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ABSTRACT: New drugs are urgently required to address the ongoing health
crisis caused by methicillin-resistant Staphylococcus aureus (MRSA) infections.
Added to the challenge is the difficult-to-treat persister cells and biofilm which
are tolerant to the antibiotics. Here we report a new approach to these problems,
describing the design and synthesis of aminoxy-acid−based dipeptides that
facilitate cation transport across cell membranes to disrupt bacterial ion
homeostasis. Remarkably, these synthetic cation transporters display significant
antibacterial activity against MRSA, while maintaining high selectivity over
mammalian cells. They also effectively eliminate bacterial persisters and reduce
established biofilms. Additionally, they inhibit biofilm formation and suppress
bacterial virulent protein secretion, even at subinhibitory concentrations. Their
associated antibiotic effects support their in vivo efficacy in murine skin and
bloodstream MRSA infection models with no observable toxicity to the host.
Mode-of-action analysis indicates that these cation transporters induce cytoplasmic acidification, hyperpolarization, and calcium
influx, accelerating autolysis. Given their potent activity against bacterial persisters and biofilms, synthetic cation transporters are an
emergent and promising class of compounds in the fight against MRSA infections.
KEYWORDS: antibiotics, ion transport, structure activity relationships, persister, biofilm

■ INTRODUCTION
The escalating global health crisis associated withMDRbacterial
strains accounts for an estimated 4,850,000 deaths annually.1

MRSA is one of the most concerningMDR bacterial strains with
global prevalence, causing severe infections such as bacteremia,
sepsis, endocarditis, and osteomyelitis.2−4 Beyond its antibiotic
resistance, Staphylococcus aureus forms dormant phenotypic
variants called persisters, which are highly tolerant to antibiotic
treatment.5 These persisters also contribute to forming a
bacterial polymeric network known as biofilm, wherein the
bacteria are shielded from antibiotics by a protective
extracellular matrix.6 The lack of antibiotics with new modes
of action further exacerbates the challenge of MRSA treatment.7

Bacteria have developed sophisticated mechanisms to
regulate ion homeostasis, which is crucial for osmoregulation
and maintaining the proton motive force (PMF).8 Disrupting
ion homeostasis is lethal to bacteria, as evidenced by the strong
antibacterial effect of natural ionophores.9 Although these
ionophores are commonly used in agriculture,10 they can exhibit
toxicity to some animals.11 Synthetic ion transporters have also
been developed to inhibit bacterial growth; however, they often
lack sufficient selectivity for bacterial versus mammalian cells,
and their precise mechanism remains underexplored.12,13

Together with the challenge to eliminate bacterial persisters
and biofilms, this makes the development of such molecules,

especially those with low mammalian cell toxicity, both
challenging and imperative.
Our recent studies have demonstrated that synthetic cation

transporters 1 and 2, built on α-aminoxy acid scaffolds, exhibit
low cytotoxicity toward typical eukaryotes while selectively
eliminating nonadherent cancer stem cells (CSCs).14 This
selectivity stems from exploiting the subcellular pH gradients
and hyperpolarized mitochondrial membranes of CSCs. Given
the similar membrane potential and pH gradient contributing to
the PMF in bacteria,15 we hypothesized that these synthetic
cation transporters could serve as selective antibacterial agents.

■ RESULTS AND DISCUSSION

Design, Synthesis, and Antibacterial Profile of Synthetic
Cation Transporters

The antibacterial activity of compounds 1 and 2 on MRSAMu3
was evaluated to test our hypothesis. Their minimum inhibitory

Received: December 9, 2024
Revised: February 5, 2025
Accepted: February 6, 2025
Published: February 14, 2025

Articlepubs.acs.org/jacsau

© 2025 The Authors. Published by
American Chemical Society

1328
https://doi.org/10.1021/jacsau.4c01198

JACS Au 2025, 5, 1328−1339

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pak-Ming+Fong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+Yat-Man+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lu+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bill+Hin-Cheung+Yam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Halebeedu+Prakash+Pradeep"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuhui+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuhui+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liang+Tao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+Yi-Tsun+Kao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.4c01198&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01198?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01198?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01198?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01198?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01198?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/5/3?ref=pdf
https://pubs.acs.org/toc/jaaucr/5/3?ref=pdf
https://pubs.acs.org/toc/jaaucr/5/3?ref=pdf
https://pubs.acs.org/toc/jaaucr/5/3?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.4c01198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


concentration (MIC) values were found to be 12.5 and 6.25 μΜ,
respectively. We hypothesized that increased hydrophobicity
might enhance membrane penetration, thereby improving
antibacterial efficacy. Prior studies indicated that hydrophobic
compounds with log P above six did not cause significant
mitochondrial toxicity, as they accumulated in the cytoplasmic
membrane instead of the mitochondrial membrane.16 Con-
sequently, we designed and synthesized 17 aminoxy dipeptides
with varying hydrophobicity and evaluated their antibacterial
activities (Figure 1). Analogs featuring an anilide group at the C-
terminus (compounds 5−19) demonstrated antibacterial
activities, which positively correlated with hydrophobicity
(Figure S1). In contrast, compounds 3 and 4, containing a
tert-butyl ester group in the C-terminus, did not show a
significant inhibitory effect. Additionally, altering the chirality of
aminoxy acids (compounds 5−8) did not impact their
antibacterial potency, suggesting that these dipeptides do not
interact with specific protein targets. Compound 6 with a
stronger antibacterial activity (MIC 3.13 μΜ against MRSA)
was chosen for further study. It was highly effective against
Gram-positive bacteria but not Gram-negative bacteria except
Escherichia coli mutants NR69817 and RAM12718 with a
defective outer membrane barrier (Table S1). This suggests
that the outer membrane of Gram-negative bacteria restricts the
entry of compound 6. Compound 6 was bactericidal against
MRSA (Figure S2), outperforming the last-resort antibiotics like
vancomycin and daptomycin in eliminating late exponential
phase populations (Figure 2b). In addition to its bactericidal

properties, compound 6 also attenuated the hemolytic ability of
S. aureus (Figure S3). Secretome analysis (Figure S4) revealed
that compound 6 suppressed the secretion of multiple virulent
proteins even at subinhibitory concentration, which could
prevent S. aureus infection in the host.19 Notable virulent
proteins that were significantly repressed include hemolysins
Hld andHly, pro-inflammatory phenol-solublemodulins Psmα1
and Psmβ2, pore-forming leucotoxins LukDv and LukEv, and
the immunoglobulin-binding protein Sbi.20

We further explored the antibacterial effect of compound 6 on
S. aureus persisters, which are tolerant to most conventional
antibiotics.21 While persisters were completely tolerant to 6
classes of conventional antibiotics we tested, compound 6
completely eradicated these enriched persisters (Figure 2c).
Additionally, we tested the antibacterial activity of compound 6
on S. aureus biofilms, which aremainly composed of persisters by
crystal violet staining.22 Vancomycin only demonstrated limited
antibiofilm activity even at its 128-fold MIC. In contrast, these
difficult-to-treat biofilms could be efficiently reduced by
compound 6 (Figure 2d). The biofilm was also stained with
SYTO9 and PI, which visualized the living and dead bacteria,
respectively. After the treatment of compound 6, the live-to-
dead ratio of biofilm intensity and biovolume is significantly
lower than DMSO-treated biofilm (Figure S5a,b). Furthermore,
compound 6 could effectively suppress S. aureus biofilm
production even at subinhibitory concentrations as low as 49
nM (1/64 of its MIC) (Figure 2e). These results motivated us to

Figure 1. Structure−activity relationship of compounds 1−19. Chemical structures of compounds 1−19 and their MIC (μΜ) on MRSA Mu3.
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investigate the antibacterial mechanism underlying the efficacy
of compound 6.
Dissipation of PMF by Synthetic Cation Transporter 6

We first evaluated the ion transport activity of compound 6 in
large unilamellar vesicles (LUVs) encapsulating the pH-
sensitive probe 8-hydroxypyrene-1,3,6-trisulfonic acid
(HPTS).23 Compound 6 showed a faster potassium transport
(EC50 = 0.67 μΜ) than sodium (EC50 = 15.40 μΜ) (Figures
3a,S6a,b and S7). To understand the role of protons in
potassium transport, we added the potassium transporter
valinomycin (Val) or protonophore carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP) alongside com-
pound 6 to compensate for any potential rate-limiting factors.24

Adding valinomycin but not FCCP resulted in a significant
increase in HPTS fluorescence but no increase was observed
with FCCP (Figure 3b). This suggests compound 6 is an
electrogenic transporter that transports protons more rapidly
than potassium. To assess anion transport activity, we used
LUVs encapsulating 6-methoxy-N-(3-sulfopropyl)quinolinium
(SPQ),25 whose fluorescence can be quenched by chloride.
Upon adding compound 6, no fluorescence quenching was

Figure 2. Antibacterial profile of compound 6 (a) chemical structure andMIC of compound 6 and 34. (b) Time-dependent killing on late exponential
phaseMRSAMu3 by with 10×MICof different compounds: compound 6 (31.25 μM), vancomycin (VAN) (10 μg/mL), daptomycin (DAP) (10 μg/
mL) or 1% DMSO. (c) Persister assay. S. aureus ATCC29213 persisters were challenged with 10 × MIC of different compounds: compound 6 (31.25
μM), rifampin (RIF) (0.078 μg/mL), linezolid (LZD) (40 μg/mL), meropenem (MEM) (2.5 μg/mL), daptomycin (DAP) (10 μg/mL), vancomycin
(VAN) (10 μg/mL), gentamicin (GEN) (5 μg/mL) or 1% DMSO. (d) Biofilm reduction assay. 24 h pre-established S. aureus ATCC35556 biofilm
was treated with compound 6, 128×MIC vancomycin or 1%DMSO. (e) Biofilm inhibition assay. S. aureusATCC35556 was treated with compound 6
or 1% DMSO (negative control) for 24 h. Biofilm was then quantified.

Figure 3. Compound 6 transported H+ (fastest) > K+ > Na+ > Cl− (slowest) in the liposome model. (a,b) In HPTS assay, (a) Na+/K+ transport
selectivity of compound 6 (12.5 μΜ) and (b) ion transport activity of compound 6 (195 nM) with or without potassium transporter valinoymcin (25
nM) or protonophore FCCP (100 nM) were monitored. (c) In SPQ assay, Cl− transport activity of compound 6 (100 μΜ) was monitored. The
experiments were repeated at least in duplicate and representative results were displayed.
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observed, which indicates that compound 6 does not transport
chloride (Figure 3c).
This led us to elucidate whether compound 6 can promote ion

transport in S. aureus. In Gram-positive bacteria, electron
transport chains extrude protons into the periplasmic space to
generate the proton motive force (PMF) necessary for ATP
synthesis.26 The PMF comprises electric potential (Δψ) and
proton gradient (ΔpH). Considering that compound 6 could
transport protons in the liposome model, we explored whether
compound 6 could balance ΔpH in bacteria, leading to
cytoplasmic acidification. We used a ratiometric pH-sensitive
GFP reporter27 to monitor S. aureus cytoplasmic pH (Figure
S8). The addition of compound 6 resulted in a significant pH
drop in both exponential and stationary phase S. aureus (Figures
4a and S9), suggesting cytoplasmic acidification. Furthermore,
compound 6 showed a stronger antibacterial effect in an acidic
environment compared to a basic environment (Figures 4b and
S10a). This trend did not appear in other antibiotics such as
gentamicin (Figure S10b,c).28 These observations further
support the critical role of pH homeostasis disruption in the
antibacterial mechanism of compound 6. We then monitored
extracellular potassium content using the cell-impermeable
potassium-sensitive fluorescent probe PBFI.29 We observed a
sharp increase in fluorescence upon the addition of compound 6,
indicating potassium efflux from bacteria (Figure 4c).
Inductively coupled plasma mass spectrometry (ICP−MS)
also confirmed a reduction in cytoplasmic potassium content
after treatment of compound 6 (Figure S11a). In contrast,
compound 6 did not significantly alter cytoplasmic potassium

content in the Gram-negative bacterium E. coli, which is resistant
to compound 6 (Figure S11b). These findings collectively
indicate compound 6 functions as an H+/K+ antiporter in S.
aureus.
Since membrane potential arises from the ion concentration

gradient across the membrane, compound 6 may alter it by
disrupting bacterial ion homeostasis. Hence, we used 3,3′-
dipropylthiacarbocyanine iodide (DiSC3(5)) to monitor
possible changes in membrane potential.30 An increase in
(DiSC3(5)) fluorescence was observed after the addition of
compound 6 at a subinhibitory concentration (<3.13 μM),
indicating membrane depolarization (Figures S12 and 3d). This
observation corroborates our experimental result in the
liposome model since compound 6 could lead to faster proton
influx than potassium efflux. However, we observed fluorescence
quenching when compound 6 was added at an inhibitory
concentration (≥3.13 μM) (Figure 4d), likely due to bacteria’s
tight control of Δψ and ΔpH. When one component dissipates,
the other compensates to maintain a constant PMF.30 At an
inhibitory concentration of compound 6 that significantly
reduced S. aureus ΔpH via proton influx, the PMF could be
restored by enhancing Δψ (i.e., hyperpolarization). Further-
more, bacterial membrane hyperpolarization was known to
increase aminoglycoside uptake and thus facilitate the
eradication of bacterial persisters.31 Consistent with this, we
observed that compound 6 accelerated the bactericidal activity
of aminoglycosides against S. aureus persisters (Figure 4e).

Figure 4.Compound 6 dissipates S. aureus PMF. (a) pH of exponential phase S. aureus upon addition of compound 6, positive controls nigericin (Nig)
(2 μM) with valinomycin (Val) (2 μM) and negative control 1% DMSO. (b) MICs of compound 6 against MRSA Mu3 at different pH. (c) S. aureus
intracellular potassium ion leakage upon the addition of compound 6 and positive control valinomycin. (d) The inhibitory concentration of compound
6 induced MRSA Mu3 hyperpolarization. (e) The synergy of gentamicin and compound 6 against S. aureus persister. S. aureus persister cells were
challenged with compound 6 (31.25 μM) or combined with different antibiotics: rifampin (RIF) (0.078 μg/mL), linezolid (LZD) (40 μg/mL),
meropenem (MEM) (2.5 μg/mL), daptomycin (DAP) (10 μg/mL), vancomycin (VAN) (10 μg/mL), gentamicin (GEN) (5 μg/mL).
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Synthetic Cation Transporter 6 Induced Calcium Influx

In biological systems, activating a specific ion channel can
changemembrane potential, whichmay subsequently activate or
deactivate other ion channels.32 A classic example of this is
calcium homeostasis in eukaryotic cells. Calcium, as a crucial
second messenger, controls essential physiological functions
such as neurotransmitter release and muscle contraction, and
even triggers apoptosis.33−35 Studies on calcium signaling in
prokaryotic systems are rare, although calcium has been shown
to induce autolysis in Streptococcus pneumoniae.36 Calcium
homeostasis is precisely regulated by voltage-gated calcium
channels. Hyperpolarization can activate these channels,
increasing calcium influx.37 Our previous work showed that
synthetic ion channels could regulate voltage-gated calcium
channels by altering membrane potential in mammalian cells.38

Given that compound 6 induced hyperpolarization in S. aureus,
we explored whether this compound could also trigger calcium
influx by modulating membrane potential.
We used a calcium-sensitive fluorescence probe, Fluo-4-AM,

to measure the intracellular calcium level in S. aureus.
Compound 6 was found to immediately increase fluorescence
in a concentration-dependent manner, indicating calcium influx
in S. aureus (Figure 5a). ICP−MS also showed an increase in
cytoplasmic calcium content in S. aureus (Figure S13a) but not
E. coli (Figure S13b) after compound 6 treatment. The addition
of verapamil (L-type calcium channel blocker)39 or benidipine
(triple L-, T-, and N-type calcium channel blocker)40 reduced
the fluorescence enhancement (Figure 5b), indicating that the
activation of calcium channels was involved in the calcium influx

triggered by compound 6. Moreover, verapamil and benidipine
rescued S. aureus from compound 6-induced toxicity, suggesting
that the overload of cytoplasmic calcium contributes to the
compound’s bactericidal activity (Figure 5c). Compound 6 also
induced a dose-dependent ATP boost in S. aureus (Figure 5d), a
phenomenon reported for mammalian cells where calcium influx
could stimulate the mitochondrial oxidative phosphorylation to
regulate cellular ATP homeostasis.41,42 This ATP increase was
attenuated by adding calcium channel blockers (Figure 5e),
further supporting the role of calcium influx in this process.
While the exact biological implication of the ATP increase in S.
aureus is not fully understood, prior studies on E. coli suggested
that excess ATP may be hydrolyzed by F1F0-ATPase in reverse
direction, leading to hyperpolarization and cell death.43

Compound 6 Accelerated S. aureus Autolysis

To understand the downstream effect of the ion homeostasis
disruption, we attempted to generate mutants resistant to
compound 6. We obtained mutants with MICs higher than 100
μM by continuously reinoculating S. aureus into a subinhibitory
concentration of compound 6 (Table S2 and Figure S14).
Notably, these mutants did not show cross-resistance to any
conventional antibiotics tested (Table S3), indicating that
resistance mechanisms developed were specific to compound 6
without conferring broad-spectrum resistance to other anti-
biotics. Interestingly, some mutants had significantly weaker
hemolytic abilities than the wild type (Figure S15), suggesting
an evolutionary trade-off where the bacteria compromise their
virulence in exchange for survival in the presence of compound
6, highlighting a potential survival cost associated with

Figure 5. Compound 6 induced calcium influx in S. aureus. (a) Induction of calcium influx into MRSA Mu3 by compound 6 and positive control
ionomycin (1 μΜ). (b) Alleviation of calcium influx by calcium channel blocker verapamil (1 mM) or benidipine (100 μM). (c) Protection of bacteria
from the bactericidal effect of compound 6 by calcium channel blockers verapamil and benidipine. (d) Elevation of cellular ATP after compound 6
treatment. MRSA Mu3 was treated with compound 6 for 10 min and ATP level was measured. (e) Alleviation of compound 6 induced-ATP level
elevation by calcium channel blocker.MRSAMu3was treated with compound 6 or in combination with verapamil (1mM) or benidipine (100 μM) for
10 min and ATP level was measured.
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developing resistance. It is important to note that any pathogens
capable of causing infection in the presence of antibiotics should
exhibit both resistance to antibiotics and virulence.44

Whole-genome sequencing of the highly resistant mutants
revealed a frameshift in SagB and mutations inWalR (Table S2).
SagB is a membrane-bound glucosaminidase that complexes
with membrane protein SpdC to cleave the nascent
peptidoglycan from the cell membrane. SagB knockout mutant
drastically slows down S. aureus autolysis. Moreover, the
inactivation of SagB−SpdC complexes is known to increase
the resistance to lysostaphin, the glycyl−glycyl endopeptidase
that hydrolyzes staphylococcal peptidoglycan by cleaving penta-
glycine cross bridge.45,46 WalR, on the other hand, is a response
regulator of the essential two-component system WalRK. It
controls the transcription of autolysins, bacterial hydrolases that
cleave staphylococcal peptidoglycan to facilitate cell divi-
sion.47,48 Even a minor perturbation in the level of these
autolysins could result in dysregulation of cell wall turnover.49

These mutations likely contribute to compound 6 resistance
altering the autolysis machinery of S. aureus.
Optical density is a well-established indicator for assessing

autolysis, as it decreases when autolysis is accelerated.36,50 Upon
the treatment of compound 6, the optical density of S. aureus
decreased, indicating that the compound accelerates autolysis
(Figure S16a). To link this observation to the bactericidal

activity of compound 6, we generated two markerless Atl and
sagB knockout mutants. Atl is the primary peptidoglycan
hydrolase in S. aureus. It is a bifunctional enzyme that yields
both amidase and glucosaminidase after proteolytic cleavage.51

Compound 6 showed statistically weaker bactericidal activity in
both Atl and SagB knockout strains (Figure S17), which
supports the bactericidal activity of compound 6 closely linked
to the activity of autolysins. To further investigate the
downstream effects of autolysis acceleration, we applied field
emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM) to examine the morphol-
ogy of S. aureus after the treatment with compound 6. SEM and
TEM micrographs of S. aureus treated with DMSO control
showed the expected characteristic spherical shape (Figures 6a,d
and S18a). In contrast, those treated with compound 6 revealed
bacterial membrane rupture and lysis (Figures 6b,c and S18b) in
SEM, irregular cell morphology, particularly lack of cell wall at
the septum of dividing cells (Figure 6e−g) in TEM, which aligns
with the literature on autolysin location.52 Taken together, these
observations strongly support our hypothesis that compound 6
triggers dysregulation of autolysis. This dysregulation leads to
cell death, likely due to extensive autolysis followed by osmotic
stress and membrane rupture.

Figure 6. FESEM and TEM images of S. aureus ATCC29213. (a−c) FESEM images of S. aureus ATCC29213 treated with (a) DMSO or (b,c)
compound 6 (12.5 μM). Arrowheads point to damaged S. aureus. (d−g) TEM images of S. aureus ATCC29213 treated with (d) DMSO or (e−g)
compound 6 (12.5 μM).

Figure 7. Proposed antibacterial mechanism of cation transporter compound 6. (a) Compound 6 mediates H+/K+ antiport, with much faster H+

transport than K+, across the cell membrane of S. aureus. (b) The ΔpH across the cell membrane decreases. The cell membrane undergoes
hyperpolarization, followed by calcium influx. Autolysins are activated. (c) Autolysis is accelerated, leading to an osmotic cell burst.
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Under-Secretion of Autolysin upon Compound 6
Treatment

Next, we sought to understand the mechanism behind the
observed acceleration of autolysis. Intriguingly, secretome
analysis revealed that most peptidoglycan hydrolase domains
containing proteins were under-secreted following treatment
with compound 6 (Figure S19). Real-time RT-qPCR further
confirmed reduced transcript levels of autolysins (Figure S20).

These results demonstrated that the acceleration of autolysis was
not due to the overexpression of autolysins. The reduction of
autolysin expression may represent a bacterial defense system
aimed at minimizing hydrolytic damage caused by compound 6
to the cell wall. This is like the observations with cell wall-
targeting β-lactam antibiotics, where bacteria under-express
autolysin to prevent excessive cell wall degradation.53 Such a
bacterial defense system has been previously described in
Bacillus subtilis. When the autolysin activity becomes excessive,

Figure 8. Structure−activity relationship of compounds 20−56. Chemical structures of compounds 20−56 and their MIC (μΜ) on MRSA Mu3.
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the cell wall cleavage products inhibit WalRK signaling,
suppressing the expression of WalR-dependent autolysins, and
forming a feedback loop that maintains cell wall homeo-
stasis.49,54 In addition to transcriptional and translational
regulation, autolysin activity is also subject to post-translational
modulation.55,56 In B. subtilis, studies have shown that the
dissipation of PMF can affect autolysin activity, leading to
cellular lysis.57,58 Autolysin activities are also pH-dependent,
with lower hydrolytic efficiencies observed in the periplasmic
space due to a localized acidic environment.59−61 A similar study
in S. aureus suggested that dissipation of the pH gradient can
activate autolysins in a wall-teichoic acid-dependent manner.62

While we cannot exclude the possibility that other factors might
also contribute to the overall mechanism, the evidence strongly
suggests that compound 6, which alters membrane potential, pH
gradient, and ion composition across cell membranes, can
activate autolysins and lead to dysregulated cellular autolysis and
subsequent cell lysis (Figure 7). These findings highlight that
post-translational regulation of autolysins is a key component in
the mechanism of action of compound 6, giving rise to
dysregulated autolysis and cell death.
Further Structural Optimization of Compound 6 Yielded
Compound 34 with Superior Antibacterial Activities

To further optimize the antibacterial properties, we conducted
structural optimization of compound 6 by primarily modifying
the C-terminus and N-terminus (Figure 8). We first synthesized
21 analogs with C-terminal alterations and determined their
MICs. Our structure−activity relationship (SAR) analysis
discovered that the C-terminal aromatic amide is essential for
antibacterial activity, as its removal (such as tert-butyl esters 3
and 4, aliphatic amides 21, 27, 29, and 31, as well as oxyamides
39 and 40) led to reduced antibacterial efficacies. The
hydrophobic isobutyl amide 23 and adamantanamide 25
displayed modest antibacterial activity with MIC values of

12.5 and 6.25 μΜ, respectively. For aromatic amide analogs,
their hydrophobicity and antibacterial activity were positively
correlated (Figure S21). Compound 34 (Figure 2a), featuring
2,2-difluoro-1,3-benzodioxole as the C-terminal substituent,
exhibited the highest antibacterial activity (MIC = 0.78 μΜ).
Then we synthesized 14 analogs with modified N-terminus
while keeping 2,2-difluoro-1,3-benzodioxole as the C-terminal
substituent. Only compound 51, which possesses 2,2-difluoro-
1,3-benzodioxole in its N-terminus, was antibacterial (MIC =
3.13 μM). This aligns with previous findings, suggesting that an
electron-withdrawing group is required on the N-terminus
substituent of aminoxy cation transporters. This increases the
acidity of aminoxy amide NH to facilitate its deprotonation in
the physiological environment.14 NMR titration of compound 6
with tetrabutylammonium hydroxide (TBAOH) further con-
firmed that aminoxy amide NHs are more acidic than those of
anilide amides (Figure S22). Replacement of the more acidic
aminoxy amide with a less acidic ordinary amide (compounds
55 and 56) resulted in a decrease in their antibacterial activities
(Figure 8). These findings provide support for the notion that
the acidic aminoxy amide NH undergoes deprotonation and
reprotonation in the physiological environment, which is crucial
for compound 6 to effectively eliminate S. aureus through proton
influx. In addition, ICP−MS analysis did not detect any
significant change in cytoplasmic calcium and potassium content
after the addition of compound 56 (Figure S23). This evidence
further strengthens the notion that the disruption of ion
homeostasis contributes to the overall antibacterial mechanism
of the cation transporter.
We proceeded to investigate the antibacterial properties of

compound 34, which exhibited the highest antibacterial activity
among the tested compounds. Analogous to compound 6,
compound 34 demonstrated activity against a range of Gram-
positive bacteria while showing limited activity against Gram-
negative bacteria (Table S4). Furthermore, it displayed efficacy

Figure 9. In vivo efficacy of compounds 6 and 34. (a) Changes in mean body weight of mice treated with vehicle, compound 6 (200 mg/kg), or 34
(200 mg/kg) in the acute toxicity study. (b) Survival curves depicting the efficacy of compounds 6 (10 mg/kg/day) and 34 (10 mg/kg/day) in the
lethal murine bloodstream infectionmodel. (c) Bacterial load in the skin of MRSAUSA300 LAC infected mice treated with 6 (20 mg/kg/day), 34 (20
mg/kg/day), or vehicle in a skin infection model. (d−f) Bacterial loads in the (d) lung, (e) liver, and (f) heart of MRSA USA300 LAC infected mice
and treated with compound 6 (10 mg/kg/day), 34 (10 mg/kg/day) or vehicle in a bloodstream infection model.
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against early and late-exponential-phase MRSA, persister cells,
and biofilm (Figure S24). Like compound 6, compound 34 was
found to alter S. aureus cytoplasmic potassium and calcium levels
(Figures S11 and S13). Moreover, it reduced the optical density
of S. aureus (Figure S16b) and induced abnormal cell
morphology as observed in FESEM (Figure S18c−e) and
TEM examinations (Figure S18f−h). Additionally, compound
34 exhibited weaker antibacterial activity against suppressor
mutants of compound 6 compared to the sensitive strain (Table
S5). These results strongly suggest that compounds 6 and 34
share a common antibacterial mechanism, characterized by the
disruption of ion homeostasis and autolysin-mediated cell death
in S. aureus.
Evaluation of the In Vivo Antibacterial Efficacy of
Compounds 6 and 34

We further evaluated the therapeutic potential of compounds 6
and 34 by first testing their safety profile. The in vitro toxicities
against mammalian cell lines were assessed using MTT assays.
Despite the indiscriminate toxicity of previously reported cation
transporters,11−13 compounds 6 and 34 showed rather limited
toxicity against a range of mammalian cell lines and primary
human cells (Figures S25 and S26). Moreover, they did not
exhibit any noticeable hemolytic activity (Figure S27). Most
importantly, they showed no observable in vivo toxicity as
evidenced by the lack of mortality in mice, stable body and tissue
weights, normal histology of major organs, and unremarkable
hematology and liver function profiles. These findings were
consistent across both the acute toxicity study (up to 200 mg/
kg) and the maximum tolerance study (up to 40 mg/kg/day)
(Figures 9a, S28−S29, Tables S10−S17).
With this promising in vivo safety profile, we sought to

evaluate in vivo antibacterial activities of lead compounds 6 and
34. Given that S. aureus is the major cause of skin and soft tissue
infection,2,4 we established a murine skin infection model by
subcutaneous injection of MRSA USA300-LAC, a clinically
relevant and virulent strain. Treatment with compounds 6 and
34 significantly reduced the bacterial load on the skin (Figure
9c). Additionally, we also conducted a murine S. aureus
bacteremia model due to the high risk for morbidity and
mortality for S. aureus bacteremia. Treatment with compounds 6
and 34 successfully improved the survival rate of infected mice
(Figure 9b). Although no statistically significant difference in
bacterial load was observed in kidneys between the vehicle- and
drug-treated groups (Figure S30), compounds 6 and 34
significantly reduced bacterial load in the lungs, liver, and
heart (Figure 9d−f). These results highlight the in vivo efficacy
of the synthetic cation transporters.

■ DISCUSSION
The disruption of ion homeostasis by synthetic ion transporters
has previously been reported to inhibit bacterial growth, yet the
development of these transporters as therapeutics has faced
significant challenges, including their indiscriminate cytotoxicity
and a lack of understanding of their modes of action.12,13 Since
bacteria andmammalian cells have distinct transmembrane ionic
regulation and electric potential, selective antibacterial cation
transporters can be developed by exploiting these fundamental
electrochemical differences. In this study, we initially developed
compound 6, an α-aminoxy dipeptide that facilitates K+/H+

transport in liposomes and living S. aureus. Compound 6
exhibited inhibitory effects against a broad range of Gram-
positive bacteria, including MRSA, with a suitable therapeutic

window. Notably, compound 6 is the first synthetic cation
transporter, to our knowledge, capable of eliminating the
notoriously challenging S. aureus persisters. Compounds that
can eradicate bacterial persisters are rare, with examples
including synthetic retinoids,63 acyldepsipeptides,21 and
human kinase inhibitors.64 Furthermore, none of the FDA-
approved antibiotics can eliminate persisters. It has been
reported that PMF is essential for maintaining starvation-
induced bacterial antibiotic tolerance in E. coli.65 This further
corroborates our finding that the disruption of PMF by synthetic
cation transporters can effectively eliminate bacterial persisters.
In addition to its activity against persisters, compound 6
demonstrated remarkable efficacy in eliminating biofilms
composed of persisters. Considering that S. aureus biofilms
significantly enhance antibiotic tolerance and worsen the
prognosis of bacterial infections, our findings can potentially
drive the development of new antibiofilm therapies targeting ion
homeostasis. Optimization of compound 6 led to the discovery
of compound 34, which demonstrated enhanced antibacterial
potency while maintaining a manageable toxicity profile. Given
the simple synthetic route of cation transporters containing α-
aminoxy amides, future work will focus on refining these
structures to improve their pharmacological properties and
broaden their antibacterial spectrum.

■ CONCLUSION
In conclusion, we have successfully developed a series of
antibacterial cation transporters utilizing α-aminoxy acids as
building blocks. By disrupting bacterial ion homeostasis,
compounds 6 and 34 exhibited remarkable antibacterial
activities, especially on S. aureus persisters and biofilm. Our
results underscore the antibiotic potential of synthetic cation
transporters as promising drug candidates for combating
infections caused by antibiotic-resistant or persistent Gram-
positive bacteria. We believe that the structural and biological
insights from our study could pave the way for the development
of new synthetic cation transporters, as well as other small
molecules that could eradicate MDR bacteria and their
persisters.
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