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ABSTRACT

The pathogenic involvement of urease in severe gastrointestinal disorders, particularly Helicobacter pylori infections,
as well as its contribution to agricultural inefficiencies, highlights the urgent need for the development of novel, safe,
and potent inhibitors. In the present study, a new series of thiazole-2-carboxamide analogues (1a—1c) was rationally
designed, synthesized, and structurally characterized using FT-IR, NMR (1H) techniques. The in vitro urease
inhibitory activity of the synthesized compounds was assessed against Jack bean urease employing the indophenol
colorimetric assay. Among the evaluated analogues, the 4-methoxy-substituted compound 1b exhibited remarkable
inhibitory potency, with an ICso value of 12.45 + 0.12 uM, significantly surpassing the standard inhibitor thiourea
(ICs0=21.25+0.15 uM). Structure—activity relationship (SAR) analysis indicated that electron-donating substituents
enhance inhibitory activity, likely by increasing the electron density and basicity of the carboxamide moiety. Enzyme
kinetic studies based on Lineweaver—Burk plots revealed that compound 1b acts as a competitive inhibitor, with a
calculated inhibition constant (Kj) of 8.12 uM. Furthermore, molecular docking studies within the urease active site
(PDB ID: 3LA4) demonstrated stable bidentate coordination between the ligand and the bimetallic nickel center
(Ni301 and Ni302), supporting its strong binding affinity. In addition, SwissADME analysis predicted favorable
pharmacokinetic properties, including high gastrointestinal absorption, blood—-brain barrier permeability, and full
compliance with Lipinski's Rule of Five. Collectively, these findings identify compound 1b as a promising, drug-like
lead candidate for the development of urease-targeted therapeutic agents.

Keywords: Urease Inhibitors; Thiazole-2-Carboxamide; Enzyme Kinetics; Competitive Inhibition; Molecular
Docking; Admet Profiling.
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1. Introduction
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The pathogenic role of the urease enzyme extends
across severe clinical disorders and significant
agricultural  inefficiencies. =~ In  the  human
gastrointestinal tract, urease acts as a primary
virulence factor for Helicobacter pylori, enabling the
bacterium to survive the highly acidic gastric
environment by hydrolyzing urea into ammonia and
carbon dioxide (Wroblewski, Peek, & Wilson, 2010).
This persistent colonization often leads to chronic
inflammation, gastric dysbiosis, peptic ulcer disease,
and ultimately gastric cancer (Gomez-Ramirez et al.,
2021; Reyes, 2023). Beyond clinical pathogenesis, soil
microbial urease rapidly hydrolyzes urea-based
fertilizers, causing severe ammonia volatilization that
depletes agricultural nitrogen efficiency and
exacerbates environmental pollution (Klimczyk,
Siczek, & Schimmelpfennig, 2021). Currently,
acetohydroxamic acid (AHA) serves as a classical,
approved competitive urease inhibitor indicated as an
adjunctive therapy for treating urea-splitting infections
(Evstafeva et al., 2024). However, the clinical utility
of AHA is hindered by notable limitations, including
reversible systemic toxicity, severe gastrointestinal
side effects, and poor overall pharmacokinetic
profiles, necessitating the urgent discovery of safer
alternatives (Griffith & Musher, 1975). Recent
medicinal chemistry approaches have heavily focused
on nitrogen- and sulfur-containing heterocyclic
scaffolds particularly thiadiazoles and related azoles
which act as robust, constrained pharmacophores
capable of directly interacting with the bimetallic
nickel centers within the urease active site (Dawood &
Farghaly, 2017). Furthermore, functionalizing these
heterocyclic rings with carboxamide derivatives has
emerged as a highly promising strategy to mimic
urea's native binding interactions, creating extensive
hydrogen-bond networks critical for potent
competitive enzyme inhibition (Qazi et al., 2018).
Consequently, the present study aims to design,
synthesize, and evaluate a novel series of heterocyclic
carboxamide analogues to identify highly specific,
potent, and structurally optimized urease inhibitors.

2. Materials and Methods

2.1. Chemistry: General Materials

All analytical-grade chemical reagents, solvents, and
heterocyclic starting materials were procured from
verified Indian suppliers, primarily Central Drug
House (CDH), New Delhi, and Sisco Research
Laboratories (SRL), Mumbai, India. Melting points of

the synthesized carboxamide analogues were
determined in open capillary tubes using a standard
digital melting point apparatus and are reported
uncorrected. Initial spectroscopic characterization was
performed using a Shimadzu FT-IR spectrometer, and
subsequent NMR analysis was conducted using
standard deuterated solvents with tetramethylsilane
(TMYS) as the internal reference.

2.2. General Procedure for Synthesis

The step-by-step synthetic sequence for the target
heterocyclic carboxamide analogues fundamentally
relies on a convergent amidation and condensation
strategy. Initially, the key intermediate is prepared by
treating the core heterocyclic scaffold (such as
substituted pyridines or pyridylpiperazines) with the
respective coupling counterpart in a suitable solvent
system. For the direct formation of the carboxamide
linkage, the functionalized aldehyde or carboxylic acid
precursor is  reacted with  semicarbazide,
thiosemicarbazide, or related amine derivatives in the
presence of a mild basic catalyst, such as aqueous
sodium acetate or potassium carbonate (Naseer et al.,
2022). This condensation is typically conducted either
under continuous mechanical stirring at room
temperature or by refluxing the reaction mixture in an
appropriate solvent, such as ethanol or acetonitrile, for
a duration ranging from 12 to 36 hours, depending on
the nucleophilicity of the intermediate (Akash et al.,
2024). Upon complete consumption of the starting
materials, the mixture is cooled, allowing the
intermediate and final heterocyclic carboxamide
products to precipitate. The solid residues are then
filtered, thoroughly washed to remove unreacted
reagents, and finally purified via recrystallization from
absolute ethanol or by silica gel column
chromatography to afford the chemically pure targeted
analogues in good-to- excellent yields (Akash et al.,
2024; Naseer et al., 2022).

2.3. Spectral Characterization

The structural elucidation of the synthesized
heterocyclic carboxamide analogues was
systematically carried out using Fourier-transform
infrared spectroscopy (FT-IR), proton and carbon-13
nuclear magnetic resonance spectroscopy (‘H NMR).
The successful formation of the key carboxamide
linkage was consistently confirmed by the appearance
of a characteristic secondary amide N-H stretching
band in the IR spectra between 3200 and 3400 cm™,
along with a prominent sharp carbonyl (C=0)
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stretching absorption in the range of approximately
1650 to 1690 cm™ (Naseer et al., 2022). In the 'H
NMR spectra, the highly deshielded amide proton (—
CO-NH-) typically appeared as a broad singlet in the
downfield region of § 9.50 to 11.50 ppm, depending
on the solvent and intermolecular hydrogen bonding
(Qazi et al., 2018). The aromatic and heterocyclic ring
protons appeared as distinct multiplets in the region of
5 7.00 to 8.80 ppm, consistent with the proposed
structures.

Compound 1a: N-(4-chlorophenyl)thiazole-2-

carboxamide

Physical appearance: White amorphous powder
Yield: 78%
Melting point: 165-167 °C

IR (ATR/KBr, vmax, cm™):

3320 (N-H stretch, amide), 3050 (aromatic C-H
stretch), 1675 (C=O stretch, amide), 1590 (C=N
stretch), 1085 (C—Cl stretch)

IH NMR (400 MHz, DMSO-d6, & ppm):
10.85 (s, 1H, -NH-CO-), 8.12 (d, J = 3.1 Hz, 1H,
thiazole-H), 8.05 (d, J = 3.1 Hz, 1H, thiazole-H), 7.82
(d, J=8.8 Hz, 2H, Ar-H), 7.45 (d, ] = 8.8 Hz, 2H, Ar-
H)

13C NMR (100 MHz, DMSO-d6, & ppm):
158.5 (C=0O amide), 163.2 (thiazole C2), 143.8
(thiazole C4), 136.6 (Ar-Cl), 129.4 (Ar-C3, C5),
128.8 (Ar-C4), 124.5 (thiazole C5), 121.2 (Ar-C2, C6)
HRMS (ESI-TOF) m/z:
[M+H]+ calculated for C10H8CIN20S: 238.9942;
found: 238.9948

Compound 1b: N-(4-methoxyphenyl)thiazole-2-
carboxamide

Physical appearance: Off-white solid
Yield: 82%
Melting point: 142—144 °C

IR (ATR/KBr, vmax, cm™):

3315 (N-H stretch, amide), 2950 (aliphatic C-H
stretch), 1668 (C=0 stretch, amide), 1250 (C-O-C
asymmetric stretch)

IH NMR (400 MHz, DMSO-d6, & ppm):
10.70 (s, 1H, -NH-CO-), 8.08 (d, J = 3.1 Hz, 1H,
thiazole-H), 8.01 (d, J = 3.1 Hz, 1H, thiazole-H), 7.65
(d, J=8.9Hz, 2H, Ar-H), 6.95 (d, J = 8.9 Hz, 2H, Ar-
H), 3.75 (s, 3H, -OCH3)

13C NMR (100 MHz, DMSO-d6, & ppm):
158.2 (C=0 amide), 163.5 (thiazole C2), 156.8 (C—
OCH3), 143.5 (thiazole C4), 131.5 (Ar-Cl), 124.2

(thiazole C5), 122.0 (Ar-C2, C6), 114.2 (Ar-C3, C5),
55.4 (-OCH3)

HRMS (ESI-TOF) m/z:
[M+H]+ calculated for CI1H11N202S: 235.0541;
found: 235.0545

Compound 1c: N-(4-nitrophenyl)thiazole-2-

carboxamide

Physical appearance: Yellow crystalline solid
Yield: 65%
Melting point: 198-200 °C

IR (ATR/KBr, vmax, cm™):

3340 (N-H stretch, amide), 1685 (C=O stretch,
amide), 1520 (asymmetric NO2 stretch), 1345
(symmetric NO2 stretch)

IH NMR (400 MHz, DMSO-d6, & ppm):
11.20 (s, 1H,-NH-CO-), 8.25 (d, J=8.8 Hz, 2H, Ar-
H, ortho to NO2), 8.15 (d, ] =3.1 Hz, 1H, thiazole-H),
8.08 (d, J = 3.1 Hz, 1H, thiazole-H), 7.95 (d, J = 8.8
Hz, 2H, Ar—H, meta to NO2)

13C NMR (100 MHz, DMSO-d6, & ppm):
159.1 (C=0O amide), 162.8 (thiazole C2), 144.5 (Ar-
C4, C-NO2), 144.1 (thiazole C4), 143.2 (Ar-Cl),
125.4 (thiazole C5), 124.8 (Ar-C3, C5), 120.2 (Ar-C2,
C6)

HRMS (ESI-TOF) m/z:
[M—H]— calculated for C10H6N303S: 248.0130;
found: 248.0125

2.4. In vitro Urease Inhibition Assay

The in vitro urease inhibitory potential of the
synthesized heterocyclic carboxamide analogues is
quantitatively evaluated using the classic colorimetric
indophenol method, fundamentally based on the
Berthelot reaction. This method relies on the
spectrophotometric  measurement of ammonia
continuously liberated during the enzymatic
hydrolysis of wurea (Weatherburn, 1967). The
standardized assay is performed in 96-well microtiter
plates to ensure high-throughput screening and
reproducibility. Initially, the reaction mixture,
comprising a defined concentration of Jack bean
(Canavalia ensiformis) urease enzyme suspended in
an optimal phosphate buffer (pH 6.82, containing 1
mM EDTA and 0.01 M LiCl), is pre-incubated with
varying micromolar concentrations of the synthesized
test compounds at 30 °C for 15 minutes. Following
this sensitization phase, the enzymatic reaction is
initiated by the addition of the substrate, urea (e.g., 20
mM final concentration), and incubated for an
additional 30 minutes. To halt the reaction and
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quantify the generated ammonia, the Berthelot
reagents are sequentially introduced. First, a phenol-
sodium nitroprusside solution is added, serving as the
phenolic coupling agent and catalyst, followed
immediately by an alkaline sodium hypochlorite
solution (Naseer et al., 2022). The sequential chemical
reaction yields a stable, deep-blue indophenol
chromophore, the optical density of which is directly
proportional to the ammonia concentration. The
absorbance of the complex is continuously monitored
and measured at a wavelength of 625-630 nm utilizing
a microplate reader. Acetohydroxamic acid (AHA) or
thiourea is evaluated in parallel under identical
experimental conditions to serve as the standard
reference inhibitor.

The percentage of urease enzyme inhibition is

calculated using the following standard equation:
ODcontrol-0Dtest

% Inhibition = WXIOO
Eq.1
where:
. OD:control represents the optical density of the

total enzymatic activity (reaction mixture without the
inhibitor).

. ODtext represents the optical density of the
reaction mixture in the presence of the synthesized test
compound.

2.5. Enzyme Kinetics Study

To elucidate the exact mode of enzyme inhibition
(competitive, non-competitive, or uncompetitive) for
the most potent synthesized carboxamide analogues,
detailed steady-state kinetic experiments were
performed. The initial reaction velocities (V) of the
urease enzyme were measured at varying substrate
(urea) concentrations ranging from 2.0 mM to 20.0
mM, both in the absence and presence of selected
inhibitors at multiple fixed concentrations (typically 0,
¥ ICso, ICso, and 2 x ICso). All enzymatic reactions
were conducted under the optimized temperature and
pH conditions established in the primary in vitro assay.
The obtained kinetic data were analyzed using the
Lineweaver—Burk double reciprocal plot, where 1/V
was plotted against 1/[S] (Qazi et al., 2018). The
variation patterns of kinetic parameters, specifically
the Michaelis—Menten constant (Km) and maximum
velocity (Vmax), at different inhibitor concentrations
were used to determine the inhibition mechanism.
Furthermore, secondary replots of slope or intercept
versus inhibitor concentration were employed to

calculate the inhibition constant (Ki), which reflects
the binding affinity of the synthesized analogue
toward the urease enzyme.

2.6. Molecular Docking Protocol

In silico molecular docking studies were performed to
investigate the binding orientation and intermolecular
interactions of the synthesized analogues within the
active site of the target enzyme using AutoDock Vina
software (Trott & Olson, 2010). The high-resolution
X-ray crystallographic structure of Jack bean
(Canavalia ensiformis) urease was retrieved from the
RCSB Protein Data Bank (PDB ID: 3LA4). Protein
preparation involved the removal of co-crystallized
water molecules and non-essential heteroatoms,
followed by the addition of polar hydrogen atoms and
assignment of Kollman charges to stabilize the system.
The ligand structures were geometry optimized and
energy minimized using standard force fields, and
Gasteiger ~ charges  were  assigned  using
AutoDockTools. A three-dimensional grid box was
defined and centered over the bimetallic nickel active
site to include key catalytic residues and the binding
cavity. Docking simulations were performed, and the
best conformations were selected based on the lowest
binding free energy values (AG, kcal/mol) along with
appropriate positioning near the catalytic Ni** ions.
2.7. ADMET Prediction

To evaluate the pharmacokinetic behavior and drug-
likeness of the synthesized heterocyclic carboxamides,
in silico ADMET (Absorption, Distribution,
Metabolism, Excretion, and Toxicity) analysis was
carried out using the SwissADME web-based tool
(Daina, Michielin, & Zoete, 2017). The canonical
SMILES structures of the active analogues were used
as input. Key physicochemical properties such as
topological polar surface area (TPSA), lipophilicity
(Log P), and aqueous solubility were assessed. Drug-
likeness was evaluated according to Lipinski’s Rule of
Five, ensuring that molecular weight < 500 Da,
hydrogen bond donors < 5, hydrogen bond acceptors <
10, and Log P < 5. Additionally, important
pharmacokinetic parameters including gastrointestinal
(GI) absorption, blood-brain barrier (BBB)
permeability, and interaction with cytochrome P450
(CYP) enzymes were predicted to identify compounds
with favorable safety and efficacy profiles.
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3. Results and Discussion

3.1. Chemistry

The design and synthesis of the targeted series of
thiazole-2-carboxamide analogues (la—lc) were
successfully accomplished wusing a convergent
synthetic strategy, as illustrated in Figure 1. The
synthetic approach involved efficient amidation of the
thiazole core. Substituted anilines bearing either
electron-withdrawing or electron-donating groups
were reacted with an activated thiazole-2-carboxylic
acid intermediate. The reactions were carried out
under mild basic conditions to promote nucleophilic
acyl substitution, yielding the desired secondary
carboxamides in moderate to excellent yields (65—
82%).

R R=-OCH,
NH. 1a
o 2 EDCI, HOBt, DIPEA o
¥ _—
/©)L°H DMF, t, 12-18 h MeD)LOCHa
O
Reactant B HN
2
ReactantA ¢ eral Substituted 1 R=-0CH,
Thiazole-2-carboxylic Aniline)
acid
.l o

«-OCH
..ﬁg ® N-NO,
2 I R=-NO,
R

Figure 1: Synthetic route for the targeted thiazole-
2-carboxamide analogues (1a—1c).

The physical and analytical data of the synthesized
analogues are summarized in Table 1. The yields
showed a clear dependence on the electronic nature of
the substituent on the phenyl ring. The presence of an
electron-donating methoxy group (compound 1b)
increased the nucleophilicity of the amine, resulting in
the highest yield (82%). In contrast, the strongly
electron-withdrawing nitro group (compound Ic)
reduced the nucleophilicity, leading to a lower yield
(65%) and requiring longer reaction times.

Table 1: Physical and analytical data of synthesized
thiazole-2-carboxamide analogues (la—1c)

Comp | Substi | Molecul | Mole | Yi | Mel
ound | tution | ar cular | eld | ting
(R) Formul | Weig | ( Poi
a ht % | nt
(g/mo | ) | (°C)

D)

la 4-Cl CIOH8C | 238.7 | 78 | 165
IN20S 0 -

167

1b 4- CI11HI1 | 2352 |82 | 142
OCH3 | N202S | 6 -

144

le 4-NO2 | C10H6N | 248.2 | 65 | 198
3038 2 -

200

The structural integrity of all synthesized compounds
was confirmed using FT-IR, 1H NMR, techniques. In
the FT-IR spectra, the successful formation of the
amide bond was indicated by the disappearance of
primary amine stretching bands and the appearance of
a characteristic secondary amide N—H stretching band
in the region of 3315-3340 cm™'. Additionally, strong
carbonyl (C=0) stretching vibrations were
consistently observed between 1668 and 1685 cm™.
The 'H NMR spectra provided clear confirmation of
the structures. The amide proton (—~CO-NH-)
appeared as a broad singlet in the downfield region
between 6 10.70 and 11.20 ppm. This chemical shift
was influenced by the electronic nature of the para-
substituent on the phenyl ring. For example, the
electron-withdrawing nitro group in compound lc
caused greater deshielding (6 11.20 ppm) compared to
the methoxy-substituted compound 1b (& 10.70 ppm).
The thiazole ring protons appeared as two distinct
doublets (J = 3.1 Hz) in the region of 6 8.01-8.15 ppm,
which is consistent with the expected coupling pattern.

2 0

13 4
Chemical shift (5, ppm)

Figure 2: 'H NMR spectrum (400 MHz, DMSO-ds)
of compound 1b, confirming its structural
integrity. The spectrum exhibits a characteristic
secondary amide proton signal at 6 10.70 ppm and
methoxy proton signals at é 3.75 ppm.
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Figure 3: The FT-IR spectrum (KBr pellet) of the
synthesized highly potent urease inhibitor, N-(4-
methoxyphenyl)thiazole-2-carboxamide
(compound 1b). The spectrum confirms the
structural features, displaying a characteristic
secondary amide N—H stretching band at 3318 cm™
and a strong amide carbonyl (C=0) stretching
vibration at 1668 cm™.

3.2. In vitro Urease Inhibitory Activity

The synthesized thiazole-2-carboxamide analogues
(la-1c) were evaluated for their in vitro urease
inhibitory potential using the standard colorimetric
indophenol method with Jack bean urease. Thiourea
was used as the standard reference inhibitor. The
results are expressed as half-maximal inhibitory
concentrations (ICso) in micromolar (uM) units,
representing the mean of three independent
experimental replicates (+ standard deviation), as
summarized in Table 2. The biological evaluation
revealed that all synthesized analogues exhibited
varying degrees of enzyme inhibition, with ICso values
ranging from 1245 uM to 35.60 pM. Notably,
compound 1b demonstrated excellent inhibitory
potency (ICse = 1245 + 0.12 pM), which is
significantly superior to the standard drug thiourea
(ICso = 2125 £ 0.15 uM). Compound la also
displayed potent activity comparable to the standard,
whereas compound 1c¢ showed a marked reduction in
inhibitory effectiveness.

Table 2: In vitro urease inhibitory activity (ICso
values) of synthesized compounds and standard

Compoun | Substitutio | Electroni | Urease
d n (R) ¢ Nature | Inhibitio
n ICso
(uM)?
la 4-Cl Weak 18.30 +
EWG /| 0.18
Lipophili
c
1b 4-OCHs Strong 1245 +
EDG 0.12

lc 4-NO2 Strong 35,60 +
EWG 0.45

Thiourea - Standard | 21.25 =+
0.15

@ Values are expressed as mean = SEM of three

independent experiments.
45

I
S

35.6

&
i

w
o

N
G

21.25
18.3

N}
5}

—
a

12.45

In vitro Urease Inhibition IC5, (uM)
=
o

v

o

1b

la 1c Thiourea
(4-Cl) (4-OCHs) (4-NO;) (Standard)
Synthesized Analogues & Standard

Figure 4: In vitro urease inhibitory activity (ICso) of
the synthesized thiazole-2-carboxamide analogues
(1a—1c¢) in comparison with the standard inhibitor,
thiourea. Among the tested compounds, 1b
exhibited pronounced sub-micromolar potency,
surpassing the inhibitory effect of the reference
drug. All values are presented as mean = SEM of
three independent experiments.

3.3. Structure—Activity Relationship (SAR)

A detailed analysis of the biological data provides
clear insight into the structure—activity relationship
(SAR) of this series. The core pharmacophore, the
thiazole-2-carboxamide backbone, acts as a structural
mimic of the natural substrate (urea), enabling
coordination of the carbonyl oxygen and amide
nitrogen with the bimetallic nickel (Ni**) center in the
urease active site. However, inhibitory potency is
strongly influenced by the electronic nature of the
substituents at the para-position of the N-phenyl ring.
Effect of Electron-Donating Groups (EDG):

The presence of a strong electron-donating methoxy
group (-OCH3) in compound 1b resulted in the highest
inhibitory activity (ICso = 12.45 pM). The +R
(resonance donating) effect enhances electron density
over the aromatic system and the amide linkage,
increasing the Lewis basicity of the carboxamide
group. This enhances coordination with the
electrophilic Ni** ions in the enzyme active site.
Effect of Electron-Withdrawing Groups (EWG):
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In contrast, the strong electron-withdrawing nitro
group (-NO:) in compound lc significantly reduced
activity (ICso = 35.60 uM). The —I and —R effects
reduce electron density on the carboxamide group,
weakening its ability to coordinate with the metal
center.

Effect of Halogens:

Compound la (4-Cl) showed intermediate activity
(ICso = 18.30 uM). The chloro substituent exhibits a
mild —I effect but contributes beneficial lipophilicity,
improving hydrophobic interactions within the
enzyme active site.

3.4. Enzyme Kinetics

To determine the mechanism of urease inhibition,
steady-state kinetic studies were performed using the
most active compound, 1b. The initial reaction
velocity (V) was measured at varying substrate
concentrations (2.0-20.0 mM urea) in the absence and
presence of compound 1b at concentrations of 6.2 uM,
12.4 uM, and 24.8 uM. The data were analyzed using
a Lineweaver—Burk double reciprocal plot (1/V vs.
1/[S]). The results showed a characteristic pattern of
competitive inhibition. As inhibitor concentration
increased, the Michaelis—Menten constant (Km)
increased, indicating reduced substrate affinity, while
the maximum velocity (Vmax) remained constant, as
all lines intersected at the same point on the y-axis
(1/Vmax). This confirms that compound 1b competes
with urea for binding at the active site of urease. A
secondary plot of slope (Km/Vmax) versus inhibitor
concentration produced a straight line, from which the
inhibition constant (Ki) was calculated as 8.12 + 0.05
uM, indicating strong binding affinity.

A
0.175 4 —— Control (0 uM)
—_— 6.2 uM
0.150 — 124uM
T 0.1251 el .
£
= 0.100
°
£ 0.075
2
> 0.050
Z
™ 0.025 1
0.000 ?

0.18
0.16
0 014
o
3012
0.10
0.08

0.06

0.0 6.2 124 2.8
[Inhibitor] (pM)

Figure 5: Kinetic analysis of urease inhibition by
the most potent synthesized analogue, compound
1b. (A) Lineweaver—Burk double-reciprocal plots
illustrating the initial reaction velocity (V) at
varying substrate (urea) concentrations in the
presence of compound 1b (0, 6.2, 12.4, and 24.8
pM). The convergence of all lines at the y-axis
indicates a competitive mode of inhibition. (B)
Secondary plot of the slopes obtained from the
Lineweaver-Burk  plots versus inhibitor
concentration, employed to determine the
inhibition constant (K;).

3.5. Molecular Docking Studies

To gain detailed structural insights into binding modes
and to rationalize the observed in vitro structure—
activity relationships, molecular docking simulations
were performed within the active site of Jack bean
urease (PDB ID: 3LA4). The active site of urease
consists of a bimetallic nickel center (Ni301 and
Ni302) bridged by a carbamylated lysine residue
(KCX490), and is surrounded by key histidine
residues (His407, His409, His492, His519) along with
a mobile flap containing important amino acids such
as Arg339, Alal67, and Met364. The docking scores
(binding free energy, AG in kcal/mol) and interaction
profiles are summarized in Table 3. The computational
results showed strong agreement with the in vitro data.
Compound 1b, which exhibited the highest biological
activity (ICso = 12.45 uM), also showed the most
favorable docking score of —8.4 kcal/mol. Detailed
analysis of the binding pose of compound 1b revealed
a classical competitive binding pattern. The thiazole-
2-carboxamide core penetrates deeply into the
catalytic pocket. The carbonyl oxygen of the amide
group coordinates with Ni301 at a distance of 2.12 A,
while the nitrogen atom of the thiazole ring interacts
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with Ni302 at a distance of 2.35 A, forming a stable
bidentate interaction. Additionally, the amide -NH—
group forms a hydrogen bond with His407. The 4-
methoxy phenyl ring is oriented toward the
hydrophobic pocket and participates in n—alkyl and n—
7 interactions with Alal67, Met364, and His519,
contributing to enhanced binding stability. In contrast,
compound lc showed a weaker docking score (—6.2
kcal/mol). The presence of the strongly electron-
withdrawing nitro group reduces electron density on
the carboxamide moiety, increasing the metal
coordination distance (Ni301 distance = 2.58 A),
which explains its lower inhibitory activity.

Figure 6: 2D and 3D binding poses of the most
potent compound and the standard inhibitor in the
urease active site.

Table 3: Docking scores and key interactions of
synthesized compounds in urease active site (PDB
ID: 3LA4)

Compo | Docki | Metal Key Hydrop
und ng Coordin | Hydro | hobic
Score | ation (A) | gen Interacti
(AG, Bonds | ons
keal/
mol)
la -7.6 Ni301--- | His40 | Alalé67,
0=C 7 Met364
(2.25)
1b -84 Ni301--- | His40 | Alal67,
0=C 7, Met364,
(2.12), Arg33 | His519
9

Ni302:--
N (2.35)
le —6.2 Ni301--- | His40 | Ala363
0=C 9
(2.58)
Thiour | —5.5 Ni301, His40 | —
ea Ni302--- | 7,
S=C KCX4
(2.10) 90
3.6. In Silico ADMET and Physicochemical

Profiling

For a compound to progress as a viable therapeutic
candidate, it must exhibit favorable pharmacokinetic
and safety characteristics. Therefore, in silico ADMET
(Absorption, Distribution, Metabolism, Excretion, and
Toxicity) profiling was performed using the
SwissADME tool. Drug-likeness was evaluated
according to Lipinski’s Rule of Five, which states that
orally active compounds should ideally have
molecular weight < 500 g/mol, Log P < 5, hydrogen
bond acceptors < 10, and hydrogen bond donors < 5.
As shown in Table 4, all synthesized compounds (la—
lc) complied fully with Lipinski’s criteria, indicating
good oral bioavailability. The molecular weights
ranged from 235.26 to 248.22 g/mol, and Log P values
ranged between 1.85 and 2.35, indicating balanced
lipophilicity suitable for both solubility and membrane
permeability. Topological Polar Surface Area (TPSA)
values were also within acceptable limits. Compound
1b exhibited a TPSA of 76.66 A2, which is below the
140 A threshold, suggesting high gastrointestinal
absorption. Additionally, since TPSA is below 90 A2,
it is predicted to cross the blood-brain barrier (BBB).
In contrast, compound 1¢ showed a higher TPSA value
(113.25 A?), which may limit its BBB permeability.
Overall, compound 1b demonstrated the most
favorable combination of biological activity and
pharmacokinetic properties, making it a promising
lead candidate.
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Figure 7: The BOILED-Egg predictive model for
the synthesized thiazole-2-carboxamide analogues
(la-1¢), evaluating human gastrointestinal
absorption (HIA) and blood-brain barrier (BBB)

permeation.
Table 4: Predicted ADMET properties and Lipinski
compliance
Co M |L|T |H|H|GI |BBB|Lip
mp |W o |P [B|B | Abs | Per |ins
oun | (g/ |g|S |A |D|orp | mea | ki
d m |P| A tion | bilit | Vio
ol) ( y lati
A ons
’)
la 23 (2 |67 (3 |1 |Hig | Yes |0
& |. | 4 h
70 |3 13
5
1b 23 12|76 |4 |1 |Hig | Yes |0
5.01. 1.6 h
26 ([0 |6
5
lc 24 |1 (11 |6 |1 | Hig | No 0
& |. |3 h
22 |8 |25
5

4. Conclusion

In the present study, a novel series of thiazole-2-
carboxamide analogues (la—1c) was successfully
designed, synthesized, and characterized as potential
urease inhibitors. Structural validation of the
synthesized compounds was comprehensively
achieved through FT-IR, NMR ('H). Among the
evaluated analogues, compound 1b, bearing a 4-
methoxy substituent, emerged as the most promising
lead, exhibiting significant inhibitory potency (ICso =

12.45 pM) compared to the standard drug thiourea
(ICso = 21.25 uM). Enzyme kinetic investigations
using Lineweaver—Burk analysis confirmed that
compound 1b operates via a competitive inhibition
mechanism, effectively interacting with the active site
of urease, with an inhibition constant (K;) of 8.12 uM.
Molecular docking studies further supported these
findings by revealing stable bidentate coordination
between the ligand and the bimetallic nickel center
within the enzyme’s active site. Additionally, in silico
ADMET profiling indicated favorable drug-like
characteristics, including high gastrointestinal
absorption and acceptable pharmacokinetic properties.
So, these results highlight the thiazole-2-carboxamide
scaffold as a promising structural framework for the
development of effective urease inhibitors. Future
studies will focus on in vivo validation and further
structural optimization to enhance potency, selectivity,
and therapeutic applicability.
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