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Staphylococcus aureus is acknowledged as an essential contributor to global disease burden, particularly
with the emergence of methicillin-resistant S. aureus (MRSA) and vancomycin-resistant S. aureus (VRSA)
strains. This study employs a systematic computational and experimental strategy to screen and validate
FDA-approved drugs to target Sortase A, an essential enzyme involved in MRSA virulence. Herein, we
have identified six molecules exhibiting antimicrobial potency against MRSA and reduced biofilm
formation. Among the hits obtained, prochlorperazine dimaleate showed potent activity against MRSA
while proving non-cytotoxic to hepatocellular Carcinoma (HepG2) cells at inhibitory concentration.
Further, it also disrupts the membrane potential and creates pores inside the membrane of MRSA. In vivo
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infection load. Taken together, we herein report that prochlorperazine dimaleate attenuated the

DOI: 10.1039/d5ra01781e pathogenicity of S. aureus, thus reducing MRSA infection by directly targeting Sortase A. Therefore,
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1. Introduction

Staphylococcus aureus (S. aureus) is a highly concerning and
rapidly spreading pathogen that causes soft tissue infection,
bacteremia, pneumonia, endocarditis, osteomyelitis, toxic
shock syndrome, and skin infection.* Methicillin-resistant S.
aureus (MRSA) and vancomycin-resistant S. aureus (VRSA) have
already posed a hazard to human health. This is further exac-
erbated by the biofilm-forming nature of S. aureus, which
exhibits a high propensity for resistance to conventional anti-
biotics, posing a significant challenge in treating wound infec-
tions. MRSA now accounts for more than 60% of all isolated S.
aureus.* Hence, there is a critical need for novel treatment
approaches that address drug resistance while simultaneously
decreasing bacterial infections.*® The pathogenicity of Staphy-
lococcus aureus is closely linked to the virulence factors it
secretes, encompassing surface proteins, toxins, and
enzymes.*” These factors aid in bacterial adherence, tissue
invasion and degradation, and evasion of host defense mech-
anisms. Surface-associated adhesins such as clumping factor A/
clumping factor B (CIfA/CIfB), fibronectin-binding proteins
(FnBPs), and collagen adhesin (CNA) are involved in the path-
ogenesis of S. aureusinfection.>® Sortase A (SrtA), a cysteine
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prochlorperazine dimaleate can be utilized as an adjuvant therapy for treating MRSA infection.

transpeptidase, covalently attaches crucial virulence factors of
S. aureus to the bacterial surface, promotes bacterial adherence,
facilitates biofilm formation, mediates host cell penetration,
acquires vital nutrients from the host, and contributes to
immune evasion and suppression.’*** Further, SrtA stands out
as a promising drug target due to its location on the extracel-
lular side of the cell membrane, and an additional advantage is
the absence of human homologs," suggesting that selective
inhibitors of this enzyme should exhibit lower toxicity.'
Consequently, inhibiting this enzyme is anticipated to exert
reduced selection pressure on developing resistance.'®'” Over
the last decade, several natural products such as flavonoids,®
salvinolic acid,” chalcone,* peptide analogs, and synthetic
small molecules have been reported as Sortase A inhibitors
(Table S1t). However, potential toxicity and antimicrobial
resistance are persistent concerns.

To address this, we have employed computational and
experimental strategies to target Sortase A in MRSA. We have
screened Food and Drug Administration (FDA)-approved drug
libraries against Sortase A and identified 60 hit molecules.
Phenotypic screening of the top virtual screening hits by anti-
microbial assay identified six promising molecules against
clinically isolated MRSA. Among these, prochlorperazine
dimaleate exhibited potent antibacterial activity, biofilm eradi-
cation, membrane potential disruption, and was non-cytotoxic
in the HepG2 cell line. Further, it also reduced the MRSA
infection load in the thigh infection murine model. In
summary, we have identified novel chemical scaffolds prom-
ising novel therapeutic agents for combating MRSA infections.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental

2.1. Materials and methods

2.1.1. Bacterial culture and chemicals. The clinical isolate
Staphylococcus aureus American Type Culture Collection 43300
(S. aureus ATCC 43300) was purchased from the American Type
Culture Collection (Manassas, VA, USA). Conventional antibi-
otics, ciprofloxacin, gentamicin, vancomycin, and nisin, were
purchased from Sigma-Aldrich. Mequitazine, triflupromazine
hydrochloride, prochlorperazine dimaleate, loperamide hydro-
chloride, amlodipine besylate, and chlorpromazine hydrochlo-
ride were purchased from Tokyo Chemical Industry (TCI
chemicals). Cation-adjusted Muller-Hinton broth (CA-MHB)
and Mueller-Hinton Broth (MHB) and Luria-Bertani medium
(LB medium) were purchased from Becton Dickinson and
Himedia, respectively. The human monocyte cell line Tohoku
Hospital Pediatrics-1 (THP-1) and hepatocellular Carcinoma
(HepG2) cells were maintained in Roswell Park Memorial
Institute 1640 (RPMI-1640) and Dulbecco's Modified Eagle
(DMEM) medium, respectively.

2.1.2. Cloning, expression, and purification of Sortase A.
The gene encoding Sortase A, excluding the N-terminal trans-
membrane domain (N1-59), was amplified from Staphylococcus
aureus genomic DNA via polymerase chain reaction (PCR) using
the primers SrtA-F and SrtA-R.** The amplified fragment was
subsequently digested with XhoI and Ndel and inserted into the
corresponding sites of the pET28a vector, generating the
recombinant plasmid pET28a-SrtA. The pET28a-SrtA plasmid
was introduced into E. coli BL21(DE3) cells using the heat shock
method. Transformed cells were grown in LB medium supple-
mented with kanamycin (50 ug mL ") at 37 °C with shaking at
200 rpm until the optical density at 600 nm (ODgq) reached 0.6-
0.8.>> Protein expression was induced by adding 0.5 mM IPTG
(isopropyl-B-p-thiogalactopyranoside), and the culture was
incubated overnight at 25 °C with shaking at 180 rpm.
Following induction, the cells were harvested by centrifugation
at 8000 rpm for 10 min at 4 °C to collect the supernatant. The
cell lysate was sonicated on ice, and the soluble protein fraction
was isolated by centrifugation. The protein was purified using
immobilized metal affinity chromatography (IMAC) with a Ni-
NTA resin (Qiagen). The lysate was loaded onto the column,
followed by a series of washing steps and protein elution using
buffers with increasing concentrations of imidazole. The eluted
fractions were analyzed by SDS-PAGE, and those containing the
target protein were pooled. The pooled fractions were subse-
quently desalted into a buffer containing 25 mM NacCl, 150 mM
Tris, and 5% glycerol using PD-10 desalting columns (Cytiva).

2.1.3. Virtual screening of compounds in Sortase A. FDA-
approved library drugs comprising 3040 molecules were
prepared using the Ligand Prep Program in Flare™(V§)
(Cresset).>*2¢ All calculations were run on a Windows 10 Pro 64-
bit/Core i7-8700 CPU @ 3.20 GHz system. The molecules were
recharged with hydrogen appropriately for pH 7.4 and stripped
of salts. The 3D coordinates of all molecules were assigned with
OpenMM using the AMBER force field for energy minimization.
The NMR protein structure file of Sortase A attached to an
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inhibitor (PDB ID: 2KID) was obtained from the Protein Data
Bank. The protein was prepared using the default Protein
Preparation Program, wherein water molecules were removed
while the terminal residues were capped with ACE or NME. The
bound inhibitor was auto-extracted, and the active site with a 6
A radius was identified and defined. Molecular docking of 3040
molecules was performed using virtual screening on the pre-
defined grid. A maximum of 10 poses were obtained for each
molecule in a single run.

2.1.4. Fluorescence quenching assay. Various concentra-
tions of compounds (0 to 128 pg mL~ ") were added to Sortase A
protein (500 nM mL ™) in reaction buffer (50 mM Tris-HCl, pH
8.0, 150 mM NacCl, and 10 mM CaCl,) and incubated at room
temperature for 10 minutes.”” Subsequently, fluorescence
intensity was measured using a microplate reader Cytation 5
(Agilent, USA) at excitation and emission wavelengths of 280
and 326 nm, respectively. The K, value was calculated using the
previously reported study.

2.1.5. Sortase A activity assay by fluorescence resonance
energy transfer (FRET) assay. Sortase A activity was assessed
using a fluorescence resonance energy transfer (FRET) assay.”® A
200 pL reaction mixture was prepared, comprising Sortase A
reaction buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10 mM
CaCl,), purified Sortase A protein (4 uM), and varying concen-
trations of test compounds (0 to 256 pg mL~'). The mixtures
were incubated at 37 °C for 2 hours, followed by adding the
fluorescent peptide substrate Abz-LPATG-Dap(DNP) (10 pM).
The reaction was further incubated at 37 °C for 20 minutes.
Fluorescence intensity was then recorded using a Cytation 5
microplate reader (Agilent, USA), with excitation and emission
wavelengths set to 309 nm and 420 nm, respectively.

2.1.6. Determination of MIC and MBC. The micro broth
dilution method was used to determine the minimum inhibi-
tory concentration (MIC) of several compounds against S.
aureus ATCC 43300. These compounds included mequitazine,
triflupromazine hydrochloride, prochlorperazine dimaleate,
loperamide hydrochloride, amlodipine besylate, and chlor-
promazine hydrochloride. The experiment adhered to the
protocols outlined by the Clinical and Laboratory Standards
Institute (CLSI).*® Briefly, S. aureus ATCC 43300 was cultured in
Mueller-Hinton broth (MHB), and the bacterial cell suspen-
sions were diluted up to 5 x 10°> Colony-forming unit per
milliliter (CFU mL™").* Bacterial culture was inoculated into 96-
well plates containing serially diluted compounds and incu-
bated at 37 °C for 18 hours.** The MIC was calculated by noting
the absence of observable growth at the lowest concentration
tested. To determine minimum bactericidal concentration
(MBC), 100 pL of suspension cultures from wells with concen-
trations above the MIC were spread onto Mueller-Hinton agar
(MHA) plates.** The plates were incubated for an additional 18
hours at 37 °C, and the presence or absence of bacterial colonies
was evaluated. The lowest concentration of the compounds
where no bacterial colonies were observed was considered the
MBC.** The MICs and MBCs were confirmed through biological
replicates.

2.1.7. Time-kill kinetics. A time-kill kinetics experiment
was carried out to assess the efficacy of compounds and
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ciprofloxacin against S. aureus ATCC 43300.* Initially, S. aureus
was cultured until reaching the exponential growth phase
(ODgg = 0.5), corresponding to a bacterial concentration of 5 x
10% CFU mL "% The culture was then diluted 1000-fold in CA-
MHB and treated individually with the compounds and cipro-
floxacin at 2 times the minimum inhibitory concentration
(MIC). The samples were incubated at 37 °C with shaking at
200 rpm at distinct time periods (0, 2, 4, 8, 12, and 24 hours).
100 pL of the treated culture was disseminated on MHA plates.
In addition, cultures without treatment and ciprofloxacin alone
were included as untreated and antibiotic controls. The plates
were then incubated for 24 hours at 37 °C. Following this
incubation, viable bacterial colonies were enumerated, and the
CFU mL™' was determined. The data was analyzed using
GraphPad Prism 8. The experiment was carried out in triplicate.

2.1.8. Biofilm growth inhibition assay. The compounds’
efficiency in suppressing biofilm formation by S. aureus ATCC
43300 was demonstrated using crystal violet staining dye. S.
aureus was cultured in tryptic soy broth (TSB) at 37 °C for 24
hours.** The overnight culture was diluted in TSB (1: 100) with
the 0.1% glucose supplement. This diluted culture was added to
a flat-bottom 96-well microtiter plate, followed by compounds at
MIC and 2 x MIC, and further incubation at 37 °C for 24
hours.*> Following the incubation, the planktonic cells were
removed from the wells, and the wells were washed with 1 x
PBS (pH 7.4).** The microtiter plate was dried for 10 minutes,
and biofilm was stained with 0.1% crystal violet for 10 minutes
at 25 °C. The wells were washed with distilled water to remove
any excess stain. To solubilize the stain, glacial acetic acid (33%)
was added and incubated at room temperature for 30 minutes
on an orbital shaker.* The absorbance of the stained cells was
measured at 600 nm with a plate reader, and the percentage of
biofilm growth inhibition relative to the untreated control was
calculated. The experiment was conducted in triplicate with
three biological replicates, and the data were analyzed utilizing
GraphPad Prism 8.

2.1.9. Membrane potential perturbation assay. The
membrane potential perturbation of S. aureus ATCC 43300 was
assessed using the fluorescent probe 3,3'-diethylox-
acarbocyanine iodide [DiOC,(3)], which is sensitive to changes
in membrane potential.*” To initiate the experiment, S. aureus
ATCC 43300 cells were centrifuged at 2400xg for 10 minutes at
room temperature to remove the supernatant. Following
centrifugation, the cells were resuspended in 1 x PBS and
maintained at an OD600 1.0. Subsequently, the S. aureus ATCC
43300 cells were treated with 10 mM EDTA for 5 minutes, after
which they were centrifuged again at 2400xg for 10 minutes to
eliminate the EDTA. The S. aureus ATCC 43300 cells were again
resuspended in resuspension buffer (10 mM glucose, 60 mM
NaH,PO,, 130 mM NaCl, 5 mM KCl, 0.5 mM MgCl, pH 7) and
maintained ODgoo = 1.0. To label cells with DiOC,(3), a 10 mM
stock solution in DMSO was applied, resulting in a final
concentration of 30 uM. The DiOC,(3)-loaded cells were trans-
ferred to a 96-well microplate.” When investigating the effects
of a compound, the cells and the compound were mixed
homogeneously. After a 5-minute incubation at room temper-
ature, the fluorescence of DiOC,(3) was monitored at 5-minute
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intervals for 30 minutes using excitation wavelength 450 nm
and emission wavelength 670 nm.*® This experiment was con-
ducted in triplicate, and the resulting data were analyzed using
GraphPad Prism 8.

2.1.10. Membrane permeability assay. The membrane
integrity of S. aureus ATCC 43300 was assessed by measuring the
uptake of propidium iodide (PI) following exposure to the
compounds.”™ The bacterial culture was grown in MHB up to the
exponential phase, washed twice, and the ODggonm Of 0.5 was
adjusted in 0.85% saline. Bacterial cells were incubated at 37 °C
for an hour with compounds at MIC and 2 x MIC.?* Nisin (20
uM) has been used as a positive control. Next, we added fluo-
rescent dye PI (30 uM) into the suspension culture and incu-
bated it at room temperature for 20 minutes. Following
incubation, the culture was centrifuged at 8000 rpm for 10
minutes, and the supernatant was carefully decanted. Subse-
quently, the pellet was reconstituted in 0.85% saline. The
suspension cells were transferred into a black 96-well poly-
styrene plate. Fluorescence readings were taken at 5-minute
intervals over 90 minutes, utilizing an excitation wavelength of
490 nm and an emission wavelength of 635 nm.** The experi-
ment was evaluated in triplicate. Data were analyzed by
GraphPad Prism 8.

2.1.11. Macrophage invasion assay. In this study, the
macrophage invasion assay was conducted using the THP-1 cell
line, which is a type of monocyte.*” The THP-1 cells were grown
in RPMI-1640 media supplemented with 1% (v/v) penicillin-
streptomycin (Pen-Strep), and 10% (v/v) fetal bovine serum
(FBS).** To prepare the THP-1 cell line, phorbol 12-myristate 13-
acetate (PMA) was added to the monocytes at a 25 ng mL ™"
concentration. The cells were seeded at a density of 10° cells per
well in 24-well plates and incubated at 37 °C with 5% CO, for 24
hours.*> The THP-1 cell line was infected with S. aureus ATCC
43300 cells at a concentration of 5 x 10° CFU mL™". During the
infection, compounds were added at the MIC and 2 x MIC. The
cells were then incubated for one hour. After the infection
period, the infected THP-1 cell line was washed with 1 x PBS
(pH 7.4) and treated with gentamicin (50 pg mL™") for 30
minutes to eliminate any extracellular bacteria. The intracel-
lular bacteria protected within the host cells were released by
mild treatment with 0.1% saponin. The viable bacterial colonies
were then counted by plating them on Mueller-Hinton agar
(MHA). The experiment was conducted in triplicate, and the
resulting data were analyzed using GraphPad Prism 8 software.

2.1.12. Hemolysis assay. A hemolysis assay was conducted
using fresh rabbit blood.** The blood was collected and washed
with 1 x phosphate buffer saline (1x PBS) (pH 7.4).** Red Blood
Cells (RBCs) were resuspended in 1x PBS at 4% concentration
(v/v).** To perform the assay, 180 L of the resuspended eryth-
rocytes were added to flat-bottom 96-well plates. Next, 20 pL of
compounds were added at MIC and 2x MIC concentrations.
Triton X-100 (0.1%) was used as a positive control. The treated
erythrocytes were then incubated at 37 °C for one hour.
Following the incubation period, the test samples underwent
centrifugation at 1000xg for 10 minutes, and the supernatant
containing unlysed erythrocytes was carefully dispensed.*® The
supernatant containing the released hemoglobin was collected,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and its absorbance was measured at 540 nm using a spectro-
photometer in a microplate reader.”” The percentage of hemo-
globin released was calculated. The experiment was performed
in triplicate, and the data were analyzed using GraphPad Prism
8 software.

2.1.13. Cytotoxicity assay. The cytotoxicity of compounds
was evaluated using the MTT (3-(4, 5-dimethylthiazol-2yl)-2, 5-
diphenyl tetrazolium bromide) assay in the HepG2 cell line.*® A
flat-bottom 96-well plate was used, with 20 000 HepG2 cells
seeded in each well. The plate was then incubated at 37 °C with
5% CO, for 24 hours.”” DMEM medium was removed, and the
cells were treated with compounds at MIC and 2 x MIC, further
incubated for 24 hours. Culture media was removed, and
HepG2 cells were washed with 1 x PBS (pH 7.4) to eliminate
residual media components.”® Next, the HepG2 cells were
stained with MTT solution (5 mg mL™") and incubated for 4
hours. Viable cells produced a purple color due to the formation
of formazan crystals. After that, 50 uL of DMF (a solubilizing
agent) was added to each well, incubating for 6 hours again, and
measuring absorbance at 570 nm.** The percentage of cell
viability was calculated in triplicate.

2.1.14. Animal studies. The animal experiments were
carried out at the IMTech Center for Animal Resources and
Experimentation (iCARE) facility of the CSIR-Institute of
Microbial Technology, adhering to the established ethical
guidelines set by the Institutional Animal Ethics Committee
(IAEC). The study involving animals followed a protocol that
had received approval from the IAEC (approval IAEC/21/08).

2.1.14.1. Thigh infection in a neutropenic mouse. The effec-
tiveness of prochlorperazine dimaleate was assessed in an in
vivo model of thigh infection caused by S. aureus ATCC 43300.>
Female BALB/C mice (n = 4; 6-8 weeks old) were made neu-
tropenic by receiving two doses of cyclophosphamide (Sigma-
Aldrich) via intraperitoneal injection, with the first dose given
4 days before infection (150 mg kg™ of body weight) and the
second dose given one day prior (100 mg kg~ " of body weight).>
Following neutropenia induction, the mice were infected with S.
aureus ATCC 43300 at a concentration of 5 x 10°> CFU per
mouse, administered intramuscularly into the right thigh
muscles. Four hours after infection, each group of mice (n = 4)
received an oral dose of prochlorperazine dimaleate and van-
comycin 100 mg kg™ ' of body weight, respectively. The
remaining group of mice served as the vehicle control. After 24
hours of infection, the mice were sacrificed, and the right thigh
muscles were dissected and preserved in 1 x PBS (pH 7.4).
Subsequently, the muscles were homogenized, and the number
of colony-forming units (CFUs) in the muscles was determined
by spreading dilutions on MHA plates.

2.1.15. Statistical analysis. The experiments were per-
formed multiple times using biological replicates, and each
iteration consistently produced comparable outcomes. The data
are depicted as mean values, and their corresponding standard
deviations (SD) are provided. To evaluate the variances between
groups, two-tailed unpaired t-tests were conducted utilizing
GraphPad Prism 8.0.1 software. Statistical significance was
assessed using p-values, with significance levels defined as
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follows:* indicating p = 0.01, ** indicating p = 0.001, ***
indicating p =< 0.0001, and **** indicating p < 0.0001.

3. Results

3.1. Identification of novel antimicrobial agents against
MRSA

We performed molecular docking of FDA-approved drugs with
Sortase A protein to identify novel inhibitors of S. aureus by
drug-repurposing. This allows an accelerated drug development
pathway for clinical use as the safety and pharmacological
profiles of these molecules are already established. Addition-
ally, this further strengthens the existing antimicrobial arsenal.
Out of the 3040 molecules screened, 60 compounds were
selected (Table S27), based on binding scores and availability of
the chemical molecules for further evaluation by in vitro
phenotypic screening against MRSA.

We determined the minimum inhibitory concentration and
minimum bactericidal concentration (MIC and MBC) of 60
compounds against the S. aureus ATCC 43300 strain. Among
them, prochlorperazine dimaleate, loperamide hydrochloride,
and chlorpromazine hydrochloride displayed the lowest MIC
activity of 32 pg mL™'. Whereas, mequitazine, loperamide
hydrochloride, and amlodipine besylate exhibited MICs of 64 pg
mL~'. Furthermore, we determined the MBC of these
compounds. Triflupromazine hydrochloride, prochlorperazine
dimaleate, and chlorpromazine hydrochloride showed the
lowest bactericidal activity of 64 pg mL™". On the other hand,
mequitazine, loperamide hydrochloride, and amlodipine besy-
late demonstrated the lowest bactericidal activity of 128 ng
mL ™" (Table 1).

We further explored the binding interaction of these drugs
exhibiting potent activity against MRSA with Sortase A enzyme.
The binding fingerprints of top most potent molecules are
shown in Fig. 1. All the examined drug molecules showed strong
binding at their active site, ranging from —5.9 to
—7.67 keal mol™" (Fig. S1 and Table S31). The primary amino
acids involved in forming hydrogen bonds with the drug
molecules include Val108, Asp112, Glu113, Gln114, Trp136, and
Arg139.

Table 1 The MIC and MBC values of mequitazine, triflupromazine
hydrochloride, prochlorperazine dimaleate, loperamide hydrochlo-
ride, amlodipine besylate, and chlorpromazine hydrochloride against
S. aureus ATCC 43300

S. aureus ATCC 43300

Compounds MIC (pg mL™") MBC (ug mL ™)
Mequitazine 64 128
Triflupromazine 32 64
hydrochloride

Prochlorperazine dimaleate 32 64
Loperamide hydrochloride 64 128
Amlodipine besylate 64 128
Chlorpromazine 32 64
hydrochloride

RSC Adv, 2025, 15, 21666-21677 | 21669
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Fig. 1 The 2D- and 3D-visualization of protein—ligand interactions depicting the spatial arrangement of key amino acids involved in hydrogen
bonding and hydrophobic interactions with the compounds. (A-B) triflupromazine hydrochloride, (C-D) prochlorperazine dimaleate, and (E-F)
chlorpromazine hydrochloride.

3.2. Fluorescence quenching assay exhibits intrinsic fluorescence due to aromatic amino acids,
tryptophan, tyrosine, and phenylalanine. Treatment of Sortase

A fluorescence quenching assay was used to characterize the . ;
A with these compounds resulted in a dose-dependent

binding affinity of Sortase A with the compounds. Sortase A
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Fig.2 Binding affinities between compounds (A) mequitazine, (B) triflupromazine hydrochloride, (C) prochlorperazine dimaleate, (D) amlodipine
besylate, (E) chlorpromazine hydrochloride, and (F) quercetin hydrate) and Sortase A were determined by fluorescence quenching assay. Affinity
constant Ky, was calculated by plotting Stern—Volmer Sortase A quenching. Data is presented as mean + SD (n = 3).

quenching of its fluorescence intensity, except loperamide
hydrochloride Fig. 2. The binding constants (Kj,) for mequita-
zine, triflupromazine hydrochloride, prochlorperazine dima-
leate, amlodipine besylate, and chlorpromazine hydrochloride
with Sortase A were found to be 5.6 x 10° L mol ™, 5.4 x 10° L
mol™, 7.2 x 10° L mol™%, 4.7 x 10> L mol ™, and 6.3 x 10° L
mol ', respectively. Quercetin hydrate has been used as positive
control. These results indicate that these compounds signifi-
cantly interact with Sortase A.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.3. Sortase A activity assay

We determined the percent inhibition of compounds (mequi-
tazine, triflupromazine hydrochloride, prochlorperazine dima-
leate, loperamide hydrochloride, amlodipine besylate,
chlorpromazine hydrochloride) against Sortase A protein. Sor-
tase A activity was evaluated using the fluorescent substrate
peptide Abz-LPATG-Dap(DNP). The enzyme cleaves the peptide
specifically between threonine (T) and glycine (G), disrupting
fluorescence resonance energy transfer (FRET) and leading to
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Table 2 The percent inhibition of mequitazine, triflupromazine
hydrochloride, prochlorperazine dimaleate, amlodipine besylate,
chlorpromazine hydrochloride and quercetin hydrate against Sortase
A

S. aureus ATCC 43300 Sortase A

Compounds Concentration (ug mL™") % inhibition
Mequitazine 128 64
Triflupromazine hydrochloride 128 48
Prochlorperazine dimaleate 128 47
Amlodipine besylate 128 57
Chlorpromazine hydrochloride 128 49
Quercetin hydrate 128 73

an increase in fluorescence intensity. When incubated with
Sortase A, all tested compounds, except loperamide hydro-
chloride, demonstrated inhibitory activity against the enzyme
(Table 2).

3.4. Time-dependent eradication of MRSA by potent
compounds

We evaluated these compounds' effectiveness in killing S.
aureus ATCC 43300 strains over time. Mequitazine and amlo-
dipine besylate effectively eliminated the bacteria within 12-24
hours and 4-24 hours, respectively. Similarly, loperamide
hydrochloride and chlorpromazine hydrochloride eliminated
the bacteria within 8-12 hours, and re-growth of the bacteria
was observed after 24 hours in the presence of these
compounds. All four of these compounds (mequitazine, amlo-
dipine besylate, loperamide hydrochloride, and chlorproma-
zine hydrochloride) exhibited a =3 log reduction in colony-
forming units (CFU) from the initial inoculum. These results
indicated that the above four drugs exhibit bactericidal char-
acteristics. On the other hand, triflupromazine hydrochloride
and prochlorperazine dimaleate achieved a ~2 log reduction
in CFU within 2 to 4 hours. However, re-growth of the bacteria
was observed after 24 hours in the presence of these
compounds Fig. 3. This suggests that although these two

10

logqocfu/mL

View Article Online
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compounds initially reduced the bacterial population, they were
ineffective in completely eradicating S. aureus ATCC 43300. In
conclusion, the findings highlight the efficient bactericidal
activity of mequitazine, amlodipine besylate, loperamide
hydrochloride, and chlorpromazine hydrochloride against S.
aureus ATCC 43300. These compounds demonstrated rapid and
sustained killing of the bacteria, making them promising
candidates for further investigation in combating S. aureus
infections.

3.5. The identified drugs successfully inhibit the MRSA
biofilm

The effectiveness of these compounds in inhibiting biofilm
formation by the S. aureus ATCC 43300 strain was investigated.
When used at MIC and 2 x MIC, the compounds successfully
inhibited biofilm formation in S. aureus ATCC 43300 cells.
When the compounds mequitazine, triflupromazine hydro-
chloride, prochlorperazine dimaleate, loperamide hydrochlo-
ride, amlodipine besylate, and chlorpromazine hydrochloride
were employed at MIC, they significantly inhibited the biofilm
growth by 95%, 19%, 67%, 95%, 40%, and 93%, respectively.
Whereas, at 2 x MIC, all these compounds inhibit 94% of the
biofilm growth Fig. 4. Since biofilms provide a protective shield
for pathogenic bacteria from antibiotic treatments and host
immune responses, this association often leads to chronic
infections. The present study's compounds can eliminate MRSA
biofilm formation and are promising candidates for novel drug
development.

3.6. Membrane potential disruption of MRSA by drugs

We determined the membrane potential perturbation of the S.
aureus ATCC 43300 strain. Gram-positive bacteria have nega-
tively charged structures on their outer surface, such as teichoic
acid and polysaccharide components in the cytoplasmic
membrane.> The negative potential is crucial for several
membrane complex systems, bacterial cell division and prolif-
eration, signaling, and antibiotic susceptibility.>>>* All these
compounds, except loperamide hydrochloride, successfully
disrupted the membrane potential at their MIC and 2 x MIC.

Control
Ciprofloxacin
Mequitazine

;

Triflupromazine hydrochloride

+

Prochlorperazine dimaleate
Loperamide hydrochloride
Amlodipine besylate

Time (Hrs)

6_
4—.
—o—
2—.
—B—
T T T T T F— =
0 2 4 8 12 24

Chlorpromazine hydrochloride

Fig. 3 Time-dependent killing of S. aureus ATCC 43300 at 2 x MIC of compounds ciprofloxacin, mequitazine, triflupromazine hydrochloride,
prochlorperazine dimaleate, loperamide hydrochloride, amlodipine besylate, and chlorpromazine hydrochloride. The data points depict the

mean + SD (n = 3).
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Fig. 4 The biofilm growth inhibition activity of six compounds,
mequitazine, triflupromazine hydrochloride, prochlorperazine dima-
leate, loperamide hydrochloride, amlodipine besylate, and chlor-
promazine hydrochloride, was evaluated against S. aureus ATCC
43300 at MIC and 2x MIC. The data is presented as mean 4+ SD (n = 3).
Statistical significance is denoted as follows:*, P < 0.1;** P < 0.01; ***,
P < 0.001; and **** P < 0.0001.

While loperamide hydrochloride showed significant reduction
only at 2 x MIC (Fig. 5), A proton ionophore, Carbonyl cyanide
m-chlorophenyl hydrazone (CCCP), 1 mg mL ", has been used
as a positive control. CCCP can shift the membrane potential to
~ zero mV (proton Nernst potential in the current scenario).
These findings indicate that the compounds can interfere with
the membrane potential of S. aureus ATCC 43300, disrupting its
normal function.

3.7. The drugs compromise the MRSA cell membrane
integrity

We investigated the membrane disruption capability of
compounds by performing a membrane permeability assay. In

60000
mm MIC

mm 2 XMIC
40000

20000

Fluorescence intensity (AU)

Fig. 5 Measurement of S. aureus ATCC 43300 membrane potential
perturbation after being treated with compounds at MIC and 2 x MIC.
CCCP (carbonyl cyanide 3-chlorophenylhydrazone) was the positive
control, while untreated cells were the negative control. The data is
presented as mean £ SD (n = 3), ns, non-significant; ** P < 0.001; ***
P = 0.0001; and **** P < 0.0001.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances
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20000+

10000

Fluorescence intensity (AU)

Fig.6 Fluorescence intensity of Pl was measured over the period after
the addition of MIC and 2 x MIC compounds. Nisin (20 uM) and
untreated cells have been used as positive and negative controls,
respectively. The data is presented as mean + SD (n = 3). °P = 0.01; and
bP < 0.0001.

this scenario, propidium iodide dye (PI) permeates the bacterial
cell membrane and binds to double-stranded DNA only when
the compounds damage the membrane, which otherwise
remains impermeable to the dye.*>** Nisin was used as a posi-
tive control due to its ability to create pores in the cell
membrane.®* We observed that the fluorescence intensity of PI
was increased over time after being treated with these
compounds, which can be attributed to membrane per-
meabilization Fig. 6. Therefore, the results suggest that the
compounds have the capability to permeabilize the cell
membrane of S. aureus ATCC 43300.

3.8. Assessment of macrophage invasion by MRSA

The invasion of S. aureus ATCC 43300 in macrophage (THP1)
was determined in the presence of drugs under investigation at

m MIC
m 2 XMIC

logqocfu/mL

Fig. 7 Macrophage (THP1) invasion assay of S. aureus ATCC 43300
strains was treated with compounds at MIC, and 2 x MIC. The data is
presented as mean + SD (n = 3). *** P = 0.0001; and **** P <0.0001.

RSC Adv, 2025, 15, 21666-21677 | 21673


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01781e

Open Access Article. Published on 25 June 2025. Downloaded on 8/2/2025 6:11:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

MIC and 2 x MIC. The results reveal that the compounds
significantly reduce S. aureus ATCC 43300 invasion at MIC and 2
x MIC. Prochlorperazine dimaleate successfully reduced MRSA
invasion of macrophages at 2 x MIC Fig. 7.

3.9. Toxicity assessment in rabbit blood

We examined the hemolytic effects of these compounds in
rabbit blood. A hemolytic value below 10% indicates non-
hemolytic activity, while a value above 25% indicates hemo-
lytic activity.** We treated the rabbit blood with the compounds
at their MIC and 2 x MIC. Remarkably, we observed that all the
compounds demonstrated a percentage of hemolysis lower than
10% Fig. 8. Based on our investigation, the compounds
mequitazine, triflupromazine hydrochloride, prochlorperazine
dimaleate, loperamide hydrochloride, amlodipine besylate, and
chlorpromazine hydrochloride have shown acceptable safety
profiles in relation to hemolytic activity when tested on rabbit
blood. Therefore, these findings suggest that these compounds
exhibit a favorable safety profile and can be potentially used for
adjuvant therapy.

3.10. Cytotoxicity assessment in HepG2 cell line

Cytotoxicity in the HepG2 cell line was assessed utilizing the
MTT assay. When tested at their respective minimum inhibitory
concentration levels, mequitazine, triflupromazine hydrochlo-
ride, loperamide hydrochloride, amlodipine besylate, and
chlorpromazine hydrochloride demonstrated a percentage
viability of 30%, 63%, 84%, 60%, and 28%. Prochlorperazine
dimaleate exhibited a percentage cell viability of 86% at MIC
and approximately 50% at 2 x MIC. These results indicate that
prochlorperazine dimaleate exhibits low cytotoxicity towards
mammalian cells at MIC and 2 x MIC Fig. 9. Hence, these
findings suggest that prochlorperazine dimaleate demonstrates

m MIC
m 2 XMIC

% Hemolysis
[
o
1

Fig. 8 Hemolysis of rabbit erythrocytes treated with compounds,
mequitazine, triflupromazine hydrochloride, prochlorperazine dima-
leate, loperamide hydrochloride, amlodipine besylate, and chlor-
promazine hydrochloride. Triton X-100 served as the positive control
in the experiment. The data is presented as mean =+ SD (n = 3). ****, P
<0.0001.
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Fig. 9 The cytotoxicity of compounds was evaluated in the

mammalian HepG2 cell line in an in vitro assay. The data is presented
as mean + SD (n = 3). **, P < 0.01, *** P <0.001,and **** P < (0.0001.

a promising safety profile and may have potential applications
in biomedicine.

3.11. Animal studies

3.11.1. In vivo thigh infection assay in mice. The drug
prochlorperazine dimaleate has shown potent activity against
MRSA in vitro and is non-cytotoxic in nature.® Therefore, pro-
chlorperazine dimaleate was selected to evaluate in vivo efficacy
in the murine thigh infection model. The experiment was con-
ducted on BALB/C mice to assess the effectiveness of pro-
chlorperazine dimaleate in addressing a thigh infection
induced by S. aureus ATCC 43300. The mice were orally
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Fig. 10 The in vivo efficacy of prochlorperazine dimaleate was eval-
uated in the thigh of each group of BALB/C mice (n = 4). One BALB/C
died during the experiment in the case of prochlorperazine dimaleate
treatment group (n = 3). The right thigh of the mice was infected with
S. aureus ATCC 43300. After 4 hours post-infection, the mice were
orally dosed with vancomycin or prochlorperazine dimaleate. The
vehicle group received oral treatment with sunflower oil. After 24
hours post-infection, CFU mL~t was quantified in triplicate for each
mouse. The data were presented as mean &+ SD. *, P=<0.05, and **, P
=<0.01.
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administered 100 mg kg ' of prochlorperazine dimaleate.
Vancomycin (100 mg kg™ ') was used as a positive control. After
treatment with the drugs, the bacterial count of MRSA was
reduced by approximately 1 log colony forming unit per milli-
liter (CFU mL™") in both vancomycin and prochlorperazine
dimaleate treated mice as compared to the control group that
received no treatment Fig. 10. Hence, prochlorperazine dima-
leate exhibited effective tissue penetration and demonstrated
efficacy against MRSA, in contrast to the vehicle group. These
findings underscore the therapeutic effectiveness of this
chemical scaffold, suggesting its potential as a promising
candidate for combating methicillin-resistant S. aureus.

4. Discussion

This study identifies FDA-approved drugs from diverse chem-
ical classes as potent inhibitors of Staphylococcus aureus Sortase
A, offering promising candidates against multidrug-resistant
MRSA. By integrating computational screening with func-
tional validation, we demonstrate that repurposed neurophar-
macologic agents-including phenothiazines (triflupromazine,
prochlorperazine, chlorpromazine), mequitazine, amlodipine,
and loperamide-target SrtA's catalytic domain with sub-
micromolar affinity. Their established clinical usage under-
scores the feasibility of drug repurposing for infectious diseases
and raises the prospect of rapid clinical translation. These
compounds expand the chemotherapeutic arsenal against
multidrug-resistant MRSA by exploiting non-growth-dependent
antivirulence mechanisms.

Sortase A anchors virulence-associated surface proteins to
the bacterial cell wall, thereby enhancing MRSA's capacity to
colonize and persist in host tissues. The identified compounds
demonstrated high-affinity binding to the Sortase A active site,
as confirmed by molecular docking, fluorescence quenching,
and enzyme inhibition assays. All molecules, except loperamide
hydrochloride, inhibited Sortase A activity in vitro, supporting
their mechanism-based antimicrobial potential. Among the six
candidates, mequitazine and amlodipine besylate exhibited
bactericidal activity, achieving =3 — log reduction in MRSA
colony-forming units, while the remaining compounds dis-
played bacteriostatic effects. This differentiation is critical for
tailoring therapeutic strategies, especially in life-threatening
infections requiring rapid bacterial clearance.

In addition to antimicrobial activity, these compounds also
inhibited MRSA biofilm formation, a major contributor to
chronic and device-associated infections. Several hits notably
compromised the extracellular matrix, a hallmark of biofilm
resilience, suggesting their potential in addressing recalcitrant
infections that evade standard antibiotic therapy. Mechanisti-
cally, five of the six compounds induced membrane depolar-
ization in MRSA, collapsing the proton gradient critical for ATP
generation and nutrient uptake. This disruption likely under-
pins their antibacterial efficacy. Furthermore, increased
membrane permeability was observed, consistent with irre-
versible damage and bacteriolysis.

The ability of these compounds to reduce intracellular MRSA
burden in macrophage (THP-1) models suggests additional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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utility in eradicating bacterial reservoirs that contribute to
persistence and relapse. This is particularly relevant given the
emerging recognition of S. aureus's capacity for transient
intracellular survival.

Importantly, the compounds exhibited minimal hemolytic
activity (<10%), indicating low risk of erythrocyte toxicity.
Cytotoxicity profiling in HepG2 cells confirmed favorable safety
margins, with prochlorperazine dimaleate demonstrating high
cell viability even at 2 x MIC concentrations. In vivo validation
in a neutropenic thigh infection model confirmed that pro-
chlorperazine dimaleate significantly reduced MRSA burden in
murine muscle tissue, showing efficacy comparable to vanco-
mycin. These findings highlight its translational potential as
a repurposed anti-MRSA agent with a favorable safety and
pharmacological profile.

Among the phenothiazine scaffold, mequitazine exhibits
weaker antimicrobial potency. This decreased activity may be
attributed to the presence of bridgehead ring system, which
decreases the molecule lipophilicity, and thus may hinder its
penetration into the peptidoglycan layer of MRSA (Fig. S27).
Advancing our understanding of the structure-activity relation-
ship (SAR) of SrtA inhibitors and the enzyme structural features
will enable the development of potent antibiotic agents against
MRSA.

5. Conclusion

In conclusion, docking studies together with experimental
evaluation suggest that mequitazine, triflupromazine hydro-
chloride, prochlorperazine dimaleate, loperamide hydrochlo-
ride, amlodipine besylate, and chlorpromazine hydrochloride
are potential novel lead molecules that bind with Sortase A and
exhibit antibacterial activity against the S. aureus ATCC 43300
strain. The prochloroperazine showed comparative in vivo
potency against S. aureus. However, it is essential to acknowl-
edge the constraints in the present study. The antimicrobial
compounds evaluated in the present study, apart from pro-
chloperazine dimaleate, displayed toxic potential in mamma-
lian cells. Hence, the identification of toxicophores and rational
scaffold optimization may be carried out to enrich the antimi-
crobial arsenal against MRSA. These molecules have remark-
able potential for future medicinal chemistry and represent the
lead candidates in adjuvant therapy for fatal MRSA infection.
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