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ARTICLE INFO ABSTRACT

Keywords: The rapid rise of methicillin-resistant Staphylococcus aureus (MRSA) and its ability to form antibiotic-tolerant
Antibiotic-resistance persisters pose a major challenge to antimicrobial therapy. These metabolically dormant cells survive anti-
PMRS.A biotic exposure without genetic resistance, driving chronic and relapsing infections. Here, we characterize
ersisters . RS17053—a selective alA-adrenoceptor antagonist— as a membrane-active compound with potent activity
Membrane-active agents . e . . e . . . - X
Adjuvant against both antibiotic-resistant and antibiotic-tolerant S. aureus. RS17053 disrupts bacterial phospholipid bi-

layers, causing membrane permeabilization, intracellular leakage, accumulation of reactive oxygen species, and
subsequent cell death, while exhibiting minimal cytotoxicity toward mammalian cells. The compound shows no
detectable resistance after prolonged exposure and synergistically enhances aminoglycoside potency by pro-
moting drug uptake into MRSA persisters. In a Caenorhabditis elegans infection model, RS17053 protects hosts
from lethal MRSA challenge. Collectively, these findings support RS17053 as an antimicrobial lead compound
suitable for repurposing as both a direct-acting antimicrobial and an adjuvant to aminoglycosides for treating
persistent MRSA infections.

Drug repurposing

treatment through phenotypic adaptations, forming persister cells—a
metabolically dormant, nonreplicating subpopulation that can tran-

1. Introduction

Staphylococcus aureus is a gram-positive pathogen responsible for
several infections in both community and healthcare settings. Although
most S. aureus infections are treatable with antibiotics, the emergence of
drug-resistant strains has severely constrained therapeutic options.
Particularly, the rise of methicillin-resistant S. aureus (MRSA),
vancomycin-intermediate S. aureus, and vancomycin-resistant S. aureus
(VRSA) has further complicated infection management, leading to
persistently high disease burden despite advances in antimicrobial
therapy [1]. Among major bacterial pathogens, S. aureus has exhibited
the largest increase in antimicrobial resistance (AMR)-related mortality,
with attributable deaths rising from 103,000 in 1990-196,000 in 2021
globally [2]. Although vancomycin, linezolid, and daptomycin remain
frontline therapies for severe MRSA infections, the continued evolution
of resistant strains underscores the urgent need for alternative treat-
ments [3].

Beyond genetic resistance, S. aureus can survive antimicrobial

siently tolerate high antibiotic concentrations [4,5]. In contrast to
genetically resistant bacteria, persisters evade antibiotic killing pri-
marily because of reduced metabolic activity, including diminished cell
wall synthesis, nucleic acid replication, and protein translation, without
heritable resistance mutations, rendering them largely refractory to
conventional antibiotics [6]. Persisters exhibit tolerance to diverse
classes of bactericidal antibiotics, including p-lactams, aminoglycosides,
and fluoroquinolones, despite their distinct mechanisms of action [4,7,
8]. Moreover, current antibiotic development is primarily focused on
actively dividing cells, leaving nonreplicating persisters largely unaf-
fected. This fundamental limitation highlights the necessity for the
development of novel therapeutic strategies capable of eradicating both
drug-resistant bacteria and their antibiotic-tolerant persisters.
Membrane-active agents are promising candidates for targeting
bacterial persisters because membrane integrity is essential for bacterial
viability regardless of metabolic or growth state [6,9,10]. Moreover,
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membrane modification is a complex, multigenic process that cannot be
achieved through a single mutation, making bacteria less likely to
develop resistance to membrane-disrupting antibiotics [9]. However,
many of these agents lack selectivity for bacterial over mammalian
membranes, leading to cytotoxicity that restricts their clinical applica-
tion. For instance, although a-mangostin, a polyphenolic xanthonoid,
and NH125, a small-molecule antimicrobial, can effectively kill MRSA
via membrane disruption, both cause significant hemolysis [11,12].
Furthermore, not all membrane-active agents that kill actively growing
bacteria are effective against persisters. For example, the FDA-approved
lipopeptide daptomycin and the small molecule PQ401, both of which
target bacterial lipid bilayers, fail to eradicate MRSA persisters [13-15].
These limitations highlight the need for membrane-active agents that
combine potent antipersister activity with selective bacterial membrane
targeting.

Here, we report RS17053, a small molecule originally developed as a
selective alA-adrenoceptor antagonist, as a potent antipersister agent.
RS17053 selectively disrupts bacterial membranes, eradicates MRSA
persisters, and synergizes with aminoglycosides. Through molecular
dynamics simulations and mechanistic assays, we define its membrane-
disruptive mode of action. In a Caenorhabditis elegans infection model,
RS17053 significantly improves host survival, underscoring its potential
for repurposing as both an antimicrobial and an aminoglycoside
adjuvant.

2. Materials and methods
2.1. Bacterial strains and growth conditions

The bacterial strains used in this study are described in the Sup-
porting Information. S. aureus strains were cultured in tryptic soy broth
(TSB) (BD, Franklin Lakes, NJ, USA), whereas E. faecalis and E. faecium
were grown in brain-heart infusion broth (BHI) (BD, Franklin Lakes, NJ,
USA). K. pneumoniae, A. baumannii, P. aeruginosa, and E. aerogenes were
cultured in Lennox broth (LB) (BD, Franklin Lakes, NJ, USA). Overnight
cultures were prepared by inoculating a single colony of each bacterial
strain into 5 mL of the appropriate broth, followed by incubation at
37 °C for 18-24 h with constant shaking at 250 rpm. To obtain MRSA
MW?2 cells in the exponential growth phase, overnight cultures were
diluted 1:10,000 into 25 mL of fresh TSB within a 250 mL Erlenmeyer
flask and incubated at 37 °C with shaking at 250 rpm until the optical
density at 600 nm (OD600) reached 0.2.

2.2. Antimicrobial agents and chemicals

Vancomycin, gentamicin, and ciprofloxacin were obtained from
Sigma-Aldrich (St. Louis, MO, USA). RS17053 and daptomycin were
purchased from R&D Systems (Minneapolis, MN, USA). RS17053 was
dissolved in dimethyl sulfoxide (DMSO), and ciprofloxacin was dis-
solved in 0.1 N hydrochloric acid (HCl). All other compounds were
dissolved in double-distilled water (ddH20). Stock solutions for all the
agents were prepared at a concentration of 10 mg/mL and stored ac-
cording to the manufacturer’s instructions.

2.3. Antimicrobial compound screening

Screening for MRSA growth-inhibitory compounds was conducted as
described previously [14]. Detailed procedures are provided in the
Supporting Information.

2.4. Determination of the minimum inhibitory concentration (MIC)

The MICs of the antibacterial agents were determined using the
standard microbroth dilution method, following Clinical and Laboratory
Standards Institute guidelines [16]. Bacterial growth was defined as an
0OD600 value of > 0.1. The experiments were independently repeated
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three times.

2.5. Exponential-phase cell-killing kinetic assays

In total, 500 uL of the exponential-phase S. aureus MW2 cell sus-
pension in TSB medium was dispensed into a deep 96-well plate (Bio-
neer, Daejeon, Korea; cat. no. 90062) containing 500 pL of the test
compounds at the indicated concentrations in TSB medium. The plate
was incubated at 37 °C with shaking at 450 rpm. At hourly intervals,
aliquots were collected, serially diluted 1:10 using phosphate-buffered
saline (PBS), and 5 pL of each dilution was spot-plated onto Cation-
adjusted Mueller Hinton broth (CaMH) agar plates. After overnight in-
cubation at 37 °C, the colony-forming units (CFUs) were counted. The
assay was performed in triplicate.

2.6. Serial passage resistance development assay

Serial passaging was performed over 15 consecutive days following a
modified version of a previously established protocol [17]. Detailed
methods are shown in the Supporting Information.

2.7. Checkerboard assay

Two-fold serial dilutions of RS17053 and each antibiotic were pre-
pared in CaMHB. Subsequently, 50 pL of each dilution was added to the
wells of a 96-well plate, followed by 50 pL of S. aureus MW2, adjusted to
1 x 10° CFU/mL. The plate was incubated at 37 °C for 24 h, after which
bacterial growth was measured at OD600 using a Cytation 5 Cell Im-
aging Multi-Mode Reader (BioTek, USA). Growth was defined as an
OD600 of > 0.1. The interaction between agents was assessed using the
fractional inhibitory concentration index (FICI), calculated as the sum of
the MIC of each agent in combination divided by its MIC alone. A lower
FICI indicates a stronger interaction, with synergy defined as < 0.5,
indifference as > 1 to < 4, and antagonism as > 4 [18]. All assays were
performed in triplicate.

2.8. Caenorhabditis elegans infection and toxicity assay

C. elegans-MRSA infection and toxicity assays were performed with
slight modifications to previously described methods [19]. Detailed
materials and procedures are provided in the Supporting Information.

2.9. Transmission electron microscopy (TEM)

TEM imaging was performed at the Ewha Medical Research Institute
using a Hitachi H-7650 microscope. Detailed methods are described in
the Supporting Information.

2.10. Intracellular reactive oxygen species (ROS) level evaluation

Intracellular ROS levels in S. aureus MW2 were determined using the
fluorescent probe carboxy-H2DCFDA (Invitrogen, Carlsbad, CA, USA;
cat. no. C400), prepared as a 10 mM stock solution. Bacterial cells were
grown in CaMH medium to an OD600 of approximately 1.0 and then
incubated with 10 pM carboxy-H2DCFDA, which fluoresces upon
oxidation by ROS. Next, 50 pL of the treated cells were added to the
wells of a black, clear-bottom 96-well plate containing RS17053 at the
indicated concentrations. Fluorescence intensity was monitored over 6 h
using a Cytation 5 Cell Imaging Multi-Mode Reader, with excitation and
emission wavelengths of 490 nm and 520 nm, respectively. Bacterial
growth was simultaneously measured by OD600, and fluorescence in-
tensity was normalized to the corresponding OD600 values. All mea-
surements were performed in triplicate.
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2.11. Estimation of the intracellular NADH/NAD™ ratio

The intracellular NADH/NAD* ratio in S. aureus ATCC 29213 was
measured using a modified version of a previously described protocol
[20]. Bacterial cells were cultured in TSB medium to an OD600 of
approximately 0.2 and then washed three times with PBS and resus-
pended in PBS containing 2 pM resazurin sodium salt (Sigma-Aldrich, St.
Louis, MO, USA; cat. no. R7017) and 0.4 % glucose. Subsequently, 50 pL
of the bacterial suspension was added to each well of a 96-well plate,
followed by 50 pL of RS17053 or the indicated antibiotics. Fluorescence
intensity was measured every 10 min for 2 h using a Cytation 5
Multi-Mode Reader with excitation at 530 nm and emission at 590 nm.
Fluorescence values were normalized to OD600 to account for differ-
ences in bacterial density. All experiments were performed in triplicate.

2.12. Membrane depolarization and permeability assays

Membrane depolarization was evaluated using the fluorogenic dye
3,3’-dipropylthiadicarbocyanine iodide [DiSC3(5)] (Sigma-Aldrich, St.
Louis, MO, USA; cat. no. 43608), which detects changes in the proton
motive force (PMF). Membrane permeabilization was assessed using the
fluorescent dye SYTOX Green (ThermoFisher Scientific, USA;cat. no.
$7020), which selectively penetrates cells with compromised mem-
branes. Detailed methods for each assay are provided in the Supporting
Information.

2.13. Persister preparation

Persister cells of S. aureus MW2 were generated using two methods:
stationary-phase induction and arsenate induction [14,17]. To prepare
stationary-phase persisters, an overnight culture was diluted 1:200 into
50 mL of fresh TSB in a 250-mL Erlenmeyer flask and incubated at 37°C
with shaking at 250 rpm for 24 h. S. aureus MW2 cells in the stationary
phase are known to consist predominantly of persisters [17]. To
generate arsenate-induced persisters, exponential-phase cells were
treated with 5 mM sodium arsenate and incubated for 30 min at 37 °C
with shaking at 250 rpm [14]. In both cases, antibiotic tolerance was
confirmed by the absence of a significant reduction in CFU/mL after a
4-h exposure to 100 x MIC of vancomycin, gentamicin, or ciprofloxacin.

2.14. Intracellular component leakage assays

Intracellular ATP and protein leakage were measured using the
RealTime-Glo™ Extracellular ATP Assay kit (Promega, USA) and the
Micro BCA Protein Assay kit (ThermoFisher Scientific, USA) according
to the manufacturers’ instructions. Detailed procedures are provided in
the Supporting Information.

2.15. Membrane lipid binding assay

The interaction between RS17053 and membrane lipid components
was evaluated by assessing MIC changes using a checkerboard micro-
dilution assay. Detailed procedures are described in the Supporting
Information.

2.16. All-atom molecular dynamics (MD) simulations

Molecular dynamics (MD) simulations were conducted to investigate
the interaction between RS17053 and a model bacterial plasma mem-
brane, following previously described methodologies [8]. Detailed
simulation procedures are provided in the Supporting Information.

2.17. Hemolysis assay

Hemolytic activity was measured using human red blood cells and
serial dilutions of RS17053 hydrochloride, with hemoglobin release
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quantified spectrophotometrically. The method followed previously
described protocols [14] with minor modifications as detailed in the
Supporting Information.

2.18. Biofilm persister killing assay

S. aureus MW2 biofilm persisters were prepared by diluting an
overnight culture 1:200 in TSB supplemented with 0.2 % glucose and
3 % NaCl. Then, 1 mL of the diluted culture was added to each well of a
24-well plate containing a 13-mm mixed cellulose ester membrane
(GSWP01300; EMD Millipore, USA) and incubated statically at 37°C for
24 h to allow biofilm formation. The membranes were then washed
three times with 1 mL of PBS to remove planktonic cells. Subsequently,
1 mL of PBS containing the indicated concentrations of RS17053 or
antibiotics was added to each well, followed by a 24-h incubation at
37 °C. After treatment, the membranes were washed three times with
PBS and transferred to 1.5-mL microcentrifuge tubes containing 1 mL of
PBS. The tubes were sonicated for 10 min in a Branson ultrasonic bath to
detach the biofilm-associated cells. The resulting suspensions were
serially diluted tenfold in PBS and spot-plated onto CaMH agar plates.
After overnight incubation at 37 °C, colony-forming units (CFUs) were
enumerated to quantify the surviving cells.

2.19. Gentamicin-Texas red uptake assay

The uptake of Texas Red-conjugated gentamicin (GTTR) was
measured as previously described, with minor modifications (Heo et al.,
2024). GTTR (AAT Bioquest, Pleasanton, CA, USA; cat. no. 24300) was
dissolved in DMSO to prepare a 5 mg/mL stock solution. MRSA persister
cells were incubated with 16 pg/mL GTTR and the indicated concen-
trations of RS17053 at room temperature for 1 h. After incubation, the
cells were washed three times with PBS, and 100 pL of the washed
suspension was transferred to a black, clear-bottom 96-well plate
(Greiner Bio-One, cat. no. 665090). Fluorescence intensity was recorded
using a Cytation 5 Cell Imaging Multi-Mode Reader with excitation and
emission wavelengths of 589 and 615 nm, respectively. All experiments
were performed in triplicate.

3. Results

3.1. RS17053 exhibits antimicrobial potency against antibiotic-resistant
gram-positive bacteria

We identified RS17053 (Fig. 1A) as a hit from a previous compound
library screen for anti-MRSA activity [14]. RS17053 was selected for
further investigation because of its established biological activity and
reported lack of acute toxicity in a rat model [21-23], indicating its
potential for repurposing as an antimicrobial agent. To confirm its
anti-MRSA activity, we determined that the MIC of RS17053 against
S. aureus MW2 was 8 pug/mL (Table 1). RS17053 exhibited bactericidal
activity, reducing S. aureus MW2 viability by 2 logs within 4 h at
10 ug/mL—faster than vancomycin but slower than daptomycin at the
same concentration (Fig. 1B). RS17053 also demonstrated antimicrobial
activity against E. faecium (MIC: 4 ug/mL) but displayed minimal or no
activity against gram-negative bacteria, including K. pneumoniae,
A. baumannii, P. aeruginosa, and E. aerogenes (Table 1).

Further, we assessed its activity against multidrug-resistant gram-
positive pathogens. RS17053 displayed MIC values of 4 or 8 ug/mL
against multiple MRSA clinical isolates, VRSA, E. faecalis, and
vancomycin-resistant Enterococcus strains (Table 2). Collectively, these
findings suggest that RS17053, previously characterized as a selective
alA-adrenergic receptor antagonist, possesses potent antimicrobial ac-
tivity against several antibiotic-resistant gram-positive bacteria.
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Fig. 1. RS17053 exhibits potent anti-MRSA activity without inducing resistance and does not antagonize other antibiotics. (A) Chemical structure of RS17053. (B)
Exponentially growing MRSA MW?2 cells were treated with RS17053, vancomycin (Van), or daptomycin (Dap) for 4 h. Bacterial survival was measured at 1-h in-
tervals, with a detection limit of 2 x 102> CFU/mL. Error bars represent mean + SD (n = 3). (C) In vivo efficacy of RS17053 was evaluated using a C. elegans MRSA
infection model, with vancomycin (Van) as a positive control. (D) Checkerboard microdilution assays were performed to assess interactions between RS17053 and
vancomycin (Van), oxacillin (Oxa), gentamicin (Gm), daptomycin (Dap), or ciprofloxacin (Cipro). Interactions were quantified using the fractional inhibitory
concentration index (FICI) and defined as synergistic (FICI < 0.5), additive (0.5 < FICI < 1), indifferent (1 < FICI < 4), and antagonistic (FICI > 4). Individual data
points are shown (n = 3). (E) Resistance development was evaluated over 15 days by serial passage of MRSA MW2 in the presence of either ciprofloxacin (Cipro) or

RS17053. Rep 1, 2, and 3 indicate biological replicates treated with RS17053.

Table 1
Minimum inhibitory concentration (ug/mL) of RS17053 against ESKAPE strains.

Strains RS17053 Oxa Van Dap Gm Cipro

S. aureus MW2 8 32 1 1 0.5 0.25

E. faecium E007 4 >64 05 8 >64 64

K. pneumoniae > 64 > 64 > 64 > 64 1 0.0625
WGLW2

A. baumannii ATCC 64 >64 >64 >64 05 0.5
17978

P. aeruginosa PA14 > 64 >64 >64 >64 4 < 0.0625

E. aerogenes ATCC > 64 > 64 >64 >64 025 < 0.0625
13048

Oxa: oxacillin, Van: vancomycin, Dap: daptomycin, Gm: gentamicin, Cipro:
ciprofloxacin

3.2. RS17053 rescues C. elegans from MRSA and shows low resistance
potential

We evaluated the in vivo efficacy of RS17053 using the well-
established C. elegans whole-animal infection model [24]. RS17053
improved the survival of infected worms in a dose-dependent manner,
rescuing 50 % at 2-4 ug/mL and achieving complete protection at
8 ug/mL, corresponding to its MIC against S. aureus MW2 (Fig. 1C).
These findings indicate that RS17053 can confer in vivo protection,
consistent with its antimicrobial activity observed in vitro.

Next, we examined potential interactions between RS17053 and
conventional antibiotics against MRSA and VRSA strains using a

Table 2
Minimum inhibitory concentration (pg/mL) of RS17053 against multidrug-
resistant gram-positive pathogens.

Bacteria Strain RS17053 Oxa Van Dap Gm Cipro

S. aureus ATCC 33591 8 >64 1 05 2 0.25
ATCC 43300 8 32 1 1 64 0.25
HLSA 16278 8 >64 1 1 0.25 1
HLSA 17064 8 >64 05 1 >64 >64
HLSA 17078 8 64 0.5 0.5 64 16
HLSA 18380 8 >64 05 1 0.25 16
HLSA 18807 8 >64 05 0.5 0.25 64
HLSA 18840 8 >64 1 1 >64 32
HLSA 18883 8 >64 05 1 >64 >64
HLSA 18888 8 >64 05 05 >64 >64
HLSA 20835 8 >64 1 1 0.5 64
VRS1 8 >64 >64 1 64 64

E. faecalis MMH594 4 32 1 8 >64 0.125

E. faecium  C68* 8 >64 >64 32 >64 >64
WB312* 8 >64 64 32 64 > 64
WC176* 8 >64 >64 32 >64 4

Oxa: oxacillin, Van: vancomycin, Dap: daptomycin, Gm: gentamicin, Cipro:
ciprofloxacin

checkerboard assay. In the MRSA strain MW2, RS17053 displayed ad-
ditive interactions with oxacillin, gentamicin, ciprofloxacin, vancomy-
cin, and daptomycin (0.5 < FICI < 1; Fig. 1D). In the MRSA strain ATCC
43300, RS17053 synergized with ciprofloxacin (FICI = 0.5) and showed
additive effects with the remaining agents. In the VRSA strain VRS1,
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RS17053 demonstrated additive effects with gentamicin, ciprofloxacin,
vancomycin, and daptomycin, and an indifferent interaction with
oxacillin (FICI = 1.02). These findings confirm that RS17053 does not
antagonize the activity of the tested antibiotics, supporting its use in
combination therapy.

To assess the likelihood of resistance development, we subjected
S. aureus MW2 to sub-MIC levels of RS17053 over 15 days, with cipro-
floxacin, a DNA gyrase inhibitor, serving as a control. Ciprofloxacin
treatment led to a 20-fold MIC increase, indicating the emergence of
resistance. In contrast, RS17053 did not lead to any measurable MIC
change (Fig. 1E), suggesting a low propensity for resistance
development.

3.3. RS17053 compromises MRSA membrane integrity

To examine the effects of RS17053 on MRSA morphology, we per-
formed TEM on exponential-phase S. aureus MW2 cells treated with
RS17053 at 4 x MIC for 2h. TEM images revealed intracellular
mesosome-like structures and abnormal cell division (Fig. 2A), which
are characteristic features of membrane-disrupting antimicrobials [8,
25]. These structural changes suggest that RS17053 compromises bac-
terial membrane integrity.

Given that the electron transport chain (ETC) is embedded within the
membrane, its disruption can impair ETC function, reducing NADH
consumption and leading to an increased NADH/NAD" ratio. To test this
hypothesis, we measured intracellular NADH/NAD* levels in RS17053-
treated MRSA cells. RS17053 at concentrations of 8 pg/mL or higher
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significantly elevated the NADH/NAD* ratio (Fig. 2B), indicating po-
tential ETC dysfunction. Moreover, ETC impairment often leads to
electron leakage, triggering ROS accumulation [26]. In line with this,
RS17053 caused a dose-dependent increase in ROS levels (Fig. 2C).

To further characterize its effects, we evaluated changes in the pro-
ton motive force (PMF), membrane permeability, and the leakage of
intracellular contents. RS17053 treatment led to the release of the PMF-
sensitive dye DiSC3(5), indicating membrane depolarization. Addition-
ally, RS17053 at concentrations of at least 16 ug/mL induced the rapid
uptake of SYTOX Green, a membrane-impermeable DNA-binding dye,
confirming increased membrane permeability. Moreover, RS17053
triggered significant leakage of intracellular ATP and proteins from
MRSA cells (Fig. 2F, G). Collectively, these findings demonstrate that
RS17053 disrupts MRSA membrane integrity, compromising both
membrane function and cellular homeostasis.

3.4. RS17053 interacts with and inserts into membrane phospholipid
bilayers

To investigate the molecular interactions between RS17053 and
bacterial membranes, we conducted all-atom MD simulations using a
negatively charged lipid bilayer model comprising DOPC and DOPG at a
7:3 ratio, a well-established model to study bacterial membrane in-
teractions [8,27]. The simulations revealed that RS17053 initially binds
at the lipid-water interface via electrostatic interactions between its
indole NH group and the negatively charged DOPG head groups
(Fig. 3A, Video S1). As RS17053 embeds further into the membrane, its
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Fig. 2. RS17053 kills growing MRSA by disrupting membrane integrity. (A) Transmission electron microscopy (TEM) images exponentially growing MRSA MW2
cells treated with 4 x MIC RS17053 show mesosome-like structures (blue arrows) and abnormal cell division (red arrow), in contrast to untreated controls. Scale bar:
1 pm. (B) Intracellular reactive oxygen species (ROS) levels were measured 6 h after RS17053 treatment using the fluorescent probe carboxy-H-DCFDA. (C)
Intracellular NADH levels were quantified using a resazurin reduction assay, indicating NADH accumulation following treatment. (D) Proton motive force (PMF)
dissipation was assessed using the membrane potential-sensitive dye DiSCs(5), revealing RS17053-induced membrane depolarization. (E) Membrane permeability
was evaluated by measuring SYTOX Green fluorescence 60 min post-treatment, which increases upon entry into cells with compromised membranes. (F) Cellular ATP
leakage was quantified 1 h post-treatment using an ATP luminescence assay, indicating RS17053-induced loss of intracellular ATP. (G) Protein leakage from MRSA
MW?2 cells was determined 1 h post-treatment using a micro-BCA protein assay, showing RS17053-induced protein release. In panels (B) and (C), FI represents
fluorescence intensity; in panels (D) and (E), RFU represents relative fluorescence units; and in panel (F), RLU denotes relative luminescence units. In panels (B), (C),
(F), and (G), each data point represents an independent biological replicate. Error bars indicate mean + SD (n = 3). Statistical significance was evaluated by one-way
ANOVA followed by Tukey’s post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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hydrogen (white), oxygen (red), nitrogen (blue), chlorine (green), carbon (cyan), phosphorus (orange), and sodium (pink). Water molecules are omitted for clarity. A
zoomed-in view highlights the RS17053 structure within the bilayer. (B) Time evolution of the center-of-mass (COM) distance between RS17053 and the lipid bilayer
during the MD simulation. (C) Free energy profile of RS17053 traversing the lipid bilayer, plotted against the bilayer COM distance. In panels (B) and (C), the dot-
dashed black lines indicate the membrane interface. (D) Effect of phospholipids on RS17053 activity. MIC changes of RS17053 were evaluated in the presence of
phosphatidylglycerol (PG), lysyl-phosphatidylglycerol (LPG), or cardiolipin (CL) using checkerboard microdilution assays. Phospholipid concentrations ranged from
0 to 64 ug/mL. Ciprofloxacin served as the negative control. The experiment was performed in triplicate, with all replicates showing consistent MIC changes.

cyclopropylmethoxyphenyl moiety interacts with lipid tails, facilitating
deeper insertion into the bilayer (Fig. 3A, Video S1). Over time, these
hydrophobic interactions overcome the initial electrostatic forces,
allowing RS17053 to penetrate beyond the polar head groups and into
the lipid interior. The chlorine substituent enhances lipophilicity,
further promoting stable integration within the hydrophobic core of the
bilayer.

Supplementary material related to this article can be found online at
doi:10.1016/j.biopha.2025.118763.

Time-evolution analysis of the position of RS17053 relative to the
bilayer center revealed that RS17053 remains near the membrane sur-
face for the first ~200 ns, undergoing transient interactions with lipid
head groups (Fig. 3B). After this period, RS17053 fully inserts into the
bilayer and stabilizes within the hydrophobic region (Fig. 3B), indi-
cating successful membrane penetration. The potential of mean force
profile supports this finding, showing a favorable energy minimum at
~1 nm from the bilayer center, suggesting that RS17053 preferentially
localizes within the membrane (Fig. 3C). The energy barrier for mem-
brane exit further indicates that, once embedded, RS17053 remains
stably associated with the lipid environment.

To experimentally validate the interaction between RS17053 and
bacterial phospholipids, we assessed its binding affinity to key phos-
pholipid components of the S. aureus membrane, including PG, lysyl-
phosphatidylglycerol (LPG), and cardiolipin (CL). The MIC of
RS17053 remained unchanged in the presence of LPG or CL (up to
64 ug/mL) (Fig. 3D). However, in the presence of 64 pg/mL PG, the MIC

significantly increased (Fig. 3D), indicating a strong interaction between
RS17053 and PG. This finding is consistent with the MD simulation re-
sults, which showed preferential binding to negatively charged DOPG.
Together, these computational and experimental results demonstrate
that RS17053 integrates into bacterial membranes by interacting with
phospholipids, disrupting lipid organization, and potentially compro-
mising membrane stability, which may contribute to its antimicrobial
activity.

3.5. RS17053 eradicates MRSA persisters via membrane disruption

Considering that certain membrane-disrupting agents can effectively
kill bacterial persisters, we evaluated whether RS17053 exhibits similar
activity against MRSA persisters. Stationary-phase and arsenate-induced
persisters of S. aureus MW2 were generated using established methods
[4,17,28]. Their nonreplicating state and antibiotic tolerance were
confirmed by the absence of viability reduction following a 4-h treat-
ment with 100 x MIC vancomycin, gentamicin, or ciprofloxacin
(Fig. 4A, B).

RS17053 showed potent, dose-dependent activity against diverse
MRSA persisters. Although the FDA-approved membrane-targeting
antibiotic daptomycin at 64 ug/mL reduced stationary-phase MRSA
persisters by approximately 1 log, RS17053 resulted in a 3-log reduction
at 32 uyg/mL and completely eradicated the persisters at a density of
2 x 108 CFU/mL at 64 pg/mL within 4 h (Fig. 4A). This compound also
eliminated arsenate-induced MRSA persisters at 32 ug/mL within 3 h
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Fig. 4. RS17053 eradicates MRSA persister cells. Viability of (A) stationary-phase persisters and (B) arsenate-induced persisters from the MRSA strain MW2, and (C)
stationary-phase persisters from the VRSA strain VRS1 following 4-h treatment with vancomycin (Van), gentamicin (Gm), ciprofloxacin (Cipro), daptomycin (Dap),
or RS17053 at the indicated concentrations. Data points on the x-axis fall below the detection limit (2 x 10 CFU/mL). Error bars represent mean =+ SD (n = 3). (D)
Viability of MRSA MW2 biofilm persister cells after 24-h treatment with 100 x MIC of vancomycin (Van), gentamicin (Gm), ciprofloxacin (Cipro), or varying
concentrations of RS17053. Data points on the x-axis are below the detection threshold (2 x 10> CFU/mL). Individual data points represent a biologically inde-
pendent sample, with error bars indicating mean + SD (n = 3). Statistical significance was determined using one-way ANOVA followed by Tukey’s post-hoc test

(*p < 0.05, **** p < 0.0001).

(Fig. 4B). Similarly, although daptomycin achieved only a 1.5-log
reduction in VRSA persisters, RS17053 completely eradicated them at
32 ug/mL within 4 h (Fig. 4C). Furthermore, RS17053 eliminated MRSA
persisters embedded in mature biofilms at 64 pg/mL (Fig. 4D).

To investigate the mechanism underlying its persister-killing activ-
ity, we examined the effects of RS17053 on membrane integrity.

Daptomycin, which exhibited limited killing potency, did not induce
SYTOX Green uptake or cause leakage of intracellular ATP and proteins,
suggesting it does not permeabilize persister membranes (Fig. 5A). In
contrast, RS17053 triggered rapid SYTOX Green uptake and induced
ATP leakage in a dose-dependent manner at concentrations of 16 pg/mL
or higher (Fig. 5B). In addition, intracellular protein leakage was
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Fig. 5. RS17053 disrupts MRSA persister membranes. MRSA MW?2 persister cells were treated with the indicated concentrations of (A) daptomycin and (B) RS17053.
Membrane permeability was assessed by measuring SYTOX Green uptake over 60 min; data represent the mean of three independent experiments. ATP and protein
leakage were quantified 1 h post-treatment using ATP luminescence and micro-BCA protein assays, respectively. Individual data points represent biologically in-
dependent samples, with error bars indicating mean + SD (n = 3). Statistical significance was determined using one-way ANOVA followed by Tukey’s post-hoc

test (****p < 0.0001).

observed at concentrations as low as 4 pg/mL (Fig. 5B). These findings
indicate that RS17053 kills MRSA and VRSA persisters by disrupting
membrane integrity, leading to the loss of cellular contents and collapse
of metabolic homeostasis.

3.6. RS17053 selectively targets bacterial over mammalian membranes

We investigated whether RS17053 selectively disrupts bacterial
membranes while sparing mammalian cells. Hemolytic activity assays
revealed no detectable hemolysis of human RBCs at concentrations up to
64 ug/mL. Moreover, only approximately 4.5 % hemolysis was observed
at 128 ug/mL (Fig. 6A). To further assess mammalian cell membrane
integrity, we measured ATP leakage from A549 human lung epithelial
cells and AML12 mouse hepatocytes. The cationic surfactant benzyldi-
methylhexadecylammonium chloride (16-BAC) caused substantial ATP
leakage at 64 ug/mL, whereas RS17053 induced no detectable leakage
in A549 cells and only minor leakage in AML12 cells at concentrations of
16 pg/mL or higher, markedly less than that caused by 16-BAC (Fig. 6B).

Next, we examined the interaction of RS17053 with major lipid
components of mammalian membranes, phosphatidylcholine (PC) and
cholesterol (Chol) [29]. As shown in Fig. 6C, the MIC of RS17053 against
S. aureus MW2 remained unchanged in the presence of either PC or Col
up to 64 pug/mL, in contrast to its increased MIC in the presence of the
bacterial membrane lipid PG (Fig. 3D). These results indicate that
RS17053 selectively interacts with the anionic phospholipid PG, which
is abundant in bacterial membranes but absent in mammalian mem-
branes. Together, these findings support that RS17053 exerts its mem-
brane activity through preferential binding to bacterial, rather than
mammalian, membrane components.

In vivo toxicity was assessed using Caenorhabditis elegans, a well-

established model organism for chemical toxicity evaluation [30].
RS17053 caused no detectable reduction in worm survival at concen-
trations up to 16 pg/mL. A modest but significant decrease was observed
at 32 ug/mL, with a further reduction at 64 pg/mL compared with the
0.1 % DMSO control (Fig. 6D). Notably, more than 50 % of the worms
survived even at the highest concentration tested, indicating a median
lethal concentration (LCsg) exceeding 64 pug/mL (Fig. 6C). Considering
both the MIC and the concentration that fully protect MRSA-infected
worms are 8 pg/mL (Fig. 1C), RS17053 exhibits a selectivity index of
at least eightfold, which is within the range reported for other
early-stage membrane-active leads [31-33]. Taken together, these re-
sults indicate that R$17053 selectively targets bacterial membranes and
is generally well tolerated at or near its antimicrobial MIC, with
measurable toxicity only at higher concentrations.

3.7. RS17053 enhances aminoglycoside uptake in MRSA persister cells

Because RS17053 increases membrane permeability in MRSA per-
sisters, we tested whether it promotes aminoglycoside uptake.
Measuring intracellular GTTR accumulation revealed a dose-dependent
increase in red fluorescence in RS17053-treated persisters (Fig. 7A),
consistent with enhanced uptake.

Aminoglycoside tolerance in MRSA persisters is largely owing to
diminished PMF, which is necessary for drug uptake. Given that
RS17053 promotes aminoglycoside entry, we hypothesized that it would
potentiate aminoglycoside-mediated killing. Indeed, while 8 pg/mL
RS17053 or 10 pg/mL gentamicin alone failed to kill MRSA persisters,
their combination resulted in a 5-log reduction in persister viability
within 4 h. Similarly, although 5 pg/mL tobramycin alone had no effect
on persister viability, when combined with 8 ug/mL RS17053, it also
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Fig. 6. RS17053 exhibits selectivity for bacterial over mammalian membranes. (A) Hemolytic activity of RS17053 was evaluated by incubating 2 % human red blood
cells with increasing concentrations of RS17053 or 1 % Triton X-100 as a positive control for 1 h at 37°C. Complete hemolysis induced by 1 % Triton X-100 served as
the reference. Data represent the mean of three independent experiments, with error bars indicating mean + SD (n = 3). (B) Membrane disruption in A549 human
lung epithelial cells and AML12 mouse hepatocytes was assessed by measuring intracellular ATP leakage following RS17053 treatment using an ATP luminescence
assay. The cationic surfactant benzyldimethylhexadecylammonium (16-BAC) served as a positive control. Error bars represent mean + SD (n = 4). Statistical sig-
nificance was determined using two-way ANOVA followed by Tukey’s post-hoc test. (C) Effect of membrane lipids on RS17053 activity. The MIC of RS17053 was
determined in the presence of phosphatidylcholine (PC) or cholesterol (Chol) using checkerboard microdilution assays. Lipid concentrations ranged from 0 to 64 ug/
mL. Experiments were performed in triplicate, with all replicates showing consistent MIC results. (D) In vivo toxicity of RS17053 was examined using Caenorhabditis
elegans lethality as an endpoint over a 5-day period, with 0.1 % DMSO as a vehicle control. Error bars represent mean + SD (n = 6). Statistical significance was
determined using one-way ANOVA followed by Tukey’s post-hoc test. For Panels (B) and (C), ***P < 0.001, ****P < 0.0001.
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Fig. 7. RS17053 exhibits synergistic bactericidal activity with aminoglycosides against MRSA persisters. (A) Uptake of Texas Red—gentamicin conjugate (GTTR) by
stationary-phase MRSA MW?2 persisters was measured 1 h after treatment with the indicated concentrations of RS17053. Data represent biologically independent
samples, with error bars indicating mean + SD (n = 3). Statistical significance was determined using one-way ANOVA followed by Tukey’s post-hoc test
(***p < 0.001, ****p < 0.0001). (B) Viability of MRSA persisters following 4-h treatment with RS17053 either alone or in combination with gentamicin (Gm) or
tobramycin (Tob) at the indicated concentrations. Viability was determined by quantifying colony-forming units (CFUs) through serial dilution and plating on CaMH
agar plates. Data points represent biologically independent samples, with error bars indicating mean + SD (n = 3).

induced a 5-log reduction in persister viability within 4 h. In time-kill persisters.

kinetic assays, synergy is defined as a > 2-log reduction in CFU/mL

when a combination treatment is compared with the most active single 4. Discussion

agent [18]. By this criterion, RS17053 acts as a synergistic adjuvant with

aminoglycosides, restoring bactericidal activity against MRSA Eradication of persister cells is essential for resolving chronic MRSA
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infections, yet most existing antibiotics fail because they primarily
target biosynthetic pathways that are largely inactive in dormant cells.
RS17053 addresses this therapeutic gap by directly compromising
membrane integrity—a growth-independent vulnerability—thereby
eliminating both replicating and dormant MRSA. Importantly, its low
propensity for resistance development, selective activity toward bacte-
rial membranes, and ability to synergize with aminoglycosides highlight
its potential as an antimicrobial lead.

Our computational and biochemical analyses suggest that RS17053’s
membrane-targeting activity arises from the combined action of elec-
trostatic and hydrophobic forces. The indole NH group likely initiates
electrostatic binding to anionic phospholipids such as PG, while the
cyclopropylmethoxyphenyl moiety and chlorine substituent drive hy-
drophobic insertion into the bilayer. This mechanistic framework offers
a clear rationale for medicinal chemistry optimization. For example,
introducing cationic groups onto the indole scaffold could enhance
electrostatic anchoring to bacterial membranes while reducing
nonspecific interactions with the predominantly zwitterionic mem-
branes of mammalian cells [34-36]. Alternatively, fine-tuning hydro-
phobicity—via halogen substitution or expansion of the
cyclopropylmethoxyphenyl moiety—may strengthen bilayer insertion
and improve potency [33,37,38]. Such strategies have proven effective
in optimizing other membrane-active agents, including synthetic reti-
noids and nTZDpa derivatives [17,33], and could likewise enhance the
safety and efficacy of RS17053.

An interesting observation is the significant synergy between
RS17053 and aminoglycosides against persisters, but not against
actively growing MRSA. This difference likely reflects fundamental
distinctions in aminoglycoside uptake. In growing cells, uptake is driven
efficiently by PMF, so additional membrane permeabilization confers
little benefit. In contrast, persisters have a diminished PMF, which limits
aminoglycoside entry. By permeabilizing the membrane, RS17053 nul-
lifies this barrier, facilitating rapid aminoglycoside uptake and restoring
bactericidal activity. This finding highlights the need to evaluate anti-
biotic combinations in both replicating and dormant bacterial pop-
ulations, as standard MIC-based synergy assays may underestimate
clinically relevant interactions in persistent infections.

Clinically, aminoglycosides remain valuable for treating biofilm-
associated MRSA infections, but effective dosing often requires high,
prolonged exposure due to poor biofilm penetration and antibiotic
tolerance. Such regimens increase the risk of nephrotoxicity and accel-
erate resistance development [39-43]. The ability of RS17053 to restore
aminoglycoside activity against persisters suggests a potential role as an
adjuvant, enabling lower aminoglycoside doses while maintaining
therapeutic efficacy. Because RS17053 and aminoglycosides act on
distinct targets—membrane disruption and ribosomal inhibition—their
combination may also reduce selective pressure on any single pathway,
potentially limiting resistance emergence. This dose-sparing and
resistance-mitigating effect could improve the safety of aminoglycoside
therapy while broadening RS17053’s own therapeutic window for
treating persistent MRSA infections.

While RS17053 demonstrates potent activity against MRSA per-
sisters and uniquely enhances aminoglycoside uptake, further studies
are required to address its limitations and better define its potential as an
antimicrobial lead. Key priorities include structure-activity relationship
(SAR) optimization to improve antimicrobial potency and bacterial
selectivity, reduce cytotoxicity, and eliminate its inherent alA-adreno-
ceptor antagonistic activity. These efforts should be followed by phar-
macokinetic and safety evaluations in mammalian models, with
particular emphasis on biofilm-associated and chronic infection settings
where persister populations predominate. Addressing these aspects will
be essential to delineate the therapeutic window of RS17053 and inform
its future development.

Biomedicine & Pharmacotherapy 193 (2025) 118763

5. Conclusion

We identify RS17053, a repurposed a1l A-adrenoceptor antagonist, as
a membrane-disrupting agent that eradicates MRSA persisters, enhances
aminoglycoside uptake, and confers in vivo protection. Its selective ac-
tion on bacterial membranes, low propensity for resistance develop-
ment, and synergy with aminoglycosides position RS17053 as a
compelling lead compound for antimicrobial strategies targeting
persistent MRSA infections.
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