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molecular interactions between
urease subunit gamma from MRSA and drugs: an
integrative approach by STD-NMR and molecular
docking studies†
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Humaira Zafar, *a Kaifeng Hu d and Atia-tul Wahab *a

Staphylococcus aureus, an important human pathogen, is developing resistance against a wide range of

antibiotics. The antibiotic resistance in S. aureus has created the need to identify new drug targets, and

to develop new drugs candidates. In the current study, urease subunit gamma from Methicillin Resistant

Staphylococcus aureus (MRSA 252) was studied as a potential drug target, through protein–ligand

interactions. Urease is the main virulence factor of MRSA, it catalyzes the conversion of urea into

ammonia that is required for the survival of bacteria during acid stress. Its subunits and accessory

proteins can serve as targets for drug discovery and development. Present study describes the cloning,

expression, and purification of urease subunit gamma from MRSA 252. This was followed by screening of

100 US-FDA approved drugs against this protein using STD-NMR spectroscopy and among them, 15

drugs showed significant STD effects. In silico studies predicted that these drugs interacted mainly via

non-covalent interactions, such as hydrogen bond, aromatic hydrogen bonding, p–p stacking, p–cation

interactions, salt bridges, and halogen bonding. The thermal stability of UreA in the presence of these

interacting drugs was evaluated using differential scanning fluorimetry (DSF), which revealed a significant

effect on the Tm of UreA. Additionally, the inhibitory effects of these drugs on urease activity were

assessed using a urease inhibition assay with Jack bean urease. The results showed that these drugs

possess enzyme inhibitory activity, potentially impacting the survival of S. aureus. These hits need further

biochemical and mechanistic studies to validate their therapeutic potential against the MRSA infections.
Introduction

Staphylococcus aureus, a clinically important pathogen, has
acquired resistance to a wide range of antibiotics. To overcome
this resistance, there is an urgent need to identify new drug
targets, and thereby development of more effective drugs.1,2

S. aureus has acquired antibiotic resistance through various
mechanisms, such as drug target modication, efflux pumps
activation, limiting the drug uptake, target overproduction, and
drug inactivation.3 Therefore, identication of bacterial proteins,
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essential for the survival and pathogenesis of the bacteria, may
serve as the drug targets for the discovery of new antibiotics.4

Urease is one of the main contributing factors in the path-
ogenesis of S. aureus strains.5–7 As in 90% strains of MRSA,
urease enzyme is essential to provide alkaline environment
against acid stress, and thereby facilitates S. aureus to maintain
homeostasis.7,8 S. aureus encodes ureABCEFGD gene cluster for
urease enzyme, where, ureA, ureB, and ureC genes encodes to g,
b, and a subunits, respectively, that form the apoenzyme.5

While ureEFGD genes encodes urease accessory proteins that
form the urease pre-activation complex. This complex is
essential for the urease enzyme activity,9 as it provides nickel to
the active site of the enzyme to perform its activity.10 Urease
catalyzes the hydrolysis of urea into ammonia and carbonic
acid.11,12 Ammonia serves as nitrogenous source for bacterial
growth during acid stress,13 and is further protonated into
ammonium hydroxide ions, and increases the pH of the envi-
ronment, which can cause damage to host tissues as well.14

In the current study, urease subunit g from MRSA 252 was
investigated as a potential drug target through protein–ligand
interactions. Urease subunit g is a part of the bacterial urease
RSC Adv., 2024, 14, 30859–30872 | 30859
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apoenzyme.15 The apoenzyme further requires accessory
proteins assembly to be functional, and to perform its catalytic
activity.9,15 We hypothesized that drugs interaction with urease
subunit gmay inhibit the recruitment of the accessory proteins,
thus limiting the urease enzyme activity.

Saturation transfer difference (STD)-NMR is a powerful
analytical technique to identify the protein–ligand interactions.16

Quantitative analysis of STD spectra can also map the binding
epitopes of the ligands for their interactions with the protein.17,18

In this study, 100 US-FDA approved drugs (ligands) were analyzed
against the urease subunit gamma by using STD-NMR spectros-
copy. The drugs showing interaction with protein on STD-NMR
experiments were further studied by molecular docking studies.
The molecular docking predicts the interactions of these drugs
with the protein. The combination of STD-NMR and molecular
docking provides comprehensive valuable insights for the iden-
tication of the potential drug candidates against the urease
subunit gamma. Moreover, these protein–ligand interactions can
help to inhibit the urease enzyme activity, and negatively regulate
theMRSA growth during acid stress. Furthermore, there is a need
to study the potential of these interacting drugs as new leads for
the treatment of MRSA infections.
Methodology
Cloning of urease subunit g into the pET-25b vector

Genomic DNA of MRSA 252 was isolated using MagPrep®
Bacterial Genomic DNA Kit (Cat # 71256), and urease subunit g
gene FASTA sequence was retrieved from the National Center
for Biotechnology Information (NCBI). Using Oligo perfect
designing tools, and Integrated DNA technology, urease subunit
g gene was amplied by PCR (Tables S1 and S2†) using the
forward primer (5ʹCCGCATATGTTGCATTTCACAACGAGAGC-
3ʹ), and reverse primer (5ʹGCGAAGCTTTTAAACA-
TAGGGTGATTACTGTGA-3ʹ) with the restriction sites, NdeI, and
HindIII, for the purpose to clone the gene into pET25-b vector.
Agarose gel electrophoresis was performed by using Fermentas,
GenRuler DNA ladder, and Fermatas 6× sample loading dye.
Using DNA Gel Extraction Kit, DNA was extracted and its
concentration was measured by NanoDrop 2000 spectropho-
tometer (Thermo Fisher, USA). GenElute™ Plasmid Miniprep
Kit was used to isolate the commercially available blank pET25b
vector. Restriction sites were produced using NEB HindIII, and
NEB NdeI enzymes in the pET25b vector and the amplied PCR
products (gene), with incubation of 2 h at 37 °C, followed by
20 min heat deactivation at 80 °C (Table S3†). Qiagen Mini Elute
Reaction Cleanup Kit was used to purify the gene product and
the digested vector. T4 DNA ligase was used to ligate the urease
subunit g gene into the pET25b vector at 24 °C for 1.5 h using
Invitrogen kit protocol (Cat. No. 15224-017) (Table S4†), and
stored at −20 °C prior to transform in E. coli DH5a.
Transformation of urease subunit g: pET25b clone in E. coli
DH5a, and E. coli BL21 (DE3) cells

Aer ligation of gene into the cloning vector, the plasmid was
transformed into the E. coli DH5a, and E. coli BL21(DE3) cells
30860 | RSC Adv., 2024, 14, 30859–30872
according to the given CaCl2 heat shock transformation guide-
lines. Transformed culture was then plated on ampicillin (100
mg mL−1) (Biobasic Inc., Canada) supplemented L.B. agar
plates, and incubated overnight at 37 °C. The positive colonies
were picked and sequenced, allowed to grow in L.B. media and
glycerol stocks were made. Further, colony PCR (Tables S5 and
S6†) and DNA sequencing by Sanger's method (Macrogen Inc.,
Korea) was performed for the conrmation of positive clones.

Expression of urease subunit g

E. coli BL21(DE3) cells transformed positive clones were grown
in L.B. media for the expression of urease subunit g. Aer
induction with 1 mM isopropyl-b-D-thiogalactopyranoside
(IPTG) at O.D.600 ∼ 0.6, it was incubated for another 18–20 h at
18 °C and 180 rpm before harvesting by centrifugation at
8000 rpm for 15 min at 4 °C, and the harvested cells was stored
at −80 °C until next use.

Purication of urease subunit g protein

Cell lysis was performed by ultra-sonication using buffer of pH
6.6 (20.0 mM Bis-Tris, 20.0 mM NaCl, and 1.0 mM PMSF). The
buffer was selected based on protein's pI value i.e. 5.68, and the
lysate was then centrifuged for 40 min at 14 600 × g, 4 °C. The
supernatant was loaded on the equilibrated anion exchange
column (Hi-Trap Q column, GE Healthcare, U.K.), and the
protein was eluted with the linear gradient using 1.0 M NaCl.

The eluted fractions were analyzed by SDS-PAGE and further
concentrated till 5 mL. Then the sample was loaded onto 75 pg
Hi-load 26/600 Superdex column (GE Healthcare, U.K.) and
further puried using pH 6.5 buffer (20 mM sodium phosphate,
20 mM NaCl). The eluted protein fractions were concentrated,
and quantied by using NanoDrop (Thermo Fisher Scientic,
USA).

Compound library and screening procedure

For mixture analysis, a total of 100 compounds (US-FDA
approved drugs) from the in-house library of the PCMD Molec-
ular Bank were screened by grouping them into 20 mixtures
(Table S7†). Mixtures were prepared by combining 5mM of each
compound dissolved in deuterated buffer (20 mM sodium
phosphate, 20mMNaCl, pH 6.5). Themixtures were screened at
1 mM while 50 mM of urease subunit g was used. By employing
STD-NMR experiments, mixtures were screened for potential
binders against urease subunit g from MRSA 252. This strategy
efficiently reduced the experimental time to screen the library of
compounds. Further, the compounds interacting in mixture
were analyzed individually by STD-NMR experiments.

STD-NMR studies

The STD-NMR experiments were recorded on Bruker Avance
NEO 600 MHz spectrometer (Switzerland), equipped with
a cryogenically cooled probe and an automated SampleCase™.
Topspin 4.5 NMR was used to process spectra. stdiffesgp.3 Pulse
program from Bruker library was used to perform the STD-NMR
experiments by employing excitation sculpting for water
© 2024 The Author(s). Published by the Royal Society of Chemistry
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suppression.19 512 Scans for mixtures and 2048 scan for indi-
vidual interacting compounds were recorded to analyze the STD
effect. All the experiments were recorded at 298 K by giving the
selective saturation (on-resonance) at 45.062 Hz for 5 s with an
interpulse delay of 10 s and the off-resonance was set at
−20,000 Hz. For STD-NMR screening, rst the experiments were
recorded in the absence of protein (control), and then in the
presence of protein. By subtracting the on-resonance spectra
from the off-resonance spectra, difference spectrum was ob-
tained. Amplication factor for the ligand protons, which
showed the interaction with protein, was calculated by using the
formula:

STD amplification factor ¼
�
Io � Isat

Io

�
� ligand excess

where, Io and Isat are signal intensities of protons in the off- and
on-resonance STD-NMR spectrum, respectively.
Homology modeling

Since, the single-crystal X-ray structure of urease subunit
gamma was not found in the protein data bank (PDB), template
based homology modeling was performed using the online
available soware Swiss-Model.20
Molecular docking studies

Molecular docking was performed using Maestro Schrödinger
(2023-2) Glide module 6.9 for predicting the protein ligand
interactions at the atomic level. The homology model was built
using the crystal structure of urease subunit gamma (PDB ID:
4FUR). The protein preparation wizard was used to prepare and
minimize the protein. OPLS4e force eld assigned the missing
protons and partial charges and PROPKA predicts the protein
pKa. Using the prime module, the missing loops and zero order
bonds were assigned. The LigPrep tool was used to prepare the
ligands by assigning relevant protonation states, and altering
their torsions. Ligands ionization and tautomeric states were
generated by using Epik prime tool. The results were analyzed by
using the Glide_XP module for the best docked pose.
Binding energy estimation by MM-GBSA analysis

MM-GBSA (Molecular mechanics-generalized Born surface area)
is commonly used to estimate the ligand binding affinity. In
order to predict the binding affinity of the ligands, prime MM-
GBSA tool in Schrödinger (2023-2) was used. This tool re rank
the Glide XP module docked conformations, and estimates the
relative binding energy of the ligands. The more negative
binding energy (kcal mol−1) reects stronger binding affinity of
ligand.
MD simulation studies

MD simulation studies were performed by using the Desmond
molecular dynamics within the Schrödinger package for
a comprehensive investigation of stability of ligand–protein
complexes. Initially, the selected complexes were assigned to an
SPC (simple point charge) water box, extending 10 Å beyond the
© 2024 The Author(s). Published by the Royal Society of Chemistry
complex's atoms. To neutralize charges, counter ions (33 Na+

and 29 Cl−) were added, and the salt concentration was set to
0.15 M sodium, and chloride ions to approximate physiological
conditions. The MD simulation in the NPT ensemble was con-
ducted at a temperature of 300 K and 1.63 bar pressure over 100
ns. The OPLS-3e force eld was employed, and plots and gures
were generated using the Desmond simulation interaction
diagram tool of Maestro.21
Thermal shi assay (TSA)

Thermal shi assay was performed to analyze the effect of the
drugs on the melting temperature of UreA. All the samples were
prepared in 20 mM sodium phosphate buffer with 20 mM NaCl
and pH 6.5. Each sample contained UreA (20 mM), ligand (drug)
(2 mM), and Sypro®Orange dye 2 mL (1 : 1000; Invitrogen Life
Technology, USA). Samples were prepared, and heated from 20 °
C to 95 °C at rate of 0.3 °C min−1 using Bio-Rad Real-time PCR
machine (Bio-Rad Laboratories, USA). During the temperature
increment, HEX channel was used to measure the sypro-orange
uorescence intensity as a function of temperature. By
comparing the melting temperature (Tm) at which half of the
protein population is unfolded, differences in the thermal
stability of protein were determined in the absence (control)
and presence of drug molecule. Furthermore, the dissociation
constant of nicotinamide was determined by observing the
change in protein melting temperature at different concentra-
tions. The concentrations used for the determination of Kd were
0.01 mM to 100 mM (0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 0.7, 1, 2, 5, 7,
10, 20, 50, 70, and 100 mM) with 20 mM UreA.
Urease inhibition assay

Urease inhibition assay was performed to analyze the enzyme
inhibitory activity of the drug molecules that has shown inter-
actions in STD-NMR studies. Jack bean (Canavalia ensiformis)
urease was used in this study, because urease subunit
gamma (MRSA 252) was not enough to evaluate the urease
inhibitory activity. As it is one of the subunit of urease enzyme,
the catalytic activity requires the whole enzyme. Jack bean
urease is a fully functional enzyme with 49% sequence simi-
larity with the urease subunit gamma (Table S7†).

Jack bean urease (2.92 mg) was dissolved in 2.5 mL of
sodium phosphate buffer (20 mM, pH 6.8). Urease enzyme (25
mL) was incubated with 5 mL of the drug (0.5 mM), and incu-
bated for 15min at 30 °C. Further, 55 mL of substrate urea (0.1 M
urea in phosphate buffer) was added, and incubated for 15 min
at 30 °C. Aer 15 min incubation, 45 mL phenol reagent (1% w/v
phenol, 0.005% w/v sodium nitroprusside), and 70 mL of alkali
reagent were added (0.5% w/v sodium hydroxide, and 0.1%
sodium hypochlorite) in the reaction mixture. All the reactions
were performed in triplicates, and the absorbance of the reac-
tion mixtures, measured at 630 nm, was used to calculate the %
inhibition of the drug molecules:

% Inhibition ¼
�
O:D:Control �O:D:Test compound

O:D:Control

�
� 100
RSC Adv., 2024, 14, 30859–30872 | 30861
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Table 1 List of drugs interacting with urease subunit gamma in STD-NMR

Compound Drug name Structure

1 Nicotinamide

2 Drotaverine HCl

3 Clidinium bromide

4 Sulfanilamide

5 Nicorandil

6 Hydroxychloroquine sulphate

7 Glucosamine HCl

8 Ephedrine

30862 | RSC Adv., 2024, 14, 30859–30872 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Compound Drug name Structure

9 Penicillin G sodium

10 Tramadol hydrochloride

11 Nicotinic acid

12 Salbutamol sulfate

13 Bupropion hydrochloride

14 Tenofovir disoproxil

15 Rasagiline mesylate
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Results and discussion

Urease subunit g gene of methicillin-resistant Staphylococcus
aureus was cloned in pET25-b vector, and expressed by using
recombinant DNA technology22 using the T7-based expression
system of E. coli BL21(DE3) cells. The expressed protein was
puried by anion exchange and gel ltration chromatography. A
total of 100 drugs (grouped into 20 mixtures) were screened
against urease subunit g using STD-NMR experiments. Fieen
© 2024 The Author(s). Published by the Royal Society of Chemistry
drugs from 11 mixtures have shown interactions with urease
subunit g, and these were further validated individually by STD-
NMR experiments, showing that they have the ability to interact
with urease subunit g. Further, molecular docking and
MMGBSA analysis was performed to analyze the interactions
between urease subunit g and drug molecule in their physi-
ochemical state, and to predict the binding affinity of drugs,
respectively.
RSC Adv., 2024, 14, 30859–30872 | 30863

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01732c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

10
:1

5:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Cloning, expression and purication

The urease subunit g gene was successfully cloned in pET25b
vector (Fig. S1†), and transformed in the E. coli BL21(DE3)
expression cells (Fig. S2†). The expression of the urease subunit
gamma was found to be high, and on SDS-PAGE gel as it appears
in the soluble lane at the estimated molecular weight of 11.2
kDa (Fig. S3†). Initially, the expressed protein was puried using
anion exchange chromatography (Hi-Trap Q column) (Fig. S4†).
Following, size exclusion chromatography on 75 pg 26/600
Superdex column, the protein was eluted at 162 mL, and
appeared to be trimeric in nature (Fig. S5†). The yield of the
puried urease subunit gamma was 24 mg mL−1 in 1 L of
culture.

STD-NMR studies

Conventional drug development is a long and costly process
that takes 10–12 years, and two billion dollars investment for
a drug to be approved by drug regulatory authorities. Drug
repurposing is a smart approach that identify the new thera-
peutic uses of an old drug. This approach has many advantages
over conventional drug discovery, including time, and cost
efficiency. Hence, in the current study US FDA-approved drugs,
available in the Drugs Bank of Dr Panjwani Center of Molecular
Medicine and Drug Research (PCMD), were used to analyze
their binding affinities with the puried urease gamma subunit
of MRSA.

Various biophysical techniques are used to study the
protein–ligand interactions, such as Circular Dichroism (CD),
Isothermal Titration Calorimetry (ITC), and Surface Plasmon
Resonance (SPR) and many others. Saturation Transfer
Difference-Nuclear Magnetic Resonance (STD-NMR) is a robust
approach to identify the ligands with moderate to weak affinity.
The technique is ligand based, and work on the principle of
nuclear Overhauser effect (NOE). The protein is selectively
Fig. 1 STD-NMR spectra of drug nicotinamide (1): (A) reference spectrum
of urease subunit gamma, indicating the interacting protons of drug
representation of percent saturation of drug proton receiving from prot

30864 | RSC Adv., 2024, 14, 30859–30872
saturated and the magnetization is transferred via spin diffu-
sion to the whole protein, and also to the bound ligand. As soon
as ligand is dissociated, the magnetization is detected in the
solvent (buffer system).

The drugs were screened by using STD-NMR technique in the
form of mixtures, and the ligands that showed binding with
protein were further analyzed individually to map the ligand
proximity to the protein i.e. group epitope mapping (GEM).
Protons of the ligand which receive the highest degree of satu-
ration indicate their close proximity to the protein. For GEM
analysis, the proton receiving the highest STD integral value was
set to be 100%, while the other protons' STD integrals were
normalized against themost intense signal.23 From 20mixtures,
drugs from mixtures 1–2, 6–9, 11–13, 15, and 20 showed their
interactions with protein, identied as the potential binders,
and further evaluated individually. Finally, 15 drugs (Table 1)
showed interactions with the receptor protein (urease subunit
g).

Compound 1 (nicotinamide), an active soluble form of
vitamin B3, possess antioxidant and neuroprotective properties,
and used for the treatment of vitamin B3 deciency (pellagra),
acne, non-melanoma skin cancer, skin aging, skin discolor-
ation, and other pathological conditions.24 In this compound,
H-2 of the aromatic ring received the maximum 100% satura-
tion from the protein, while H-6 and H-5 received the 66 and
45% relative saturation, respectively (Fig. 1). The GEM analysis
revealed that the H-2 lie in the closer proximity of protein.

Compound 2 (drotaverine hydrochloride) is an anti-
spasmodic drug used to relieve smooth muscles' spasmodic
pain.25 Its GEM analysis indicated that CH2-18 received the
highest saturation from the protein. While the rest of the
protons were assigned relative saturation. CH2-20, CH2-22 and
CH2-24 received 71.6% saturation from the protein. Further, the
aromatic H-8, H-5, CH2-13/CH2-16 and CH2-17 received 79.8,
of the drug. (B) STD difference spectrum of nicotinamide in presence
(protons interacting with protein are marked with ‘*’). (C) Graphical
ein.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 STD-NMR spectra of drug drotaverine HCl (2): (A) reference spectrum of the drug. (B) STD difference spectrum of drotaverine HCl in the
presence of urease subunit gamma, indicating the interacting protons of drug (protons interacting with protein are marked with ‘*’). (C) Graphical
representation of percent saturation of drug protons receiving from protein.
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83.3, 56.3 and 40.2% saturation from the protein, respectively
(Fig. 2). CH2-3 and CH2-4 received 21.3 and 15.4% relative
saturation, respectively, from the protein. The methyl's, CH3-19,
CH3-21/CH3-23 and CH3-25 received 44.3, 43, and 31% satura-
tion, respectively. This GEM analysis revealed that CH2-18 is
closer to the protein proximity attaining the highest saturation
from the protein.

Compound 3 (clidinium bromide), an anticholinergic drug,
used as an antispasmodic agent to relieve abdominal cramps by
inhibiting acetylcholine muscarinic action.26 GEM analysis
indicated that the protons of the aromatic rings (H-4/H-5/H-6/
Fig. 3 STD NMR spectra of drug clidinium bromide (3): (A) reference spe
presence of urease subunit gamma, indicating the interacting protons o

© 2024 The Author(s). Published by the Royal Society of Chemistry
H-7/H-8 and H-10/H-11/H-12/H-13/H-14) received the
maximum saturation, and were in closer proximity to the
protein (Fig. 3).

Compound 4 (sulfanilamide), a precursor of sulfonamide
drugs, is a synthetic antimicrobial agent used for inhibiting
folic acid synthesis in bacteria to prevent their growth and
multiplication.27 As compound 4 is a small molecule with single
heterocyclic ring, all the aromatic protons showed interactions
with protein in STD difference spectrum. The GEM analysis
indicated that H-3 and H-5 received 100% saturation indicating
ctrum of the drug. (B) STD difference spectrum of clidinium bromide in
f drug (protons interacting with protein are marked with ‘*’).
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Fig. 4 STD NMR spectra of drug sulfanilamide (4): (A) reference spectrum of the drug. (B) STD difference spectrum of sulfanilamide in presence
of urease subunit gamma, indicating the interacting protons of drug (protons interacting with protein are marked with ‘*’). (C) Graphical
representation of percent saturation of drug protons receiving from protein.
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their closer proximity with the protein (Fig. 4). While H-2 and H-
6 received 92% relative saturation from protein.

Compound 5 (nicorandil) is a vasodilator drug used for the
treatment of angina. It works by relaxing the vascular smooth
muscles to control high blood pressures.28 In this compound,
the GEM analysis indicated that the aromatic ring H-2 received
100% saturation from the protein (Fig. S7†). In comparison, H-6
and H-5 received 63.5 and 31.3% saturation, respectively. The
results indicated that the H-2 is in closer proximity of the
protein.

Compound 6 (hydroxychloroquine sulphate) is an antirheu-
matic drug used for the treatment of malaria, autoimmune, and
viral diseases.29 It also possesses antibacterial activity, and act
by alkalizing the bacterial intracellular organelles thereby
decreasing the bacterial survival and multiplication rate.30

Through GEM analysis, it was found that the H-8 of the
aromatic ring received 100% saturation from the protein
(Fig. S8†). Whereas, H-6, H-2, and H-5 received 49, 42 and 34.3%
relative saturation from the protein, respectively. Thus the
analysis indicated the close proximity of H-8 with the protein.

Compound 7 (glucosamine HCl) is an anti-inammatory
drug used for the treatment of rheumatoid arthritis and oste-
oporosis.31 This antirheumatic drug has also been reported for
antibacterial activity against the S. aureus.32 The GEM analysis
revealed that the H-2 received 100% saturation from the protein
(Fig. S9†). Whereas, the H-7 and H-70 received 67 and 54%
relative saturation from protein, respectively. The STD spectrum
indicated that the H-2 is in the closest proximity of the protein.
30866 | RSC Adv., 2024, 14, 30859–30872
Compound 8 (ephedrine) is an adrenergic agonist drug, used
for the treatment of hypotension, asthma, and nasal decon-
gestants.33 It also has a signicant antimicrobial effect on S.
aureus growth.34 The GEM analysis of this compound revealed
that H-3, H-4, and H-5 received highest saturation, and were in
closer proximity of the protein (Fig. S10†). The aliphatic H-9
received 37%, and the aromatic ring H-2 and H-6 received
about 30% relative saturation from the protein.

Compound 9 (penicillin G sodium) is an antimicrobial agent
used to inhibit the bacterial cell walls synthesis, leading to the
destruction of susceptible bacteria during infections.35 Accord-
ing to the GEM analysis, H-6 was in closer proximity to the
protein, receiving the highest saturation, while the H-5 received
59% relative saturation (Fig. S11†).

Compound 10 (tramadol hydrochloride) is a synthetic opioid
analgesic used to relieve severe to moderate pain, it binds with
the opioid receptors in the central nervous system.36 This opioid
analgesic is also reported for its in vitro activity against the S.
aureus.37 The GEM analysis of the compound 10 indicated that
H-8 and H-12 of aromatic ring received the highest saturation
from the protein, while H-10 has received 35.9% relative satu-
ration from protein. This indicated that H-8 and H-12 were
closer to the protein (Fig. S12†).

Compound 11 (nicotinic acid) is a form of vitamin B3, used
for the treatment of pellagra. It has the ability to maintain the
human cholesterol level.38 It can also facilitate the neutrophils
to perform their functions more efficiently at the site of infec-
tion.39 The drug showed weak STD interaction, as only H-5 of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the aromatic ring showed STD effects, while rest of the protons
did not show any STD signals (Fig. S13†).

Compound 12 (salbutamol sulfate) is a b2-adrenergic
receptor agonist used as bronchodilator for the treatment of
asthma and COPD. It relaxes the smooth muscles of the lungs
airways.40 In 2015, Vandevelde et al. reported for the rst time
that the salbutamol may contribute in the biolm eradication of
the S. pneumococcus.41 For compound 12, the GEM analysis
indicated that aromatic H-3 received the highest saturation,
indicating its closer proximity to the protein (Fig. S14†). While,
H-5 received 74.9% relative saturation.

Compound 13 (bupropion hydrochloride) acts as an antide-
pressant by increasing the level of dopamine and serotonin in
the brain, and also helps smokers to overcome their nicotine
addiction.42 According to GEM analysis, H-2 of the aromatic ring
is in closer vicinity of the protein by receiving the highest
saturation, and H-4 and H-5 received 43.3 and 30.3% relative
saturation, respectively (Fig. S15†).

Compound 14 (tenofovir disoproxil) is a nucleoside reverse
transcriptase inhibitor, used for the treatment of HIV, and
hepatitis B infections.43 The GEM analysis revealed that the
methylene protons, such as CH2-14 and CH2-19 and H-16/H-21
were in closer proximity as they received the maximum satura-
tion, while the H-8 received 11.8% and CH3-17, CH3-18, CH3-22
and CH3-23 received 9.8% relative saturation from protein
(Fig. S16†).
Table 2 Protein–drug interactions between drugs and urease subunit g

Drug Name Amino acid

1 Nicotinamide Thr85
2 Drotaverine HCl Thr85
3 Clidinium bromide Lys10, Arg23

Asn31
Glu7

4 Sulfanilamide Glu7, Ala16
5 Nicorandil Lys10, Arg23, Thr85

Lys10
6 Hydroxy-chloroquine sulphate Glu34, Thr85

Leu44, Thr85
Glu34

7 Glucosamine hydrochloride Glu7, Arg23, Asn31, Glu34
8 Ephedrine Glu7

Phe3
Arg23
Ala16

9 Penicillin G sodium Lys10, Asn31, Thr85
Lys10
Phe3

10 Tramadol HCl Arg23
11 Nicotinic acid Lys10

Lys10
Leu44

12 Salbutamol sulfate Glu34, Thr85
Glu34

13 Bupropion HCl Thr85
14 Tenofovir disoproxil
15 Rasagiline mesylate Phe3

Ala16
Arg23

© 2024 The Author(s). Published by the Royal Society of Chemistry
Compound 15 (rasagiline mesylate), a monoamine oxidase B,
selective irreversible inhibitor, is used for the treatment of Par-
kinson's disease bymaintaining the dopamine levels in the CNS.44

In this compound, maximum saturation was received by the H-12
i.e. 100% and was used to normalize the other protons (Fig. S17†).
In comparison, the aromatic ring H-1, and H-3 received 56.6 and
29.3%, respectively. Whereas, the H-2 and H-4 of aromatic ring
received 27.2% relative saturation. The GEM analysis showed that
the H-12 was in the close proximity of the protein.

According to GEM analysis of the interacting drugs, it is
predicted that mostly the protons of the aromatic ring have high
affinity and interact with the urease subunit gamma. While the
protons at the aliphatic region showed a weak interaction with
the protein.
Molecular docking studies

Molecular docking studies were performed for the prediction of
protein–ligand interactions at atomic level. Since 3D structure
of urease gamma subunit has not been elucidated till date, the
homology model was built using crystal structure of urease
subunit gamma 2 from Brucella melitensis biovar Abortus 2308
(PDB ID: 4FUR), that showed 52% similarity with the urease
subunit gamma of MRSA252.

Molecular docking studies provided further insights about
the interactions of drug molecules with various amino acids of
amino acids

Molecular interactions with protein
Docking
score

Binding energy,
kcal mol−1

Hydrogen bond −5.979 −28.81
Aromatic H-bond −3.673 −67.40
p–cationic interactions −5.086 −62.07
Hydrogen bond
Aromatic H-bond
Hydrogen bond −6.311 −26.89
Hydrogen bond −4.320 −33.02
Salt bridge
Hydrogen bond −5.907 −50.69
Aromatic H-bond
Salt bridge
Hydrogen bond −4.713 −26.69
Hydrogen bond −6.204 −40.53
p–p stacking interactions
p–cationic interactions
Aromatic H-bond
Hydrogen bond −6.565 −49.57
Salt bridge
p–p stacking interactions
p–cationic interactions −5.930 −62.14
Hydrogen bond −5.368 −22.05
Salt bridge
Aromatic H-bond
Hydrogen bond −6.236 −58.77
Salt bridge
Halogen bond −5.113 −53.79
No interaction −4.299 −64.59
p–p stacking interactions −4.969 −43.53
Aromatic H-bond
p–cationic interactions

RSC Adv., 2024, 14, 30859–30872 | 30867
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the urease subunit gamma. The docking scores were in the
range of −6.024 to −3.673. All the drugs interacted via various
non-covalent interactions with enzyme, such as hydrogen,
aromatic hydrogen bonds, p–p stacking, p–cationic interac-
tions, and salt bridge formation (Table 2).

Compounds 1 (nicotinamide), and 2 (drotaverine hydro-
chloride) interacted with Thr85 via hydrogen and aromatic
hydrogen bonds, respectively (Fig. S18, and S19†). Compound 3
(clidinium bromide) interacted with Asn31 and Glu7 via
hydrogen, and aromatic hydrogen bonding (Fig. 5). The phenyl
rings of the compound 3 interacted with the Lys10 and Arg23 via
p–cation interactions.

Compound 4 (sulfanilamide) interacted via hydrogen bonds
with the Glu7 and Ala16 residues of urease subunit gamma
(Fig. S20†). Compound 5 (nicorandil) interacted with Lys10,
Arg23, and Thr85 by hydrogen bonding, and salt bridge were
formed with the Lys10 (Fig. S21†). Compound 6 (hydroxy-
chloroquine sulphate) form hydrogen and aromatic hydrogen
bonds with Glu34 and Thr85, Leu44 and Thr85, respectively
(Fig. S22†). It also interacted with Glu34 by forming a salt
bridge. Compound 7 (glucosamine HCl) showed interactions
with Glu7, Arg23, Asn31, and Glu34 by hydrogen bonding
(Fig. S23†). Compound 8 (ephedrine) interacted via hydrogen
and aromatic hydrogen bond with Glu7, Ala16, respectively
(Fig. 6). The phenyl ring interacted with Phe3, and Arg23 via p–

p stacking, and p–cationic interactions, respectively.
Compound 9 (penicillin G sodium) interacted with Lys10,

Asn31 and Thr85 residues via hydrogen bond (Fig. S24†). The
carboxylic oxygen of the drug formed a salt bridge with Lys10,
while the phenyl ring interacted with Phe3 by p–p stacking
interactions. Compound 10 (tramadol hydrochloride)
Fig. 5 Docked pose of clidinium bromide (3) with urease subunit gam
lines), representing aromatic hydrogen bonding (light blue), p–cationic

30868 | RSC Adv., 2024, 14, 30859–30872
interacted with the Arg23 via p–cation interaction (Fig. S25†).
Compound 11 (nicotinic acid) interacted with Lys10 by
hydrogen bonding, and by forming salt bridge and via aromatic
interaction with the Leu44 (Fig. S26†).

Compound 12 (salbutamol sulphate) interacted with Glu34
and Thr85 residues of the protein by hydrogen bonds, and also
by forming a salt bridge with Glu34 (Fig. S27†). Compound 13
(bupropion hydrochloride) interacted via forming a halogen
bond with the Thr85 (Fig. S28†). Compound 14 (tenofovir dis-
oproxil) was able to bind in the urease binding pocket via
hydrophobic interactions (Fig. S29†). Compound 15 (rasagiline
mesylate) interacted via p–p stacking, and by p–cationic
interactions with Phe3, and Arg23, respectively (Fig. S30†). An
aromatic hydrogen bond was also formed with Ala16.

Hence, the molecular docking studies further supported the
interactions of these drugs with urease subunit gamma. All the
drugs interacted mainly via non-covalent interactions, such as
hydrogen bond, aromatic hydrogen bonding, p–p stacking, p–
cation interactions, salt bridges and halogen bonding. These non-
covalent interactions of drugs were formed with the binding site
residues of the urease subunit gamma, mostly the Thr85, Lys10,
Arg23 and Glu7. Further, MMGBSA analysis was performed to
rank the ligands dock pose, and to predict their binding affinity.
The binding energy of the ligands were estimated to be high in the
range of −67.40 to −22.05 kcal mol−1. Among various drugs,
compounds 2, 3, 6, 10, and 12–14 showed higher binding energies
for their interactions with urease subunit gamma.

MD simulation studies

Drugs 2, 3, 6, 10, and 12–14 that showed higher binding affin-
ities in docking studies were subjected to MD simulation
ma. Protein–ligand interaction depicted in 3D representation (dotted
interaction (blue), and hydrogen bonding (black).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Docked pose of ephedrine (8) with urease subunit gamma. Protein–ligand interaction depicted in 3D representation (dotted lines),
representing hydrogen bonding (black), p–cationic interaction (blue), aromatic hydrogen bonding (light blue), and p–p stacking (red).
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studies. The stability of UreA–drug complex in a dynamic
environment was analyzed through 100 ns molecular dynamics
(MD) simulation studies. The RMSD (root mean square devia-
tion) plots of the protein ligand complexes indicated that drugs
2, 3, 9, 10, and 12–14 formed stable complexes with UreA. The
Fig. 7 RMSD plots of (a) clidinium bromide (3), (b) tramadol HCl (10), (c)

© 2024 The Author(s). Published by the Royal Society of Chemistry
drug–UreA complexes of these drugs were stabilized with time
evolution and no marked uctuations were observed during the
MD simulation time (Fig. 7, and S31†). Whereas, the UreA–drug
complexes (6 and 8) did not stabilize with time evolution and
marked uctuations were observed, indicating that the ligand
salbutamol sulphate (12), and (d) bupropion HCl (13) with UreA protein.

RSC Adv., 2024, 14, 30859–30872 | 30869
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Fig. 8 Histogram of (a) clidinium bromide (3), (b) tramadol HCl (10), (c) salbutamol sulphate (12), and (d) bupropion HCl (13) interactions with
UreA protein binding site residues.
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has diffused out from its binding site (Fig. S32†). Furthermore,
the protein–ligand contact maps of the complexes represented
various intermolecular interactions (Fig. 8, and S33†). The
histogram of the complexes indicated that the protein–ligand
interacted mainly by water bridges, H-bond, and ionic interac-
tions. The protein residues Lys10, Glu34, Asn34, and Thr85 were
mostly involved for their interactions with binding ligands.
Thermal shi assay (TSA)

The temperature at which half of a protein unfolds is known as
melting temperature (Tm). Tm is used to analyze a protein's
thermal prole. When a ligand binds to protein, the free energy
of protein–ligand binding may change the melting temperature
of the protein. This change in the melting temperature, in the
presence of ligand, corresponds to protein–ligand interactions.
Fig. 9 Graphical representation of variations in Tm values of UreA deter
indicating the Tm value of UreA (20 mM) without drugs, light blue bars in

30870 | RSC Adv., 2024, 14, 30859–30872
All the drugs that exhibited interactions with UreA in STD-NMR
spectra have shown effect on the melting temperature of UreA.
Tm of UreA was determined to be 66.5 °C, without drug.
Whereas, all the drugs molecule causes a decrease in UreA Tm
between −0.6 to −3.4 °C (Fig. 9). These variations in Tm of UreA
during the assay may indicate some conformational changes in
its structure. Furthermore, the dissociation constant (Kd) for
nicotinic acid was determined to be 70 mM when melting
temperature was plotted against the nicotinic acid log concen-
tration (Fig. S34†).
Urease inhibition assay

Since, the drugs showed interactions with urease subunit
gamma, they were further analyzed for their urease inhibitory
activity in vitro. The sequence similarity of urease subunit
mined by DSF upon addition with the drug molecule. (Dark blue bars
dicate the variations in Tm value when drug molecule is added).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 % Inhibition of urease enzyme in the presence of drug
molecules

Compound no. Drug name Mean % inhibition

1 Nicotinamide −23.5 � 6.65
2 Drotaverine HCl 17.6 � 2.35
3 Clidinium bromide −4.8 � 1.02
4 Sulfanilamide 4.5 � 3.58
5 Nicorandil −12.2 � 13.47
6 Hydroxychloroquine

sulphate
63.7 � 2.04

7 Glucosamine hydrochloride 54.2 � 1.68
8 Ephedrine 72.0 � 1.60
9 Penicillin G sodium 5.3 � 3.32
10 Tramadol HCl 66.0 � 0.39
11 Nicotinic acid −42.2 � 6.23
12 Salbutamol sulfate 59.4 � 0.00
13 Bupropion HCl 9.1 � 2.32
14 Tenofovir disoproxil 66.0 � 2.04
15 Rasagiline mesylate 71.1 � 0.45
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gamma (MRSA252) with Jack bean (Canavalia ensiformis) urease
is 49%, hence the commercially available Jack bean urease was
used to assess the urease inhibitory activity. Table 3 presents
the mean % inhibition of the urease enzyme with the drug
molecules. Comparing to positive control (Jack bean urease),
drugs 6, 7, 8, 10, 12, 14, and 15 showed inhibition of the urease
enzyme. Among them drugs 8, and 15 showed a signicant
inhibitory activity against Jack bean urease. Hence we propose
on the basis of STD-NMR and in vitro inhibitory activity that
compounds 8 and 15 can inhibit the urease activity, and most
likely activity of urease gamma subunits.

In this study, we have specically targeted the urease subunit
gamma with US-FDA approved drugs, through STD-NMR spec-
troscopic techniques. While 15 drugs showed interactions with
the selected target (UreA), there is always a possibility of off-
target effect. This off-target effect may appear as interactions
with other proteins of cellular pathways in human host. This
may lead to potential adverse effects. However, we did not
analyze the potential off-target effect of drugs in this study.
Regardless of these limitations, our study has provided some
insights into potential of these drugs as likely inhibitors of
newly identied UreA subunit. This subunit was thus initially
studied as potential target for the drug discovery and develop-
ment studies against MRSA infections. However, to validate
these results further mechanistic and inhibitory studies are
required.
Conclusion

The current study was an effort to identify new drug targets. As
a result, urease gamma subunit of MRSA was selected for
antimicrobial agents, and targeted to identify potential inhibi-
tors. The outcomes of the study includes cloning, expression,
and purication of urease gamma subunit in E. coli expression
system. The puried enzyme was used to screen various drugs
as potential binders of the enzyme by using STD-NMR tech-
nique. Fieen drugs were identied as hits against the urease
© 2024 The Author(s). Published by the Royal Society of Chemistry
enzyme gamma subunit, and they also showed non-covalent
interactions with the enzyme in molecular docking studies.
These hits were further studied via in vitro inhibition assay, and
by mechanistic techniques, against urease gamma, subunit of
MRSA. Cumulatively results indicate that drugs 8 and 15 have
the potential to inhibit urease subunit gamma and can serve as
initial hits for further research as drug candidates against MRSA
infections.
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