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Abstract DOI: 10.1039/D6SC002558

Silver ions (Ag") have long been employed as natural antimicrobial agents, yet
their precise mechanism of action remains unclear. In this study, we show that Ag™
displays strong antibacterial activity against Staphylococcus aureus (S. aureus),
including methicillin-resistant strains (MRSA). Using chemoproteomic analysis, we
identified MurB, MurC, and MurD as direct coordinate covalent targets of Ag" in S.
aureus, with binding occurring at cysteine residues Cys224, Cys368, and Cys221,
respectively. This interaction leads to a reduction in MurB and MurD expression and
inhibits MurC enzymatic activity, ultimately disrupting peptidoglycan synthesis and
compromising bacterial cell wall integrity. Consequently, Ag* treatment results in
bacterial membrane leakage, altered membrane potential, and inhibited biofilm
formation. Additionally, Ag" reduces bacterial adhesion and invasion, alleviating the
inflammatory response in host cells. Notably, Ag™ exhibits a low resistance frequency
compared to conventional antibiotics, underscoring its potential as an effective
antimicrobial agent. Its distinct mechanism of action and reduced likelihood of
resistance development indicate that it may serve not only as an effective therapeutic
strategy, but also as a probe for elucidating the mechanism of bacterial peptidoglycan
biosynthesis. These results offer new insights for the development of antibiotics

targeting Mur family proteins.

Keywords: Silver, Staphylococcus aureus, Multi-omics, Mur family proteins,

Peptidoglycan synthesis, Antimicrobial resistance.
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Introduction DOI: 10.1039/D6SC002558

Staphylococcus aureus (S. aureus), a Gram-positive bacterium, is a leading cause
of infectious diseases in both hospital and community settings worldwide. It is closely
linked to significant morbidity and mortality, as well as considerable economic burden
(1-3). S. aureus infected can lead to severe clinical manifestations, including
endocarditis, localized wound infections, sepsis, and pneumonia, conditions that may,
in some cases, prove fatal (4-6). This challenge is further exacerbated by the rapid rise
of antibiotic-resistant strains, particularly MRSA, against which conventional therapies
are increasingly ineffective (7). By 2019, MRSA was associated with more than
100,000 deaths across over 200 countries, leading the World Health Organization
(WHO) to designate it as a critical priority pathogen in urgent need of new antibiotic
development (8-9). This escalating challenge, coupled with the stagnation in antibiotic
innovation and extended timelines for new drug development, underscores the critical
need for therapeutic agents with distinct mechanisms of action against S. aureus.

Silver has a long-standing history in medicinal applications. Historical records,
including the Compendium of Materia Medica, document its purported therapeutic

properties, such as calming internal organs, soothing the mind, relieving convulsions,

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

and expelling pathogenic factors. In modern scientific research, silver ions (Ag") have

been confirmed to demonstrate strong antibacterial effects and have yielded

Open Access Article. Published on 23 April 2026. Downloaded on 4/24/2026 6:21:40 AM.

encouraging therapeutic results in the management of gastritis, malaria, and parasitic

(cc)

infections (10). Ag™ is known to interact with bacterial proteins, preferentially binding
to cysteine residues, which can lead to degradation of nucleic acids and proteins,
disruption of metabolic processes, and ultimately, bacterial cell death (11,12).
Clinically, Ag*-based formulations are already utilized for preventing and treating
bacterial infections, including those associated with burns and scalds (13). Moreover,
multiple studies have reported that Ag™ compromises bacterial membranes and cell
walls, contributing to its broad-spectrum antimicrobial properties (12). However,
despite its well-documented efficacy, the specific protein targets through which Ag*

exerts its bactericidal effects remain largely unidentified.
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S. aureus cell wall is predominantly composed of peptidoglycan (approkimatelyp/p6scoo2sss

90%) and teichoic acid (about 10%), which collectively maintain bacterial structural
integrity, homeostasis, and resistance to external stressors (14). This structure is
indispensable for bacterial colonization, infection, and overall survival (15).
Peptidoglycan biosynthesis in S. aureus proceeds through a multi-step pathway, with
the cytoplasmic stages primarily catalyzed by the Mur enzyme family (MurA-MurF).
These enzymes sequentially facilitate the formation of UDP-N-acetylmuramyl-
pentapeptide (UDP-MurNAc-pentapeptide), an essential precursor for peptidoglycan
assembly (Figure S1) (16). Notably, genetic studies have confirmed that S. aureus can’t
survive in the absence of functional Mur proteins, underscoring their essential role in
bacterial viability (17). Accordingly, the development of small-molecule inhibitors
targeting Mur enzymes offers a promising approach for new antibiotic discovery.
Although several compounds have demonstrated inhibitory activity against Mur
enzymes in vitro (18-19), no drugs directed at this family have reached clinical use.
Therefore, advancing antibiotics that target Mur proteins may significantly expand our
therapeutic arsenal against antibiotic-resistant bacterial infections.

In this study, we systematically evaluated the antibacterial activity and selectivity
of Ag" against both susceptible and resistant S. aureus, including MRSA. Using
quantitative chemoproteomics, we globally mapped the protein targets of Ag” in S.
aureus and, for the first time, identified MurB, MurC, and MurD as its direct covalent
targets. We further characterized the specific binding of Ag® to cysteine residues,
Cys224 in MurB, Cys368 in MurC, and Cys221 in MurD, which leads to the
suppression of MurB and MurD expression and inhibition of MurC enzymatic activity,
thereby disrupting peptidoglycan synthesis. Electron microscopy confirmed that Ag*
induces marked thinning and rupture of the bacterial wall. Notably, Ag* exhibited a low
propensity for resistance development in S. aureus and demonstrated strong
bactericidal effects against amoxicillin-resistant strains. Collectively, this work
elucidates key antibacterial targets of Ag* and offers a mechanistic foundation for the
development of new antibiotics targeting Mur family proteins to combat the global

challenge of bacterial resistance.
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Results DOI: 10.1039/D6SC002558

Ag* Exhibits Potent and Selective Antibacterial Activity

To assess the antibacterial efficacy of Ag", we first examined its inhibitory effects
against S. aureus and MRSA in comparison with amoxicillin. After 24 h of treatment,
Ag" exhibited potent activity with ICsq values of 0.96 uM for S. aureus and 6.8 uM for
MRSA (Figure 1A-B). In contrast, while amoxicillin was highly effective against the
drug-sensitive strain (ICso = 19.3 nM)), its activity was substantially diminished against
MRSA (ICso = 56.8 uM) (Figure S2, Figure 1C). A checkerboard assay revealed a
marked synergistic interaction between Ag® and amoxicillin, yielding a fractional
inhibitory concentration (FIC) index of 0.127, well below the 0.5 threshold for synergy
(Figure 1D). Against the Gram-negative bacterium Escherichia coli (E. coli), Ag"
displayed an ICsq of 13.84 uM (Figure S3), indicating a broader, though more potent
anti-Gram-positive, spectrum of activity. Further characterization using plate colony
counting confirmed a concentration-dependent reduction in S. aureus survival (Figure
1E). Growth curve analysis demonstrated that Ag* suppressed bacterial proliferation in
a dose-dependent manner, with growth almost completely inhibited at 2 uM (Figure

1F). The S.areus killing curve established that Ag* at 2 and 4 uM eradicated most

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

bacteria within 12 hours (Figure 1G). To assess the biocompatibility of Ag", we
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evaluated its cytotoxicity in human lung epithelial (BEAS-2B) and macrophage (RAW

264.7) cell lines. The 50% cytotoxic concentration (CCsp) values were 116.4 uM and

(cc)

99.74 uM, respectively (Figure 1H-I), both substantially higher than the minimum
inhibitory concentration (MIC) of Ag" against S. aureus (2 pM). This broad selectivity
window highlights the potential of Ag® as a bactericidal agent with favorable

cytocompatibility.

Chemoproteomic Profiling Identifies MurB, MurC, and MurD as Direct Targets
of Ag" in S. aureus
To clarify the molecular mechanism of the antibacterial activity of Ag*, we applied

a chemoproteomic approach to identify its direct protein targets in S. aureus. Given
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prior evidence suggesting Ag’ interacts with cysteine residues (20), we Patilized/p6sc002558

iodoacetamide-alkyne (IAA-yne), an activity-based cysteine probe, in conjunction with
activity-based protein profiling (ABPP). This approach enables the identification of
covalent protein targets through potential in situ bioactivation or direct binding events
(21,22). Following the workflow outlined in Figure 2A, we systematically profiled
Ag*-binding proteins by assessing changes in cysteine reactivity in the presence or
absence of Ag*. Proteins captured by IAA-yne were fluorescently tagged via copper(I)-
catalyzed azide-alkyne cycloaddition (CuAAC). Pre-incubation with Ag* resulted in a
dose-dependent reduction in fluorescence labeling intensity (Figure 2B-C), indicating
that Ag"™ covalently occupies cysteine residues in multiple proteins.

To identify these targets, desthiobiotin iodoacetamide (DBIA)-captured proteins
were enriched, digested, and subjected to dimethyl labeling for quantitative proteomic
analysis. Peptides bearing cysteines were precisely quantified, revealing potential Ag*-
binding proteins based on reduced DBIA labeling upon Ag* competition (Figure 2D).
Notably, three Mur family enzymes, MurB, MurC, and MurD, were identified as
prominent candidate targets, as Ag" almost completely abolished DBIA binding to
these proteins (Figure 2E). Gene Ontology (GO) analysis revealed that proteins
targeted by Ag" were significantly enriched in pathways associated with metal ion
binding, catalytic activity, metabolic processes, and cell wall macromolecule
biosynthesis (Figure 2F), further supporting the functional relevance of the identified
targets. To validate these interactions, we overexpressed and purified recombinant
MurB, MurC, and MurD. Fluorescence labeling assays with [AA-yne confirmed that
Ag" effectively competed for binding to all three proteins (Figure 3A-C). Moreover,
Ag" treatment significantly enhanced the thermal stability of MurB (Figure 3D-E),
MurC (Figure 3F-G), and MurD (Figure 3H-I), as demonstrated by protein-based
thermal shift assays. Furthermore, protein-based thermal shift assays demonstrated that
sodium acetate at the same ionic strength does not enhance the thermal stability of
MurB, MurC, or MurD (Figure S5A-C). These findings collectively establish MurB,

MurC, and MurD as direct and biologically relevant targets of Ag* in S. aureus.
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Ag"* Specifically Binds to Cys224 of MurB, Cys368 of MurC, and Cys221 oftMurBy/06sc002558
Our chemoproteomic analysis revealed that Ag™ covalently interacts with specific
cysteine residues: Cys224 in MurB, Cys368 in MurC, and Cys221 in MurD (Figure
2D). To elucidate the binding mode, we performed molecular docking simulations,
which demonstrated that Ag* forms ionic bonds with key residues in each protein:
Cys224 and Val227 in MurB (Figure 4A), 11e396 and Cys368 in MurC (Figure 4B),
and Cys221 and Glu230 in MurD (Figure 4C), consistent with our mass spectrometry
results. To experimentally validate these binding sites, we generated and purified point
mutants of each protein: MurB (C224A), MurC (C368A), and MurD (C221A). In vitro
fluorescence labeling assays showed that Ag* lost its ability to compete with [AA-yne
labeling in all three mutants (Figure 4D-F), confirming the essential role of these
cysteine residues in Ag* binding. We further quantified the binding affinity using
microscale thermophoresis (MST). Ag* bound to wild-type MurB with a K4 of 1.8 pM,
which decreased 6.6-fold to 12 puM for the MurB(C224A) mutant (Figure 4G).
Similarly, the binding affinities for wild-type MurC and MurD were 0.65 uM and 0.85
uM, respectively, but decreased more than 10-fold for the MurC(C368A) (8.2 uM,
Figure 4H) and MurD(C221A) (9.2 uM, Figure 4I) mutants. To exclude the influence

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

of ionic strength on the binding affinity between Ag* and MurB, MurC, and MurD, we

performed MST using sodium acetate at the same concentration. The results showed

Open Access Article. Published on 23 April 2026. Downloaded on 4/24/2026 6:21:40 AM.

that, at equivalent ionic strength, no measurable binding was detected between sodium
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acetate and MurB, MurC, or MurD (Figure S6A-C). These findings further indicate
that Ag* exhibits strong binding interactions with MurB, MurC, and MurD. To provide
direct evidence of binding, we employed MALDI-TOF mass spectrometry. Upon
addition of Ag*, the mass-to-charge ratio of MurC increased from 50242.75 to 50456.86
(Figure 4J), corresponding to a mass increase of 214.11 Da, approximately equivalent
to two Ag* atoms. This suggests that one MurC protein molecule can directly bind two
Ag" ions. Taken together, these findings provide strong evidence that Ag* directly and
covalently interacts with MurB, MurC, and MurD, with Cys224, Cys368, and Cys221

serving as the primary binding sites, respectively.
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Ag* Suppresses Expression and Function of Mur Family Proteins DOI: 10.1039/D6SC00255B

Having established the direct binding of Ag™ to MurB, MurC, and MurD, we next
investigated the functional consequences of these interactions in S. aureus. To evaluate
the effects of Ag" on the biological functions of S. aureus without compromising
bacterial viability, we treated the cells with sub-ICs, concentrations of Ag* for 12 h.
Subsequently, using a comprehensive proteomic approach, we assessed global protein
expression changes following Ag* treatment. Volcano plot analysis revealed significant
alterations, with 126 proteins upregulated and 128 downregulated (Figure 5A). GO
analysis indicated that upregulated proteins were primarily associated with ion transport
and peptidoglycan-based cell wall processes (Figure 5B), while downregulated
proteins were enriched in pathways including metal ion stress response, protein folding,
and peptidoglycan catabolism (Figure SC). We specifically examined the protein levels
of key Mur family enzymes in Ag*-treated S. aureus. In proteomic analysis
demonstrated that Ag* significantly suppressed the expression of MurA2, MurB, MurE,
and MurD (Figure SD). Interestingly, despite direct binding to MurC, its protein
expression was upregulated following Ag* treatment (Figure SD). This Ag*-mediated
upregulation of MurC may represent a compensatory mechanism in bacteria. We
speculate that Ag™ may interact with the cysteine residue of MurC, thereby inhibiting
its enzymatic activity and impairing its function, which in turn triggers this
compensatory response. To examine this hypothesis, we evaluated MurC enzymatic
activity in the presence of Ag". Our results showed that Ag* significantly inhibited
MurC activity with an ICsy of 5.6 uM (Figure SE, Figure S4). Furthermore, compared
to WT MurC, the enzymatic activity of the MurC (C368A) mutant was markedly
reduced (Figure 5F), indicating that Cys368 is critical for MurC catalytic function.
Importantly, Ag" failed to inhibit the enzymatic activity of the MurC (C368A) mutant
(Figure 5G), confirming that Cys368 serves as the key site through which Ag*
suppresses MurC activity. Collectively, these findings demonstrate that Ag" exerts its
antibacterial effects by binding to MurB, MurC, and MurD, thereby inhibiting both the
expression of MurB and MurD and the enzymatic activity of MurC. Through this multi-

faceted mechanism, Ag™ disrupts peptidoglycan synthesis and compromises S. aureus
7
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cell wall integrity, ultimately resulting in bacterial cell death. DOI: 10.1039/D6SC002558

Ag"* Disrupts Cell Wall Integrity and Induces Bacterial Membrane Damage in S.
aureus

As essential enzymes in peptidoglycan biosynthesis, MurB, MurC, and MurD
collectively play a role in maintaining the structural integrity of the bacterial cell wall
(23). To determine whether Ag" binding to these targets affects their physiological
function, we first quantified S. aureus peptidoglycan content. Our results confirmed
that Ag" significantly inhibits peptidoglycan synthesis (Figure 6A). Given that
peptidoglycan constitutes 50-85% of the S. aureus cell wall, its reduced synthesis is
expected to severely compromise cell wall stability (24,25). We next employed
transmission and scanning electron microscopy to visualize morphological changes.
Untreated bacteria displayed intact, smooth surfaces, whereas Ag*-treated S. aureus
showed deformed and collapsed morphologies, indicative of severe cell wall damage
(Figure 6B). To further visually observe the effects of Ag* on the bacterial wall, Ag*-
treated S. aureus cells were processed for TEM imaging of ultrathin sections. The

results further confirmed severe structural damage, including substantial thinning and

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

rupture of the cell wall (Figure 6C).

To evaluate membrane integrity, we performed live/dead staining was conducted

Open Access Article. Published on 23 April 2026. Downloaded on 4/24/2026 6:21:40 AM.

using Calcein-AM and propidium iodide. With increasing Ag" concentrations, green

(cc)

fluorescence (viable cells) progressively decreased while red fluorescence (nonviable
cells) intensified (26,27), confirming Ag*-induced loss of membrane integrity (Figure
6D). Alkaline phosphatase (AKP), an enzyme located between the membrane and cell
wall, is released upon cell wall disruption (28-30). After Ag™ treatment, extracellular
AKP levels significantly increased (Figure 6E), while intracellular AKP decreased
correspondingly (Figure 6F), indicating compromised S. aureus cell wall barrier
function. Membrane potential was assessed using rhodamine dye, which accumulates
extracellularly when membrane integrity is impaired (31). Ag* treatment markedly
enhanced fluorescence intensity (Figure 6G), confirming disruption of membrane

potential. Finally, we detected substantial leakage of proteins and nucleic acids from
8
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Ag'-treated S. aureus (Figure 6H-I), providing direct evidence of membpane/p6sC002558

permeabilization. Collectively, these results demonstrate that Ag*, through coordinate
covalent interactions with Mur family proteins, disrupts peptidoglycan synthesis and
compromises bacteria wall integrity. This results in disruption of membrane potential,
increased permeability, and leakage of intracellular components, ultimately resulting in

S. aureus death.

Ag* Attenuates the Virulence of S. aureus

The virulence of S. aureus is primarily due to its capacity to form biofilms, adhere
to and invade host cells, and elicit inflammatory responses (32-34). Since bacterial wall
integrity is crucial for these virulence-associated behaviors (35,36), we hypothesized
that Ag™-induced S. aureus wall damage would attenuate bacterial pathogenicity. To
test this, we first assessed the impact of Ag" on S. aureus adhesion and invasion of
BEAS-2B cells. Ag"™ pretreatment significantly reduced both adhesion (Figure 7A-B)
and invasion (Figure 7C-D) in a concentration-dependent manner, as shown by
decreased S. aureus colony counts. Consistent with reduced virulence, Ag* treatment
also alleviated S. aureus-induced cytotoxicity in BEAS-2B cells (Figure 7E). We
further examined the effect on the inflammatory response induced by S. aureus
infection. Infection significantly elevated secretion of key inflammatory mediators,
nitric oxide (NO), interleukin-1B (IL-1B), tumor necrosis factor (TNF-a), and
interleukin-6 (IL-6), in BEAS-2B cells. Ag" pretreatment effectively suppressed this
pro-inflammatory response in a concentration-dependent manner (Figure 7F-I). Given
the importance of biofilms in persistent infections and antibiotic resistance (35), we
assessed biofilm formation using crystal violet staining. Ag* potently inhibited biofilm
development, achieving over 80% inhibition at a concentration of 0.12 uM (Figure 7J).
Moreover, Ag" exhibited no bactericidal activity against S. aureus at any of the biofilm
tested concentrations (Figure S7), further confirming Ag" inhibited biofilm formation
is not attributable to bacterial killing. In summary, these findings demonstrate that Ag*,
by disrupting bacterial wall synthesis through targeting Mur family proteins,

significantly impairs multiple virulence traits of S. aureus, including adhesion, invasion,
9
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biofilm formation, and induction of inflammatory responses. This multifa¢ceted/pescoo2sse
attenuation of pathogenicity, combined with direct bactericidal activity, highlights the

potential of Ag* as a promising anti-virulence agent.

Ag* Demonstrates a Low Propensity for Resistance Development in S. aureus

The emergence of multidrug-resistant "superbugs" is frequently driven by the
widespread overuse of conventional antibiotics (37). Many frontline therapies against
Gram-positive pathogens, including vancomycin, carry inherent risks of resistance
development and potential adverse effects (38). We therefore sought to evaluate the
potential for S. aureus to develop resistance to Ag*. Using a serial passage assay, we
continuously exposed S. aureus to sub-inhibitory concentrations (ICso) of Ag* or
amoxicillin over multiple generations. Resistance to amoxicillin emerged as early as
the eighth passage, with the ICs, increasing more than 15-fold after 15 generations
(Figure 8A). In stark contrast, S. aureus exhibited no significant development of
resistance to Ag" throughout the entire experimental period (Figure 8B). Notably, Ag*
maintained potent antibacterial activity against amoxicillin-resistant S. aureus even

after 14 passages (Figure 8C). These findings indicate that Ag*, through its unique

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

mechanism of targeting Mur family proteins, possesses a distinct advantage in

mitigating the development of antibiotic resistance, highlighting its potential as a

Open Access Article. Published on 23 April 2026. Downloaded on 4/24/2026 6:21:40 AM.

sustainable antimicrobial agent.

(cc)

Discussion

The escalating prevalence of antibiotic-resistant pathogens, especially MRSA,
presents a significant challenge to global public health. As conventional antibiotics
increasingly lose efficacy against evolving resistance mechanisms, the creation of
antimicrobial agents with new mechanisms of action becomes imperative (39-40).
Within this framework, our study systematically investigates the antibacterial potential
of Ag", a historically recognized antimicrobial agent with documented therapeutic
efficacy in traditional medicine. We demonstrate that Ag" exhibits robust and selective

antibacterial efficacy against both susceptible and resistant S. aureus strains, while
10
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showing a markedly low propensity for resistance development. Notably, Ag* operates/p6sco02558

through a distinctive mechanism by covalently targeting Mur family proteins,
representing a significant departure from conventional antibiotic strategies, providing
anovel perspective for the rational development of new antibiotics targeting Mur family
proteins.

The antibacterial potency of Ag™ is particularly remarkable when evaluated against
clinical pathogens. The ICsq values of 0.96 uM for S. aureus and 6.81 uM for MRSA
indicate superior inhibitory activity compared to several reported natural antibacterial
compounds, including gallinamide A, cinnamaldehyde, and triptolide (41-43). This
enhanced efficacy is especially evident when contrasted with amoxicillin, which,
despite its potent activity against drug-sensitive S. aureus (ICso = 19.28 nM), shows
significantly reduced efficacy against MRSA (ICsq = 56.79 uM). The ability of Ag" to
maintain potent bactericidal activity against amoxicillin-resistant strains, coupled with
its significantly lower susceptibility to resistance development, underscores its potential
as an effective therapeutic alternative. Furthermore, the broad-spectrum nature of Ag*,
demonstrating activity against both Gram-positive (S. aureus) and Gram-negative (E.
coli) bacteria, highlights its multifunctional antimicrobial character, a particularly
valuable attribute in an era of escalating multidrug resistance.

The mechanism of action of Ag" represents a significant departure from
conventional antibiotics. Our chemoproteomic analysis identified MurB, MurC, and
MurD as primary coordinate covalent targets of Ag* in S. aureus. Specifically, we
demonstrate that Ag* binds to cysteine residues Cys224, Cys368, and Cys221 in MurB,
MurC, and MurD, respectively, thereby disrupting bacterial peptidoglycan synthesis,
an innovative approach to bacterial suppression. This targeting strategy gains further
support from the observation that Ag* exerts significantly stronger bactericidal effects
on S. aureus (containing 90% peptidoglycan) than on E. coli (with only 5-20%
peptidoglycan) (44), confirming the particular importance of peptidoglycan synthesis
inhibition in its anti-staphylococcal activity.

Notably, the bacterial cell wall constitutes a structure unique to prokaryotic

organisms, absent in human cells. This fundamental difference explains the favorable
11
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selectivity of Ag®, which exhibits potent antibacterial activity while maintaimmgdews/p6sco02558
cytotoxicity toward mammalian cells, a crucial advantage for therapeutic development.
Our GO pathway analysis further reveals that the interaction between Ag" and Mur
family proteins are involved not only in cell wall biosynthesis but also in other critical
processes, including glycolysis and amino acid metabolism. The unique coordinate
covalent binding mode between Ag* and Mur enzymes offers a novel strategic approach
for developing antibiotics that function through mechanisms distinct from currently
employed therapeutics. In summary, our results establish that Ag" inhibits
peptidoglycan synthesis and compromises the bacterial cell wall in S. aureus through a
multi-faceted mechanism: reducing MurB and MurD protein levels while directly
inhibiting MurC enzymatic activity. This coordinated attack on cell wall integrity leads
to impaired biofilm formation, diminished bacterial adherence and invasion capacity,
and ultimately, loss of bacterial viability (Figure 9).

The results of this study offer a strong mechanistic basis for the continued
development of Ag* as a novel antimicrobial agent. The systematic investigation of its
antibacterial activity, combined with the identification of specific molecular targets,

offers valuable insights for rational drug design. Notably, the low resistance frequency

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

observed for Ag™ compared to conventional antibiotics like amoxicillin positions it as

a promising candidate for addressing the growing challenge of antimicrobial resistance.

Open Access Article. Published on 23 April 2026. Downloaded on 4/24/2026 6:21:40 AM.

The multi-target nature of Ag* action, concurrently inhibiting several essential Mur

(cc)

enzymes, may contribute to its sustained efficacy and reduced susceptibility to
resistance development. Additionally, our ABPP results further indicate that, beyond
the Mur family, Ag" can target multiple proteins in Staphylococcus aureus. In future
studies, we will further characterize these targets to fully elucidate antibacterial
mechanism of Ag*, which may represent a significant advantage over single-target
antibiotics. Future exploration of additional molecular targets of Ag" may reveal
complementary mechanisms of action, potentially identifying new antibacterial targets.
Although both Ag*™ and amoxicillin exert antibacterial activity through the inhibition of
bacterial cell wall synthesis, their combination exhibits a pronounced synergistic effect.

This may be explained by the fact that Ag* directly impairs the activity of cytoplasmic
12
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Mur family enzymes responsible for the initial stages of peptidoglycan precursop/p6scoo2558

synthesis, whereas amoxicillin inhibits penicillin-binding proteins that mediate the later
stages of cell wall assembly and cross-linking. This complementary targeting of two
functionally connected yet spatially distinct components within the same essential
pathway provides a plausible mechanistic basis for the observed synergy. Given its
favorable resistance profile, the development of combination therapies incorporating
Ag" alongside existing antibiotics warrants serious consideration. Such synergistic

combinations could provide a powerful strategy for treating multidrug-resistant

bacterial infections, potentially extending the clinical lifespan of current antibiotics (40).

Furthermore, silver ions’ ability to overcome common resistance strategies, such as

biofilm formation, merits deeper investigation to fully exploit its therapeutic potential.

Conclusion

In conclusion, this study systematically elucidates the antibacterial mechanism of
silver ions (Ag") against Staphylococcus aureus, including MRSA. Using
chemoproteomic approaches, we identified MurB, MurC, and MurD as primary
coordinate covalent targets of Ag®, with specific cysteine residues serving as critical
binding sites. We demonstrated that Ag"™ not only suppresses the expression of MurB
and MurD but also directly inhibits the enzymatic activity of MurC, thereby disrupting
peptidoglycan synthesis and compromising bacterial cell wall integrity. Electron
microscopy confirmed extensive structural damage, including membrane thinning and
cell wall rupture, following Ag" treatment. Notably, Ag* exhibits a remarkably low
resistance frequency compared to conventional antibiotics and maintains potent
efficacy against amoxicillin-resistant strains. Beyond its direct bactericidal effects, Ag*
attenuates key virulence traits, including adhesion, invasion, and biofilm formation,
while mitigating inflammatory responses in host cells. These results indicate that Ag*
has a unique mechanism of action and could function as a valuable mechanistic probe,
providing inspiration for Mur-targeted antibacterial design and offering important

insights for developing new antibiotics to combat global bacterial resistance.

13
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Figure 1. Ag* selectively killed bacteria with limited cytotoxicity on human cells. (A) Bacterial

survival rate of S. aureus following 24 h of treatment with Ag* at various concentrations (n = 6).

(B) Bacterial survival rate of methicillin-resistant S. aureus (MRSA) following 24 h of treatment

with Ag* at various concentrations (n = 6). (C) Bacterial survival rate of Methicillin-resistant S.

aureus (MRSA) following 24 h of treatment with amoxicillin at different concentrations (n = 6).

(D) The checkerboard method showing the synergy of Ag*" and amoxicillin combination. FIC =
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(MIC of Ag* in combination / MIC of Ag* alone) + (MIC of Amoxicillin in combination/ VG of 1 cecoreen
Amoxicillin alone) (E) Optical images of S. aureus colonies after 6 h of treatment with Ag* at

different concentrations. (F) Growth curve of S. aureus over 24 h of treatment with Ag™ at different
concentrations (n = 3). (G) Killing curve of S. aureus over 24 h of treatment with Ag" at various
concentrations (n = 3). (H) Cell viability of RAW cells following 24 h of treatment with Ag" at

different concentrations (n = 6). (I) Cell viability of BEAS-2B cells following 24 h of treatment with

Ag" at different concentrations (n = 6).
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Figure 2. Protein target identification of Ag* in S. aureus via quantitative chemoproteomic

profiling. (A) Overview of the workflow for profiling protein targets of Ag" in S. aureus. (B)

Competitive fluorescent labeling of proteins in S. aureus by IAA-yne following in situ treatment in

the presence of excess Ag™. (C) Coomassie Brilliant Blue (CBB) staining was used to normalize the

total protein content in panel (B). (D) Identification of potential Ag* targets in S. aureus through

activity-based protein profiling. (The quantified signal represents relative cysteine reactivity,

calculated as the normalized peptide intensity ratio between DBIA and DBIA+Ag"-treated samples)

(E) The normalized abundances of MurB, MurC, and MurD peptides targeted by Ag+. Proteome

Discoverer software was used to standardize the intensity values were normalized across samples

based on total peptide signal to enable comparison between different conditions (n = 3). (F) Gene

Ontology (GO) pathway enrichment analysis of Ag*-targeted proteins.
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Figure 3. Protein target (murB, murC, murD) verification of Ag* in S. aureus. (A-C) Ag*

competed away with [AA-yne probe for binding to purified recombinant MurB(A), MurC(B) and
MurD(C) protein in a gel fluorescence assay. (D-E) Protein-based thermal shift assays showing the
thermal stability of MurB in the absence and presence of Ag* (1 uM) (n = 3). (F-G) Protein-based
thermal shift assays showing the thermal stability of MurC in the absence and presence of Ag* (1
uM) (n = 3). (H-I) Protein-based thermal shift assays showing the thermal stability of MurD in the
absence and presence of Ag™ (1 uM) (n = 3). Values are expressed as the mean + SEM.
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Figure 4. Ag* bind MurB, MurC and MurD at Cys224, Cys368 and Cys221. (A-C) A model of
Ag" binding to the MurB(A), MurC(B) and MurD(C) protein, generated by molecular docking. (D)
Ag’ competed away with [AA-yne for binding to purified recombinant wild-type (WT) MurB and

mutant MurB (C224A) protein in a gel fluorescence assay. (E) Ag* competed away with the IAA

probe for binding to purified recombinant WT MurC and mutant MurC (C368A) protein in a gel
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fluorescence assay. (F) Ag* competed away with IAA-yne for binding to purified recombigant W, 06sc002558
MurD and mutant MurD (C221A) protein in a gel fluorescence assay. (G) The coordinate-covalent-

type binding affinity of WT MurB and its mutant MurB (C224A) to Ag*, measured by microscale
thermophoresis. (H) The coordinate-covalent-type binding affinity of WT MurC and its mutant

MurC (C368A) to Ag*, measured by microscale thermophoresis. (I) The coordinate-covalent-type

binding affinity of WT MurD and its mutant MurD (C221A) to Ag", measured by microscale
thermophoresis. (J) Native mass spectra of murC in the absence (blue) and presence of Ag" (red)

detected by MALDI-TOF.
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Figure 5. Ag’ reduces the expression of MurB and MurD, as well as the enzymatic activity of

MurC, by binding to MurB, MurC, and MurD proteins. (A) Volcano plot showing up-regulated

genes (red dots) and down-regulated genes (green dots) in S. aureus treated with Ag*, as determined

by proteomics. (B) Gene Ontology (GO) analysis of up-regulated proteins in Ag*-treated S. aureus.

(C) GO analysis of down-regulated proteins in Ag*-treated S. aureus. (D) Comparison of mur family

protein expression levels in S. aureus in the presence and absence of Ag*. Proteome Discoverer

software was used to standardize the intensity values were normalized across samples based on total

protein signal to enable comparison between different conditions (n = 3). (E) Effects of different

concentrations of Ag* on the enzymatic activity of wild-type (WT) MurC protein (n = 3). (F)

Comparison of enzyme activity before and after mutation at the CYS368 site of MurC (n = 3). (G)

Effects of different concentrations of Ag™ on the enzymatic activity of mutant (MUT) MurC (C368A)

protein (n = 3). Values are expressed as the mean + SEM.
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Figure 6. Ag* significantly inhibited the synthesis of peptidoglycan, disrupting the bacterial
wall. (A) Peptidoglycan concentration in S. aureus following 10 h of treatment with Ag* at various
concentrations (n = 3). (B) Morphological characterization of S. aureus following 10 h of treatment

with Ag" at different concentrations, as observed by scanning electron microscopy (SEM) and
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transmission electron microscopy (TEM). (C) Bacterial wall characterization of S. aureus fJlowing psscoo2sss
10 h of treatment with Ag™ at different concentrations observed by TEM. (D) Fluorescence imaging
showing the live and dead status of S. aureus following 10 h of treatment with Ag" at different
concentrations. Live and dead cells are indicated by green and red fluorescence, respectively. (E)
Alkaline phosphatase (AKP) concentration in S. aureus culture medium following 6 h of treatment
with Ag* at different concentrations (n = 3). (F) AKP concentration in S. aureus following 6 h of
treatment with Ag" at different concentrations (n = 3). (G) Fluorescence intensity of S. aureus
supernatant following 6 h of treatment with Ag" at different concentrations (n = 3). (H) Protein
concentration in S. aureus culture medium following 6 h of treatment with Ag" at different
concentrations (n = 3). (I) Nucleic acid concentration in S. aureus culture medium following 6 h of

treatment with Ag* at different concentrations (n = 3). Values are expressed as the mean + SEM.
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Figure 7. Ag* significantly reduced the pathogenicity of S. aureus. (A) After 4 h of treatment
with Ag™, optical images of S. aureus colonies adhering to BEAS-2B cells for 3 h was measured at
various concentrations (n = 3). (B) After 4 hours of treatment with Ag", colony count of S. aureus
adhering to BEAS-2B cells for 3 h was measured at various concentrations (n = 3). (C) After 4 h of
treatment with Ag*, optical images of S. aureus colonies invading to BEAS-2B cells for 3 h was
measured at various concentrations (n = 3). (D) After 4 h of treatment with Ag*, colony count of S.
aureus invading to BEAS-2B cells for 3 hours was measured at various concentrations (n = 3). (E)
BEAS-2B cells mortality following 24 h infection with S. aureus pretreated with different
concentrations of Ag* for 4 h. (n = 6). (F-I) NO (F), TNF-a (G), IL-6 (H), and IL-1p (I) levels in
the cell supernatant following 24 h infection with S. aureus pretreated with different concentrations
of Ag* for 4 h. (n = 3). (J) Biofilm formation by S. aureus following 48 h of treatment with Ag" at
different concentrations (n = 6). Values are expressed as the mean = SEM.

28


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00255b

Open Access Article. Published on 23 April 2026. Downloaded on 4/24/2026 6:21:40 AM.

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

(cc)

Chemical Science Page 30 of 32

View Article Online

DOI: 10.1039/D6SC00255B

0.51C,, Ag®

A OR

S 0.5 IC5, Amoxicillin

Sau =l Bl OBl OE =

\/ \/ \/ \/ Detection of IC,
1d 2d 3d 4d 15d
B Cc
15 15+
OS Ag* o 1 days
5 104 Amoxinclin &.3 10 15 days
E ©
©

g S
£ 5
o 5=
= 5 o7
Q ©
L ©

0 T T 1 0 T T

0 5 10 15 Ag* Amoxicillin
Days

Figure 8. Low resistance development of Ag* for S. aureus treatment. (A-B) Exposure of S.
aureus to ICso dosing of Ag™ and amoxicillin for 14 sequential passages (A) and the corresponding
ICsp values (B). (C) The sensitivity of S. aureus to Ag* after 14 sequential cycles of treatment with

ICsp dosing of amoxicillin.
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Figure 9. Schematic Diagram of Ag® Inhibition of S. aureus. This figure illustrates the
mechanism by which Ag” inhibits S. aureus growth and pathogenicity. Ag* binds to key targets in
S. aureus, including MurB, MurC, and MurD proteins, disrupting peptidoglycan synthesis and cell
wall formation. This inhibition weakens the bacterial structure, reducing biofilm formation,
impairing bacterial adhesion and invasion, and ultimately decreasing the pathogenicity of S. aureus.
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reasonable request.
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