 
evaluating their affinity for the active site of the enzyme and in an 
allosteric site. 

The CEU monomer is subdivided into four domains, which resemble 
the shape of a hammer (Fig. 7): the N-terminal αβ domain (1–134, in 
green) that connects to the β domain (286–401 and 702–761, in yellow) 
forming the “hammer handle” where this β domain is connected to two 
other αβ domains, one of them the C-terminal domain (also called TIM- 
barrel domain) (402–701 and 762–840, in magenta) where is found the 
active site, and finally the αβ domain (135–285, in red) forming the 
“hammerhead” (Fig. 7) [38]. The FTMap program mapped two possible 
interaction sites (see more details in the Supporting Information Section 
D), one being at the active site region (green sphere, Fig. 7), and the 
other at a site between the junction of the αβ (1–134) and β (286–401, 
702) domains −761) (red sphere, Fig. 7), in a deep cavity located in the 

“hammer handle”. 
The validation protocol chosen for the studies was redocking once 

several studies have shown it is usual to evaluate the accuracy of the 
docking procedure [39]. Therefore, we performed the redocking, and 
our protocol was validated with an RMSD value of 0.27 obtained by the 
ASP score function (Supporting Information, Fig. S22). In the first 
instance, we investigated the interaction of thiohydantoins 1a and 1b at 
the enzyme’s active site since these compounds presented inhibitory 
profiles of the mixed type. Therefore, since hydantoin 2d presented an 
uncompetitive inhibitory profile, it was not included in this molecular 
docking analysis. The mix type inhibition indicates that an inhibitor 
could interact in two steps: free enzyme (free-site) or enzyme-substrate 
complex when the inhibitor disturbs the substrate disconnection [40]. 
The co-crystallized acetohydroxamic acid (HAE) present at the active 
site of CEU (4H9M) is structurally similar to urea. In this way, we per
formed the docking simulations with the enzyme-inhibitor complex and 
without HAE (free-site) at the active site to check if the compounds 
could bind on the enzyme-substrate complex or free enzyme. 

The molecular docking results at the free-site revealed that com
pounds 1a and 1b exhibited practically the same binding mode (Fig. 8E) 
and hydrophobic interactions with residues Arg439, Ala440, KCX490, 
Asp494, His519, His 545, Gly551, Gly550, His593, Asp633, Ala636, and 
Met637 (Fig. 8A and C). Furthermore, thiohydantoin 1b presented a 
hydrogen bond between N1 of the thiohydantoin ring and His492, 
responsible for coordinating with Ni2+ and crucial for enzyme activity, 
which could explicate the high percentages of CEU inhibition by 1b 
(90.5%) (Fig. 8A). For compound 1a the hydrogen bond occurred also 
by the NH group, but the side chain extended spatially to the front (due 
to R-configuration) allowed interaction with Gly550 instead of His492, 
corroborating with the decrease of inhibition activity as observed on in 
vitro assays (27.8%) (Fig. 8C). Additionally, the sulfur atom coordinates 
with two Ni2+ ions at the free-site evaluated (Fig. 8A and C). 

The number of interactions observed between the ligands and the 
free-site was much superior to the enzyme-HAE complex. Compounds 1a 
and 1b exhibited the same binding mode at the enzyme-inhibitor 

Table 5 
Values of αSTD, KD, and mean-KD for all protons that showed STD effect of compounds 1a, 1b, and 2d were evaluated.  

Amino acids Compound H1 H2 H4† KD
• (mM) 

αSTD KD (mM) αSTD KD (mM) αSTD KD (mM) 

D-val 1a 4.46 3.71 2.79 2.30 – – 3.00 
L-val 1b 1.90 2.02 1.77 1.57 – – 1.79 
L-met 2d – – – – 2.73 1.26 1.26 

Data showed p-value < 0.005. †Methyl hydrogens bonded to the sulfur atom of hydantoin 2d. • Mean-KD, determined by the mean of all KD values for the protons that 
showed the STD effect of each tested compound. 

Table 6 
Comparison between the constants Ki and KD, by the Pearson correlation coef
ficient of compounds 1a and 1b evaluated.  

Amino 
acids 

R1 R2 Thiohydantoin Ki mM (in 
vitro) 

KD mM 
(STD) 

r 

D-val (CH3)2CH H 1a 1.13 3.00 1.00 
L-val (CH3)2CH H 1b 0.42 1.79  

Fig. 7. Three-dimensional representation of the CEU monomer domains (PDB: 4H9M), and the possible interaction sites calculated by FTMap. The red sphere 
represents the allosteric site, and the green sphere the active site. 
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complex (Fig. 8F) and hydrophobic interactions with Ala440, His519, 
CME592, His593, Arg609, and Glu493. R-configuration of the thio
hydantoin 1a allowed interaction with Ala636. Additionally, they pre
sented a hydrogen bond with Asp494 (Fig. 8B, D). Coordination with 
two Ni2+ was not observed since HAE occupied the space near the metal. 
These results agree with the experimental alpha values, which demon
strated that the thiohydantoins 1a and 1b have affinity by free enzyme, 

since they presented α = 2.67 and 1.83, respectively. 
The uncompetitive inhibitor 2d can bind to allosteric sites; thus, 

other possible sites than the active one were mapped using the FTMap 
program (see more details in the Supporting Information Fig. S23). 

The molecular docking results to 2d are shown in Fig. 9, where we 
can observe the N1, N2 atoms, and oxygen from the thiohydantoin nu
cleus are involved in a hydrogen bond with Tyr32, Glu718, and Lys709, 

Fig. 8. Interaction diagrams of the best pose results of thiohydantoin at CEU free-site and enzyme-inhibitor complex (HAE, yellow). 1b (blue): (A) and (B); 1a 
(purple): (C) and (D). Overlap between ligands 1a and 1b at Free-site (E) and Enzyme-inhibitor-complex (F) are shown for best understanding. The dashed black lines 
represent the hydrogen-bonding interactions with amino acids (represented by spheres in burgundy color), and residues with hydrophobic interactions are repre
sented by sticks in light burgundy color. 

Fig. 9. Interaction diagrams of the best pose result of hydantoin 2d (green) at CEU allosteric site. The dashed black lines represent the hydrogen-bonding interactions 
with amino acids (represented by spheres in burgundy color), and residues with hydrophobic interactions are represented by sticks in light burgundy color. 

P.G. Camargo et al.                                                                                                                                                                                                                            



Chemico-Biological Interactions 365 (2022) 110045

13

respectively. In addition, it was also possible to observe that the binding 
mode of this compound at the allosteric site of the enzyme allowed 
hydrophobic interactions with Val36, Phe712, Lys716, Asp730, Glu741, 
and Val744, since this compound has a more extensive aliphatic side 
chain, derived from methionine. 

The binding mode of 2d is in the middle of the N-terminal αβ domain 
that connects to the β domain. This region is followed by the C-terminal 
(αβ) TIM barrel domain, which contains the active site, so the presence 
of an inhibitor in this local can compromise the enzymatic activity. Also 
was possible to note that the main interactions of 2d were with Phe712, 
Lys709, Lys716, Glu718, Asp730, Glu741, and Val744, from the β 
domain which connects directly to the TIM barrel domain. 

In general, the molecular docking results showed the crucial partic
ipation of the oxygen, sulfur, and N–H atoms of the thiohydantoin and 
hydantoin ring in the most critical binding interactions between the li
gands and the target, indicating that this ring possibly acts as a phar
macophoric group in this series of compounds. 

4. Conclusion 

The study of CEU inhibition in vitro showed that the straightforward 
synthesized thiohydantoins have promising anti-ureolytic activities. The 
most active thiohydantoin 1b and the hydantoin 2d were identified as 
new hit inhibitors with, respectively, mixed, and uncompetitive inhibi
tory profiles. 

Ligand-Enzyme interaction results demonstrated that saturated 
groups at the side chain of the amino acid residues of 1b and 2d have an 
important role in the binding to the macromolecular target. Besides, the 
absolute configuration of the antipodes 1a/1b was crucial for the mode 
of binding with the enzyme. Finally, the findings suggest that oxygen, 
sulfur, and N–H participated in all hydrogen bond interactions with 
essential residues active or allosteric sites of the CEU enzyme, suggesting 
that the thiohydantoin and hydantoin rings can be considered phar
macophoric groups in these compounds. 
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