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ABSTRACT
EcGUS has drawn considerable attention for its role as a target in alleviating serious GIAEs. In this study, a 
series of 72 (thio)urea derivatives were designed, synthesised, and biologically assayed. The bioassay results 
revealed that E-9 (IC50 = 2.68 μM) exhibited a promising inhibitory effect on EcGUS, surpassing EcGUS 
inhibitor D-saccharic acid-1,4-lactone (DSL, IC50 = 45.8 μM). Additionally, the inhibitory kinetic study indicated 
that E-9 (Ki = 1.64 μM) acted as an uncompetitive inhibitor against EcGUS. The structure-activity relationship 
revealed that introducing an electron-withdrawing group into the benzene ring at the para-position is 
beneficial for enhancing inhibitory activity against EcGUS. Furthermore, molecular docking analysis indicated 
that E-9 has a strong affinity to EcGUS by forming interactions with residues Asp 163, Tyr 472, and Glu 504. 
Overall, these results suggested that E-9 could be a potent EcGUS inhibitor, providing valuable insights and 
guidelines for the development of future inhibitors targeting EcGUS.

Introduction

Gastrointestinal adverse events (GIAEs) are common occurrences in 
daily life, presenting symptoms that ranging from nausea and 
fever to dehydration, with severe cases frequently leading to coli-
tis, hepatitis, or pancreatitis1,2. The overexpression of the acidic 
hydrolase β-glucuronidase (βGUS) in cytolysosomes contributes to 
the pathogenesis of GIAEs by catalysing the hydrolysis of glucuro-
nides associated with medicines, hormones, and proteoglycans3. 
Consequently, the accumulation of aglycones resulting from glucu-
ronide deglycosylation inside the intestine poses a significant 
health risk due to their potent toxicity, implicated not only in 
matrix degradation during tumour invasion and metastasis, but 
also in influencing various pharmacokinetic behaviours4–8. 
Irinotecan (CPT-11) is commonly used as a chemotherapeutic 
agent for colorectal cancer (CRC). Nevertheless, it is associated 
with undeniable adverse effects due to the hydrolysis of its inac-
tive glucuronic acid metabolite by βGUS, which generates 
7-ethyl-10-hydroxycamptothecin (SN-38). This process results in 
GIAEs characterised by mucosal damage9. Additionally, carboxylic 
acid-containing non-steroidal anti-inflammatory drugs (NSAIDs), 
especially Indomethacin and Diclofenac, are hindered in their 
usage due to the risk of inducing intestinal damage facilitated by 
enterohepatic circulation. Studies indicate that a substantial pro-
portion of both long-term (>3 months) and short-term (>1 week) 

users experience varying degrees of intestinal injury10–12. Therefore, 
it is essential to investigate interventions that directly inhibit βGUS 
to reduce intestinal toxicity during drug metabolism.

For Escherichia coli β-glucuronidase (EcGUS), its asymmetric unit 
contains two monomers of 597 ordered residues. The N-terminal 
180 residues resemble the sugar-binding domain of family 2 glyco-
syl hydrolases, whereas the C-terminal domain (residues 274 to 603) 
forms an αβ barrel and contains the active-site residues Glu 413 and 
Glu 504. The region between the N- and C-terminal domains exhib-
its an immunoglobulin-like β-sandwich domain. The loop (residues 
360 to 376) forms direct contact with the bound inhibitors in the 
EcGUS, which is labelled the “bacterial loop”4. Through 
high-throughput screening (HTS), several Food and Drug 
Administration (FDA)-approved drugs, including nialamide, isocar-
boxazid, phenelzine (monoamine oxidase inhibitors, MAOIs), amoxa-
pine (AMX, a tricyclic antidepressant), and mefloquine (an 
antimalarial) (Figure 1), were found to exhibit remarkable inhibitory 
activity against EcGUS13. As a representative EcGUS inhibitor with 
potential, D-saccharic acid-1,4-lactone (DSL, Figure 1) was used to 
protect intestinal mucosa from CPT-11-induced diarrhoea or injury 
and to inhibit tumour growth in mice without selectivity14. However, 
despite its safety profile, the efficacy of DSL is limited by its poor 
stability under normal physiological conditions and its inability to 
adequately inhibit the p-nitrophenyl-β-D-glucuronide (PNPG)-
hydrolyzing activity of human gut microbiota, particularly in 
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advanced therapeutic stages15,16. These limitations underscore the 
necessity for continued research aimed at discovering novel lead 
compounds with potent inhibitory activity against EcGUS.

In recent years, different types of naturally occurring EcGUS 
inhibitors, including flavonoids, terpenoids, steroids, iminosugars, 
and other plant extracts, have been discovered17–25. However, in 
most cases, due to limited access to natural sources, purifying 
active natural products is challenging and can only provide limited 
materials for subsequent investigations. Considering this, chemical 
synthesis could offer advantages in obtaining lead compounds 
with streamlined processes and sufficient yields. Therefore, there is 
a need for chemically synthesised inhibitors to advance more 
treatment options aim at maintaining intestinal health26–28.

Previously, it was found that 1–(6,8-dimethyl-2-oxo-1,2-d
ihydroquinolin-3-yl)-3–(4-ethoxyphenyl)-1–(2-hydroxyethyl)thiourea 
(Figure 2) exhibited significant inhibitory activity against EcGUS, 
thereby alleviating intestinal injury caused by NSAIDs29. Importantly, 

(thio)urea skeleton, which readily forms intermolecular hydrogen 
bonds with various biological enzymes, has been widely utilised in 
diverse therapeutic fields with extensive applications30,31. 
Additionally, other small molecules (Figure 2) containing benzohet-
erocyclic rings, such as benzimidazole, benzothiazole, or quinoline, 
have also shown evident biological activity against EcGUS32–43. In 
this study, we aimed to further explore potential synthetic inhibi-
tors of EcGUS. To achieve this, we designed and synthesised six 
sets of skeletons comprising 72 (thio)urea derivatives. Subsequently, 
their in-vitro activities were investigated, and the resulting 
structure-activity relationship (SAR) was thoroughly discussed. 
Additionally, their pharmacokinetic properties were preliminarily 
assessed by predicting their respective oil-water distribution coef-
ficients (Log P). Following that, an inhibition kinetics study of the 
optimal compound E-9 was performed to further investigate its 
functional mechanism, and molecular docking was conducted to 
analyse its binding properties with the EcGUS receptor.

Figure 1. C hemical structures of emblematic drugs against side effects of CPT-11.

Figure 2. C hemical structures of representative EcGUS inhibitors.
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Materials and methods

Chemicals and instruments

All reactants and solvents were purchased from Bidepharm 
(Shanghai, China) and Tansoole (Shanghai, China). All commercially 
available reagents were of analytical grade (purity >98%) and sim-
ply used without further purification. The reaction progress was 
monitored by thin-layer chromatography (TLC) on silica gel GF-254 
and detected under ultraviolet light (UV, 254 nm). Column chroma-
tography was carried out using silica gel (200–300 mesh). Specially, 
the substrate was provided by Yuanye Bio-Technology (Shanghai, 
China), and the enzyme was provided by Merck (Shanghai, China), 
the positive control inhibitors were supplied by MedChemExpress 
(Shanghai, China). The spectra of 1H NMR and 13C NMR were 
obtained at 500 and 125 MHz, respectively, using a Bruker AVANCE 
DPX500 spectrometer in DMSO-d6 solution with tetramethylsilane 
(TMS) as the internal standard. HRMS were performed using an AB 
X500B Q-TOF LC/MS system, equipped with an electrospray ionisa-
tion (ESI) source in the positive ionisation mode. The data of 
absorbance under 405 nm (OD405 nm) were obtained using a 
SpectraMax-iD3 Multi-Mode Microplate Reader (MOLECULAR 
DEVICES, America).

General synthesis

The synthetic routes of target compounds A-1 to 11, B-1 to 11, 
C-1 to 11, and D-1 to 13, E-1 to 13, and F-1 to 13 were outlined 
in Scheme 1. Among these synthetic compounds, the novel ones 
include B-1, B-2, B-3, B-5, B-7, B-8, B-9, B-10, B-11; D-1, D-2, 
D-7, D-10, and D-12.

General preparative procedure for 1-(1H-benzo[d]
imidazol-2-yl)-3–(2-fluorophenyl)urea (A-1). 2-Fluorophenyl isocya-
nate (0.061 ml, 0.5 mmol, 1.0 eqv.) was added dropwise to a solu-
tion of equivalent 2-amino benzimidazole (0.067 g, 0.5 mmol, 1.0 
eqv.) in dichloromethane (5 ml). Then, the reaction mixture was 
stirred at room temperature for 2 h. After complete reaction, the 
solvent was evaporated by vacuum, and a white solid was obtained 
(96%, yield), named A-1. Other compounds (A-2 to 11) were syn-
thesised using the same methodology above.

General preparative procedure for 1-(benzo[d]oxazol-2-yl)-3–
(2-fluorophenyl)urea (B-1). 2-Fluorophenyl isocyanate (0.061 ml, 
0.5 mmol, 1.0 eqv.) was added dropwise to a solution of equivalent 
2-amino benzoxazole (0.067 g, 0.5 mmol, 1.0 eqv.) in dichlorometh-
ane (5 ml). Then, the reaction mixture was stirred at room 

temperature for 2 h. After complete reaction, the solvent was 
evaporated by vacuum, and a yellow solid was obtained (96%, 
yield), named B-1. Other compounds (B-2 to 11) were synthesised 
using the same methodology above.

General preparative procedure for 1-(benzo[d]thiazol-2-yl)-3–
(2-fluorophenyl)urea (C-1). 2-Fluorophenyl isocyanate (0.061 ml, 
0.5 mmol, 1.0 eqv.) was added dropwise to a solution of equivalent 
2-amino benzothiazole (0.075 g, 0.5 mmol, 1.0 eqv.) in dichloro-
methane (5 ml). Then, the reaction mixture was stirred at room 
temperature for 2 h. After complete reaction, the solvent was 
evaporated by vacuum, and a white solid was obtained (96%, 
yield), named C-1. Other compounds (C-2 to 11) were synthesised 
using the same methodology above.

General preparative procedure for 1-(1H-benzo[d]
imidazol-2-yl)-3–(2-fluorophenyl)thiourea (D-1). 2-Fluorophenyl iso-
thiocyanate (0.067 ml, 0.5 mmol, 1 eqv.) was added to a solution of 
equivalent 2-amino benzimidazole (0.067 g, 0.5 mmol, 1 eqv.) in 
anhydrous acetonitrile (5 ml) under argon atmosphere. Then, the 
reaction mixture was refluxed at 80 °C for 4 h, and then allowed to 
cool down to room temperature. After complete reaction, the sol-
vent was evaporated by vacuum, and a beige solid was obtained 
(93%, yield), named D-1. Other compounds (D-2 to 13) were syn-
thesised using the same methodology above.

General preparative procedure for 1-(1H-benzo[d]
imidazol-6-yl)-3–(2-fluorophenyl)thiourea (E-1). 2-Fluorophenyl iso-
thiocyanate (0.067 ml, 0.5 mmol, 1 eqv.) was added to a solution of 
equivalent 6-amino benzimidazole (0.067 g, 0.5 mmol, 1 eqv.) in 
dichloromethane (5 ml). Then, the reaction mixture was stirred at 
room temperature for 2 h. After complete reaction, the solvent was 
evaporated by vacuum, and a white solid was obtained (98%, 
yield), named E-1. Other compounds (E-2 to 13) were synthesised 
using the same methodology above.

General preparative procedure for 1-(quinolin-8-yl)-3–
(2-fluorophenyl)thiourea (F-1). 2-Fluorophenyl isothiocyanate 
(0.067 ml, 0.5 mmol, 1 eqv.) was added to a solution of equivalent 
8-aminoquinoline (0.072 g, 0.5 mmol, 1 eqv.) in toluene (5 ml) under 
argon atmosphere. Then, the reaction mixture was refluxed at 
110 °C for 5 h, and then allowed to cool down to room tempera-
ture. After complete reaction, the solvent was evaporated by vac-
uum, and a tan solid was obtained (92%, yield), named F-1. Other 
compounds in this class (F-2 to 13) were synthesised using the 
same methodology above.

The detailed characterisation data of 1H NMR,13C NMR, and 
HRMS as well as the 1H NMR and 13C NMR spectra images are 
shown in Supplementary Materials.

Scheme 1. S ynthetic routes of target compounds.

https://doi.org/10.1080/14756366.2024.2387415
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Biological assay

Synthesised (thio)urea derivatives were subjected to screening 
for potent inhibitors, and their inhibitory effects were determined 
by measuring the formation of p-nitrophenol (PNP) generated 
from PNPG by EcGUS in the presence of phosphate-buffered 
saline (PBS). Solutions of AMX and DSL (10 mM) were prepared in 
DMSO and stored at 4 °C. The biological activities of test com-
pounds were assayed in accordance with the following detailed 
procedures:

Briefly, the assays were performed in 96-well flat-bottomed tis-
sue culture plates (Nunc, Denmark) and every well with a total 
volume of 100 μL, including 10 μL EcGUS (final concentration = 
2.0 μg/mL), 70 μL PBS (pH 7.4), 10 μL AMX/DSL, DMSO, or test com-
pound, and 10 μL PNPG (2.5 mM). The order of adding reagents is 
as follows: enzyme, buffer solution, inhibitor, and substrate. All 
reactions were performed in triplicate, and the activity of EcGUS 
was measured by detecting ΔOD405 nm in a plate reader before/
after incubation at 37 °C for 30 min. By setting a standard curve (0, 
10, 20, 40, 60, and 80 μM) in PBS, the concentration of PNP was 
further determined. The relative activities of experimental groups 
were calculated by comparing the concentration of generated PNP 
with that of blank control group.

When preparing the corresponding solution for primary screen-
ing, the concentration of positive control inhibitor was prescribed 
as 1 mM (final concentration = 100 μM). After that, partial com-
pounds (inhibitory rate >50%) were chosen for secondary screen-
ing, the concentration was set to 0.1 mM (final concentration = 
10 μM). The inhibitory rates of EcGUS were calculated according to 
the following equations:

	 x OD OD OD
nm

= = −∆
405 30 0min min

	

	 y c c c
PNP

= = −∆
30 0min min

	

y x= 3 262.  (standard curve)

	 RA
c

c

EG

CG

= ×
∆
∆

100%	

	 IR RA= −1 	

where x is the difference of OD405nm values, y is the difference 
of PNP concentrations, RA is the relative activity of EcGUS in the 
presence of an inhibitor, respectively, and IR is the corresponding 
inhibitory rate.

IC50 value is defined as the concentration of a sample that 
required for showing half-maximal inhibition and inhibiting 50% of 
the activity of EcGUS. Ki value is defined as an inhibitory constant 
describing the binding ability of inhibitors to enzymes, which is 
used to measure the ability of drugs to inhibit enzyme activities 
after binding to target molecules in organisms. To further deter-
mine IC50 value of test compound in vitro, the reaction conditions 
are as follows: 10 μL EcGUS, 70 μL PBS, 10 μL AMX, DSL, or test 
compound, and 10 μL PNPG reacting at 37 °C for 30 min. The order 
of adding reagents is as follows: enzyme, buffer solution, inhibitor, 
substrate. Besides, the inhibitory behaviour towards EcGUS was 
also investigated by measuring reaction rates with substrates (2, 3, 
5, and 10 mM) and inhibitors in various concentrations. Finally, the 
type of inhibitor was determined; IC50 value and Ki value were 
calculated.

Molecular docking

For a more in-depth exploration of the molecular interactions 
between the target compound and EcGUS at the molecular level, 
molecular docking studies were performed. The target molecular 
structures of DSL, AMX, and synthetic compounds (E-9, E-4, A-9, 
D-9, and F-9) were generated using ChemBioDraw Ultra 13.0 soft-
ware. Subsequently, these molecular structures were optimised 
utilising Molecular Operate Environment (MOE) software to pre-
pare them for further molecular docking studies. The receptor 
EcGUS (PDB code: 3LPF) retrieved from the Protein Data Bank 
(https://www.rcsb.org) was prepared using AutodockTools soft-
ware. The preparation steps included the removal of water mole-
cules, addition of hydrogen atoms, assignment of Gasteiger 
charges, and optimisation of nonpolar hydrogen atoms to ensure 
the receptor was in a suitable conformation for docking studies. 
The binding pocket of the receptor was identified for the ligand 
1-((6,7-dimethyl-2-oxo-1,2-dihydroquinolin-3-yl)methyl)-1–
(2-hydroxyethyl)-3–(3-methoxyphenyl)thiourea. This binding pocket 
involved key residues such as Leu 361, Glu 413, and Asp 163, 
which are important for ligand-receptor interactions. The definition 
of the binding pocket was done in the presence of solvent to 
mimic the physiological conditions where the interactions between 
the ligand and receptor take place. Utilising the MOE software, 
molecular docking simulations were executed with meticulous 
parameterisation, encompassing methodological frameworks such 
as the triangle matcher for placement and a rigid receptor 
approach for refinement. The scoring process employed sophisti-
cated algorithms, employing the London dG metric for the initial 
placement phase and the GBVI/WSA dG method for subsequent 
refinement. A substantial ensemble of 300 poses was initially gen-
erated during the placement stage, with a stringent selection of 5 
poses per ligand for refinement. The conformation exhibiting the 
highest energy favorability among the set of 300 generated poses 
was meticulously chosen to evaluate the intrinsic potential of the 
compounds. Following this selection, a comprehensive analysis of 
the top-tier docking poses was conducted to unravel the intricate 
molecular interplay between the EcGUS and the target compound.

Statistical analysis

All experiments were carried out in triplicate. All data were repre-
sentatives of three independent determinations of samples and 
expressed as mean ± standard deviation (SD). The IC50 value was 
calculated as the necessary concentration of inhibitor that required 
to bring the curve down to point half way between the top and 
bottom plateaus. Conveniently, it was evaluated from 
concentration-response data by nonlinear regression using 
GraphPad Prism 8.0 (La Jolla, CA). The inhibition type employed a 
three-parameter curve fit, and it was determined according to the 
intersection location of Lineweaver-Burk plot: (1) competitive inhi-
bition, intersection at the y-axis; (2) non-competitive inhibition, 
intersection at the x-axis; (3) uncompetitive inhibition, parallel 
lines; (4) mixed inhibition, intersection in first or second quadrant.

Results and discussion

Chemical synthesis

Target compounds were prepared through the addition reaction of 
amine compounds (2-aminobenzimidazole/benzoxazole/benzothi-
azole, 6-aminobenzimidazole and 8-aminoquinoline), and the key 

https://www.rcsb.org
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commercially available intermediates, isocyanates or isothiocya-
nates. Due to the varying chemical reactivity of the amino groups, 
the reaction was carried out at different temperatures (room tem-
perature, 80 or 110 °C) and in different reaction solvents (dichloro-
methane, acetonitrile or toluene). Detailed analytical data, including 
1H NMR, 13C NMR, and HRMS of the target compounds, can be 
found in supplementary information.

Log P prediction of target compounds

As a pharmaceutically critical physicochemical property, Log P was 
calculated by SwissADME44. The values of Log P of designed com-
pounds fall within an ideal range (2.09–5.44) (Tables 1 and 2), con-
sistent with Lipinski’s Rule of Five45. Almost all of them conform to 
the druggability rules in terms of molecular weight (MW) and Log 
P coefficient.

Biological evaluation of test compounds

The inhibitory activity of target (thio)urea derivatives was evalu-
ated and is depicted in Tables 3 and 4, with DSL used as the pos-
itive control inhibitor. All compounds were subjected to primary 
screening at a concentration of 100 μM, wherein a subset of com-
pounds (C-7, C-9, E-6, E-9, E-13, F-4, F-6, and F-13) exhibited an 
inhibitory rate exceeding 50%, while the positive control DSL 
showed an inhibitory rate of 76.2%. These compounds underwent 

subsequent evaluation in a secondary screening, employing a 
reduced concentration of 10 μM. Remarkably, E-9 showed a better 
inhibitory activity against EcGUS compared to DSL at 10 μM (Figure 
3). E-9 displayed an inhibitory rate of 72.3%, whereas DSL showed 
an inhibitory rate of 20.6%, suggesting that E-9 has superior inhib-
itory activity against EcGUS. Furthermore, to further elucidate the 
inhibitory potential, the designed compound E-9, along with the 
positive control inhibitor DSL, were selected for the determination 
of their IC50 values. The results revealed that E-9 exhibited greater 
inhibitory effect (IC50 = 2.68 μM) compared to DSL (IC50 = 45.8 μM). 
These results demonstrate the potential of E-9 as a promising can-
didate for the development of an EcGUS inhibitor.

In the context of SAR, compounds with diverse molecular struc-
tures exhibit varied inhibitory effects on EcGUS. As shown in Table 
3, the initial screening of urea compounds revealed that with similar 
substituent groups and positions on the benzene ring, benzothi-
azole generally exhibits a more significant enhancement in inhibi-
tory activity compared to benzimidazole or benzoxazole analogs. 
For instance, C-7 (benzothiazole, R = 2-CF3, IR100 μM = 52.9%), C-8 
(benzothiazole, R = 3-CF3, IR100 μM = 47.2%), C-9 (benzothiazole, 
R = 4-CF3, IR100 μM = 58.2%), and C-10 (benzothiazole, R = 3,5-di-CF3, 
IR100 μM = 41.7%) appeared more active than A-7 (benzimidazole, 
R = 2-CF3, IR100 μM = 27.3%), A-8 (benzimidazole, R = 3-CF3, IR100 μM = 
25.3%), A-9 (benzimidazole, R = 4-CF3, IR100 μM = 26.4%), and A-10 
(benzimidazole, R = 3,5-di-CF3, IR100 μM = 26.8%), as well as B-7 

Table 1.  Predicted Log P of target compounds A to C.

R Compd. Log P Compd. Log P Compd. Log P
2-F A-1 2.43 B-1 2.75 C-1 3.27
3-F A-2 2.42 B-2 2.69 C-2 3.25
4-F A-3 2.54 B-3 2.70 C-3 3.25
2-Cl A-4 2.62 B-4 2.98 C-4 3.51
3-Cl A-5 2.64 B-5 2.91 C-5 3.47
4-Cl A-6 2.77 B-6 2.92 C-6 3.48
2-CF3 A-7 3.19 B-7 3.47 C-7 4.04
3-CF3 A-8 3.26 B-8 3.49 C-8 4.07
4-CF3 A-9 3.29 B-9 3.50 C-9 3.89
3,5-di-CF3 A-10 4.33 B-10 4.55 C-10 5.13
4-OCH3 A-11 2.09 B-11 2.38 C-11 2.94

Table 2.  Predicted Log P of target compounds D to F.

R Compd. Log P Compd. Log P Compd. Log P
2-F D-1 2.94 E-1 2.87 F-1 3.68
3-F D-2 2.93 E-2 2.92 F-2 3.66
4-F D-3 2.93 E-3 2.93 F-3 3.66
2-Cl D-4 3.19 E-4 3.10 F-4 3.89
3-Cl D-5 3.16 E-5 3.15 F-5 3.86
4-Cl D-6 3.26 E-6 3.15 F-6 3.88
2-CF3 D-7 3.69 E-7 3.63 F-7 4.39
3-CF3 D-8 3.77 E-8 3.59 F-8 4.35
4-CF3 D-9 3.76 E-9 3.64 F-9 4.37
3,5-di-CF3 D-10 4.82 E-10 4.68 F-10 5.44
2-OCH3 D-11 2.63 E-11 2.53 F-11 3.32
3-OCH3 D-12 2.60 E-12 2.54 F-12 3.28
4-OCH3 D-13 2.62 E-13 2.57 F-13 3.30

Table 3.  Inhibitory activity against EcGUS of target compounds A to C at 100 μM.

R Compd.
Inhibitory rate

(%) Compd.
Inhibitory rate

(%) Compd.
Inhibitory rate

(%)

2-F A-1 48.8 ± 2.8 B-1 46.9 ± 5.5 C-1 19.1 ± 1.2
3-F A-2 49.2 ± 1.3 B-2 47.3 ± 5.2 C-2 47.1 ± 6.9
4-F A-3 41.1 ± 8.3 B-3 44.3 ± 3.9 C-3 48.0 ± 3.6
2-Cl A-4 38.0 ± 4.8 B-4 40.3 ± 4.3 C-4 32.6 ± 3.2
3-Cl A-5 36.7 ± 6.9 B-5 31.1 ± 4.3 C-5 44.0 ± 2.7
4-Cl A-6 36.1 ± 3.7 B-6 36.9 ± 3.3 C-6 47.0 ± 4.8
2-CF3 A-7 27.3 ± 1.8 B-7 32.1 ± 3.0 C-7 52.9 ± 2.8
3-CF3 A-8 25.3 ± 0.8 B-8 28.2 ± 1.6 C-8 47.2 ± 1.5
4-CF3 A-9 26.4 ± 1.3 B-9 25.4 ± 1.6 C-9 58.2 ± 2.2
3,5-di-CF3 A-10 26.8 ± 3.1 B-10 30.2 ± 3.5 C-10 41.7 ± 1.9
4-OCH3 A-11 28.7 ± 5.2 B-11 17.7 ± 1.5 C-11 45.9 ± 2.7
— DSL 76.2 ± 3.0 — — — —

https://doi.org/10.1080/14756366.2024.2387415
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(benzoxazole, R = 2-CF3, IR100 μM = 32.1%), B-8 (benzoxazole, R = 3-CF3, 
IR100 μM = 28.2%), B-9 (benzoxazole, R = 4-CF3, IR100 μM = 25.4%), and 
B-10 (benzoxazole, R = 3,5-di-CF3, IR100 μM = 30.2%), respectively.

It also can be summarised that substituent groups on the 
benzene ring have a significant impact on enzymatic activities. 
Among benzimidazole or benzoxazole derivatives, fluorine (A-1 
to 3 and B-1 to 3) demonstrated better inhibitory effects over 
chloro (A-4 to 6 and B-4 to 6), trifluoromethyl (A-7 to 10 and 
B-7 to 10), or methoxyl (A-11 and B-11) groups, with minimal 
variations based on substitution positions. In contrast, for benzo-
thiazole derivatives, trifluoromethyl (C-7 to 10) exhibited potent 
inhibitory activity, especially when positioned para to the substit-
uent. Specifically, C-9 (R = 4-CF3) effectively enhanced the inhibi-
tory rate to 58.2%, which showed more potent inhibition 
against EcGUS.

Upon further investigation on thiourea derivatives (Table 4), we 
found that urea compounds (A-1 to 11) generally outperformed 
thiourea compounds for 2-substituted benzimidazole derivatives 
(D-1 to 13). The position of the substituent on benzimidazole sig-
nificantly influenced activity, with 6-substituted benzimidazole 
derivatives such as E-6 (R = 4-Cl, IR100 μM = 57.8%), E-9 (R = 4-CF3, 
IR100 μM = 94.3%), and E-13 (R = 4-OCH3, IR100 μM = 63.8%) demon-
strating better activities compared to 2-substituted compounds, 
particularly with para-substitution. Analogs belong to the 

benzimidazole skeleton, trifluoromethyl proved to be a crucial 
moiety in 6-substituted benzimidazole derivatives (E-9 displayed 
an inhibitory rate of 94.3%), while chloro exhibited positive effects 
in 8-substituted quinoline derivatives, including F-4 (R = 2-Cl, 
IR100 μM =  
50.9%) and F-6 (R = 4-Cl, IR100 μM = 53.9%).

Inhibitory kinetic study of E-9 against EcGUS

The promising inhibitory effect of E-9 on EcGUS in vitro moti-
vated us to investigate its functional mechanism. To explore 
substrate-enzyme-inhibitor interaction, we conducted an analy-
sis of its inhibitory kinetics using Lineweaver-Burk plot analysis46. 
Enzyme activities were measured at different concentrations of 
AMX, DSL and E-9 using substrate PNPG. Subsequently, their 
inhibitory behaviour was determined according to the intercept 
location of the regression line on Lineweaver-Burk plot47,48. As 
depicted in Figure 4(A,C), the slopes remain unchanged by the 
presence of AMX or E-9 while intercepts changed, which indi-
cated that both AMX and E-9 acted as uncompetitive inhibitors 
against EcGUS49. As determined from the intersection point in 
the second quadrant, DSL was identified as a mixed inhibitor 
against EcGUS (Figure 4B). The results suggest that E-9, similar 
to AMX, exclusively binds to the enzyme-substrate complex 
(EcGUS-PNPG), and its binding site on EcGUS is likely consistent 
with that of AMX.

Molecular docking

To investigate the binding characteristics of E-9 with the EcGUS 
receptor (PDB code: 3LPF) and analyse the structure-activity 
relationship of the target compounds, a molecular docking anal-
ysis was conducted utilising the MOE software platform50,51. The 
representative characteristics for the binding of ligands (DSL, 
AMX, and synthetic compounds E-9, E-4, A-9, D-9, and F-9) with 
the EcGUS receptor were selected based on the binding energy 
and conformation with the most favourable interaction. The 
binding energy of E-9 was determined to be −6.93 kJ·mol−1, 
which was lower than that of DSL (-6.08 kJ·mol−1), AMX 
(-6.55 kJ·mol−1), and some synthetic compounds (E-4: 
−6.39 kJ·mol−1, A-9: −6.51 kJ·mol−1, D-9: −6.52 kJ·mol−1, and F-9: 
−6.74 kJ·mol−1), indicating that E-9 exhibited a significantly 
stronger affinity for the EcGUS receptor. Specifically, E-9 is stra-
tegically oriented within distinct active pockets: the benzimidaz-
ole moiety in E-9 is positioned in a pocket through π-H bonding, 

Table 4.  Inhibitory activity against EcGUS of target compounds D to F at 100 μM.

R Compd.

Inhibitory 
rate
(%) Compd.

Inhibitory 
rate
(%) Compd.

Inhibitory 
rate
(%)

2-F D-1 30.3 ± 0.8 E-1 35.6 ± 1.6 F-1 37.3 ± 3.8
3-F D-2 26.6 ± 3.7 E-2 44.4 ± 4.3 F-2 36.3 ± 2.8
4-F D-3 21.5 ± 2.0 E-3 40.1 ± 2.2 F-3 43.9 ± 3.2
2-Cl D-4 19.0 ± 7.3 E-4 44.2 ± 6.9 F-4 50.9 ± 5.1
3-Cl D-5 33.7 ± 1.9 E-5 44.7 ± 2.1 F-5 45.5 ± 9.0
4-Cl D-6 31.5 ± 3.1 E-6 57.8 ± 2.3 F-6 53.9 ± 2.5
2-CF3 D-7 21.7 ± 8.0 E-7 40.0 ± 5.6 F-7 43.0 ± 3.0
3-CF3 D-8 18.0 ± 7.1 E-8 33.7 ± 7.6 F-8 40.1 ± 6.3
4-CF3 D-9 13.2 ± 7.5 E-9 94.3 ± 1.5 F-9 42.9 ± 5.5
3,5-di-CF3 D-10 18.2 ± 5.7 E-10 30.8 ± 6.0 F-10 40.1 ± 5.4
2-OCH3 D-11 19.3 ± 1.7 E-11 37.0 ± 2.8 F-11 42.5 ± 3.8
3-OCH3 D-12 20.9 ± 0.3 E-12 30.9 ± 1.4 F-12 37.0 ± 0.6
4-OCH3 D-13 37.5 ± 3.4 E-13 63.8 ± 1.6 F-13 52.6 ± 1.7
— DSL 76.2 ± 3.0 — — — —

Figure 3.  (A) Effects of partial target compounds on EcGUS at 10 μM (all data were expressed as mean ± SD of triplicate reactions); (B) The dose-dependent inhibition 
curves of inhibitors (E-9 and DSL) on PNPG-hydrolyzing activity of EcGUS.
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while the benzene ring and thiourea fragment closely accommo-
dated in another pocket, thereby enhancing the stability of the 
E-9-EcGUS complex (Figure 5). Furthermore, the interaction 
between two nitrogen atoms in the benzimidazole moiety inter-
act and the amino acids Tyr 472 and Glu 504 further strength-
ens the binding of E-9 to the EcGUS receptor. However, it can 
be observed that the introduction of urea in A-9, fluorine in E-4, 
and the introduction of benzene-fused heterocycles in D-9 and 
F-9 each affect their interactions with the receptor EcGUS, 
potentially reducing their binding affinity compared to E-9, 
which may explain why their activities are not as potent as that 
of E-9 (Tables 3 and 4). As a result, the docking models have 
highlighted the essential role of each molecular segment in the 
potent activity of E-9, laying the foundation for the future devel-
opment of EcGUS inhibitors with improved activity.

Conclusion

In summary, a total of 72 (thio)urea derivatives were synthesised 
and subjected to biological assays in the search of novel EcGUS 
inhibitors. All target compounds displayed varying degrees of 
activity profiles in the EcGUS inhibition assay, with inhibition rates 
ranging from 13.2% to 94.3% at a concentration of 100 μM. 
Notably, E-9 exhibited a promising inhibitory effect (IC50 = 2.68 μM) 
on EcGUS, exceeding the potency of a previously reported EcGUS 

inhibitor, DSL (IC50 = 45.8 μM). In addition, SAR analysis revealed 
that the incorporation of 6-substituted benzimidazole moieties 
may have a substantial impact on biological activity, suggesting 
the need for further detailed investigation. SAR analysis also indi-
cated the crucial role of electron-withdrawing groups, particularly 
the trifluoromethyl group at the para-position of the phenyl ring, 
in enhancing the inhibitory activity of (thio)urea derivatives targets 
EcGUS. This specific substitution proved to be the most effective 
in enhancing inhibitory activity among all evaluated substituent 
groups. Furthermore, Lineweaver-Burk plot analysis indicated that 
E-9 (Ki = 1.64 μM) functioned as an uncompetitive inhibitor against 
EcGUS, sharing a similar mode of action with the EcGUS inhibitor 
AMX but differing from DSL. Molecular docking analysis revealed a 
binding energy of −6.93 kJ·mol−1 for E-9, which was lower than 
that of DSL, AMX, and some synthetic compounds, suggesting a 
stronger affinity of E-9 for the EcGUS receptor. Overall, these 
results suggest that E-9 may serve as a potent EcGUS inhibitor, 
providing valuable insights and guidelines for the development of 
future EcGUS inhibitors.
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