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Background: Methicillin-resistant Staphylococcus aureus (MRSA) is a cause of staph infection that is difficult to treat because of 
resistance to some antibiotics. A recent study indicated that diarylurea ZJ-2 is a novel antibacterial agent against multi-drug resistant 
Enterococcus faecium. In this work, we refined the bactericidal mechanism of ZJ-2 as a peptidoglycan (PG) hydrolase by affecting 
AtlA-mediated PG homeostasis.
Methods: A wild-type strain (WT) and a mutant strain (ΔatlA) were used to investigate the effects of ZJ-2 on the cell wall, PG, and 
autolysin regulatory system by antimicrobial susceptibility testing, hemolytic toxin assay, microanalysis, autolysis assay, qRT-PCR, 
ELISA and mouse model of pneumonia.
Results: The results revealed that ZJ-2 down-regulated the expression of genes related to peptidoglycan hydrolase (PGH) (sprX, 
walR, atlA, and lytM), and reduced the levels of PG, muramyl dipeptide (MDP), cytokines, and hemolytic toxin, while ΔatlA interfered 
with the genes regulation and PG homeostasis. In the mouse MRSA pneumonia model, the same trend was observed in the nucleotide 
oligomerization domain protein 2 (NOD2) and relative proinflammatory factors.
Conclusion: ZJ-2 may act as a novel inhibitor of PG hydrolyse, disrupting autolysin-mediated PG homeostasis, and reducing 
inflammation by down-regulating the MDP-NOD2 pathway.
Keywords: MRSA, peptidoglycan hydrolase, homeostasis, autolysis, NOD2

Introduction
Staphylococcus aureus (S. aureus) is a Gram-positive pathogen that causes a wide range of infections and diseases 
including sepsis, pneumonia, and skin infections.1,2 In the wake of the COVID-19 global pandemic, the misuse of 
antibiotics has exacerbated the situation of microbial resistance.3 MRSA is one of the common and genotypically diverse 
drug-resistant bacteria with very different heritabilities between carriers and infected individuals.4,5 The cell walls of 
gram-positive bacteria are composed of tough and resilient PG that maintain cell shape, resist swelling pressures inside 
the bacteria, and protect the cell from external mechanical damage.6,7 PG consists of relatively short glycan chains which 
are highly cross-linked via pentaglycine bridges, forming a highly dynamic structure.8,9 Bacteria not only synthesize and 
modify new PG networks but also maintain homeostasis between old and new PGs through cleavage and turnover.10 

Antibiotics like penicillin and vancomycin inhibit PG synthesis, making it a preferred target for antibiotic 
development.11,12 The regulation of cell wall hydrolysis can lead to cell lysis and separation.13

Bacterial autolysin is responsible for regulating the expression of PGH in the cell wall to maintain cell homeostasis. 
When there are changes in PGH activity, the balance between PG synthesis and hydrolysis is disrupted, resulting in cell 
autolysis and death.14 The autolysin regulatory system involves various proteases and genes. In S. aureus, PGHs are 
regulated by an essential two-component system called WalRK.15 The upstream gene sprX not only positively regulates 
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the expression of different autolysins through the regulator walR but also influences the secretion of MRSA proteins and 
virulence factors such as δ-hemolysin.16,17

AtlA, the major PGH involved in cell wall homeostasis, plays a crucial role in the development of biological 
membranes and cell wall metabolism.18 AtlA also acts as a virulence factor in bacterial biofilm formation by facilitating 
cell adhesion. Inhibition of AtlA secretion prevents biofilm production and eliminates existing biofilms. Therefore, the 
regulation of AtlA during cell wall lysis is more complex in Gram-positive bacteria.19,20

A recent study demonstrated that diarylurea ZJ-2 (Figure 1) can break down bacterial cell walls and decrease initial 
biofilm adhesion. This is achieved by suppressing the expression of PGHs genes (sagA and atlA) in Enterococcus 
faecium E3101.21 To understand the molecular mechanism of ZJ-2 on autolysin-mediated PGHs, we generated the atlA 
mutant strain to compare the wild strain MRSA USA300. Similar to cells treated with ZJ-2, the loss of atlA function 
resulted in reduced bacterial growth, autolysis activity, toxin secretion, and pharmacodynamics. Furthermore, using 

Graphical Abstract

Figure 1 Schematic chemical structure formula of diarylurea ZJ-2.
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a mouse model of MRSA pneumonia, we discovered that ZJ-2 displayed a bactericidal effect by targeting AtlA and 
influencing PG homeostasis and subsequent immunoregulation.

Materials and Methods
Chemicals and Bacterial Strains
MRSA strain USA300 (WT) and its mutant strain after it knocked out gene atlA (ΔatlA) were grown in Tryptic Soy Broth 
(TSB, Coolaber Science&Technology Co., Ltd. China) medium at 37°C. The reagents included ZJ-2 (1,3-bis(4-(trifluor-
omethyl)phenyl)urea), vancomycin (Solarbio Science&Technology Co., Ltd. China), Miller-Hinton broth (MHB, Thermo 
Fisher Scientific Inc. USA), Tris-Cl, Triton X-100 (Labgic Science&Technology Co., Ltd. China), Bacteria PG ELISA kit 
(Chuzhou shinuoda Biological Technology Co., Ltd. China), MDP ELISA kit (Nanjing SenBeiJia Biological Technology 
Co., Ltd. China), Mouse IL-6 and TNF-α ELISA kit (Elabscience Biotechnology Co., Ltd. China).

Construction of atlA Knockdown Strain
The deletion mutant was constructed by homologous recombination using plasmid pBT2 as described earlier.22,23 

A spectinomycin selection marker (spc) which is flanked by upstream and downstream regions of the gene atlA in the 
cloning site of pBT2 was cloned. PCR amplification was performed using primers described in Table 1 and cloned in the 
antisense orientation into pBT2 plasmid at BamHI/EcoRI site. This knockout plasmid was introduced into S. aureus 
RN4220 by electroporation, and subsequently into MRSA USA300. The deletion mutant (ΔatlA: spc) obtained after 
homologous recombination was identified by its chloramphenicol-sensitive and spectinomycin-resistant phenotype and 
was verified by DNA sequencing.

Minimum Inhibitory Concentration (MIC) Assay
MIC assay was performed using the MHB dilution method as described by the Clinical and Laboratory Standards Institute 
(CLSI). Briefly, 100 μL of MHB was filled into each well of the 96-well microplate (Wuhan Servicebio Technology Co., Ltd. 
China). Certain concentrations of ZJ-2 and VAN were added to the first column of microwells, and diluted sequentially. The 

Table 1 Cloning and qRT-PCR Primers in This Study

Name Sequence Reference

pBT2-F TTATTGAATTCGGTACTATCAAACG Biswas et al, 200623

pBT2-R AATAAGGATCCGCTCGATGCCTTCCTCAAG Biswas et al, 200623

5S-F AGAGTTTGATCCTGGCTCAG Buchad et al, 202116

5S-R ACGGCTACCTTGTTACGACTT Buchad et al, 202116

sprX-F ATAATCTTTCTAGACGTATTCAAA Buchad et al, 202116

sprX-R CAGGCTATATAGTTCACTCCTACT Buchad et al, 202116

walR-F CAAATGGCTAGAAAAGTTGTTGTAG Buchad et al, 202116

walR-R CAGTAAGCATTATTATTGGCATTTCG Buchad et al, 202116

lytM-F CAGCAACAGCAGGAGATAAC Buchad et al, 202116

lytM-R ATAATTGACCTTTCCATTACCATC Buchad et al, 202116

atlA-F AACAGCACCAACGGATTAC Buchad et al, 202116

atlA-R CATAGTCAGCATAGTTATTCATTG Buchad et al, 202116

GAPDH-F CATCACTGCCACCCAGAAGACTG Chen et al, 202224

GAPDH-R ATGCCAGTGAGCTTCCCGTTCAG Chen et al, 202224

NOD2-F CCTAGCACTGATGCTGGAGAG Chen et al, 202224

NOD2-R CGGTAGGTGATGCCATTGTGTGG Chen et al, 202224

IL-6-F AGTTGCCTTCTTGGGACTGA Zhu et al, 202125

IL-6-R TCCACGATTTCCCAGAGAAC Zhu et al, 202125

TNF-α-F CCCCTCTATTTATATTTGCACT Zhu et al, 202125

TNF-α-R TATTTCTCTCAATGACCCGTA Zhu et al, 202125

Notes: Underlined region indicates the restriction enzyme site in the primer, EcoRI-GAATTC and 
BamHI-GGATCC. Bold region indicates the Housekeeping genes. F-forward, R-reverse.

Infection and Drug Resistance 2024:17                                                                                             https://doi.org/10.2147/IDR.S455339                                                                                                                                                                                                                       

DovePress                                                                                                                       
1233

Dovepress                                                                                                                                                             Yang et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


initial concentrations of ZJ-2 and VAN were 10 and 100 μmol/L, respectively. The first row of wells that were only added with 
MHB medium served as a blank control group. The last row of wells that were only added with MHB medium and MRSA 
USA300 served as the positive control group. The bacterial suspension of MRSA USA300 was diluted to 1‒5 × 105 cfu/mL. 96 
microplate was incubated at 37°C for 24 h. MIC values were read using a spectrophotometer assay (Bio-Tek Epoch-2, USA). 
Three independent inoculation tests were used for all assays.

Growth Inhibition Assay
As mentioned previously, the assay was conducted to investigate the antimicrobial activity of MRSA USA300 and 
determine the inhibition of its growth with changes in dose and time. MRSA USA300 was inoculated into MHB medium 
containing different concentrations of agents, ranging from 5×105 cfu/mL. The concentrations of the agents used were 1/ 
4MIC, 1/2MIC, MIC, and 2MIC, respectively. The plates were incubated at 37°C for 24 hours, and the OD values at 600 
nm were measured at 4-hour intervals. Each sample was tested in triplicate.

Hemolysis Assay
Hemolysis was assayed as previously described with some modification.26,27 A hemolysis assay of ZJ-2 was carried out. Firstly, 
the rabbit blood was collected from the saphenous vein. Afterwards, the anticoagulated erythrocyte precipitate was obtained by 
centrifugation and washed 2–3 times with equal amounts of saline. After the supernatant was clear and transparent, it was 
prepared with saline to 10% rabbit erythrocytes. MRSA USA300 was treated with 0, MIC, 2MIC, 3MIC and 4MIC of ZJ-2. 
Samples were cultured overnight at 37°C, centrifuged at 12,000g for 2 min, then 100 μL of the supernatant was mixed with 875 
μL PBS and 25 μL rabbit erythrocytes and incubated at 37°C for 30 min. Triton X-100 as a positive control, PBS as a negative 
control, and the mixture was centrifuged at 10000g and 4°C for 1 min. The hemolysis inhibition rate was calculated by measuring 
the absorbance value at OD543 with a microplate reader.

Electron Microscope
Electron microscope was assayed as previously described with some modifications.28 MRSA USA300 suspension was 
adjusted to 1.5×108 cfu/mL, added to TSB medium, treated with 0, 1/4MIC, 1/2MIC of ZJ-2, and incubated at 37°C for 
24 h. Bacterial precipitate was collected by centrifugation at 4,000 rpm for 10 min and rinsed with PBS. Cells were then 
fixed with 2.5% (v/v) glutaraldehyde at 4°C for 16 h and further dehydrated through a series of graded alcohols (30, 50, 
70, 90 and 100%) for 15 min. After serial dehydration, CM-10 TEM analysis was used to examine fixed cells at 80 kV 
operating voltage. The SEM model used is the S4800 at 3.0 kV.

Triton X-100-Induced Autolysis Assay
Triton X-100-induced autolysis assay was performed as specified previously with slight modification.19 MRSA USA300 
was cultured overnight and inoculated in TSB medium at 1: 50. ZJ-2 (or VAN) was added and final concentrations were 
set to 0, 1/4MIC and 1/2MIC. The culture was incubated at 37°C for 3 h. The precipitate was collected by centrifugation 
and washed twice with pre-cooled saline. Then it was re-suspended in autolysis buffer (50 mM Tris-Cl, pH 7.2, 0.2% 
Triton X-100) and incubated at 37°C. 200 μL was taken every 1h to determine its OD600 value, and replicated 3 times. 
The autolysis rate was calculated at 0, 1, 2, 3, and 4 h.

RNA Extraction and qRT-PCR
qRT-PCR detected the expression levels of MRSA genes (Bio-Rad, Hercules, USA).29 The primers used for qRT-PCR 
are listed in Table 1.24,25 Total RNA was extracted from MRSA USA300 treated with ZJ-2 (late exponential phase, 24 h) 
using the TRIzol method for RNA extraction and converted to cDNA and using SuperScript™ III First-Strand Synthesis 
SuperMix for qRT-PCR (Invitrogen, USA), and quantified with a Light Cycler 96 (Roche, Switzerland). The quantitative 
PCR cycle threshold (CT) results were analyzed using the comparative CT method (2-ΔΔCT method) with some 
modifications. All samples were analyzed in triplicate.
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ELISA Kits for PG and MDP
MRSA USA300 was cultured overnight and inoculated in TSB medium at 1: 50. The concentrations were set to 0, 1/ 
4MIC and 1/2MIC after adding ZJ-2 and incubated to the logarithmic phase of growth at 37°C. The supernatant was 
collected by centrifugation at 4000g for 10 min as a test sample. Using the ELISA kits, the assay was performed 
according to the steps in the instruction manual, and all samples were analyzed in three replicates.

Mouse Pneumonia Model
Animals: SPF female C57BL/6J mice (6‒8 weeks old; 18‒20 g) were purchased from Hefei Qingyuan Biotechnology 
Co., Ltd; mice were maintained with SPF food and water for 1 week. The animal room was 20‒26°C, 40‒70% 
temperature and humidity, 12 h alternating day and night, and animals were fed normally before the experiment. Mice 
were randomly divided into 7 groups: WT ZJ-2 (5 mg/kg), WT VAN (5 mg/kg), WT bacterial control, ΔatlA ZJ-2 (5 mg/ 
kg), ΔatlA VAN (5 mg/kg), ΔatlA bacterial control, and blank group (n = 8). 80 µL of MRSA USA300 suspension (3 × 
108 cfu/mL) was added by tracheal drip. All four treatment groups of mice were injected intraperitoneally after 24 h. The 
bacterial control and blank groups were given the same dose of saline. Mice were administered every 24 h and euthanized 
after 7 d. Orbital venous blood was collected for white blood cells (WBC), neutrophils (NEUT) and lymphocytes (LY) 
counts. The alveolar lavage fluid was collected to determine the levels of IL-6 and TNF-α by ELISA. Moreover, lung 
tissues were collected, and subjected to HE staining, detected the expression levels of inflammatory cytokines and NOD2 
by qRT-PCR (Table 1). VAN was used as a control in the mouse MRSA pneumonia model (Figure 2).

Statistical Analysis
All statistical analyses were performed using SPSS software (SPSS 13.0 for Windows). The data are presented as the 
mean ± SD (n = 3). Differences between means were evaluated by Student’s t-test and defined as significant at P < 0.05. 
*P < 0.05; **P < 0.01; ***P < 0.001.

Results
ZJ-2 Inhibited the Growth of MRSA USA300
Firstly, the assay showed that MIC values of ZJ-2 and VAN were 0.11 and 1.13 mg/L (0.31 and 0.78 μmol/L), 
respectively, thus ZJ-2 showed a stronger inhibition against MRSA than VAN. Secondly, Figure 3 displayed the time- 
kill curves of ZJ-2 and VAN against WT and ΔatlA. Both ZJ-2 (Figure 3A and B) and VAN (Figure 3C and D) at MIC 
had significant growth inhibitory effects on WT and ΔatlA. Finally, at 1/2MIC and 1/4MIC, ZJ-2 exhibited stronger 
inhibition against WT than against ΔatlA, but that was not the case for VAN. Therefore, the deletion of atlA can affect the 
inhibitory activity of ZJ-2 against MRSA.

Figure 2 Flowchart for MRSA-induced pneumonia infection model in mice.
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ZJ-2 Inhibited the Secretion of MRSA USA300-Hemolytic Toxin
Hemolysis assay showed that ZJ-2 could significantly inhibit the hemolytic activity of MRSA in a dose-dependent manner 
(Figure 4A and B). Inhibition rates of hemolysis of WT and ΔatlA were 99.4%, 98.7%; 99.6%, 66.3%; 99.7%, 2.35% and 
8.69%, 1.02% at 4MIC, 3MIC, 2MIC and MIC, respectively. Obviously, the deletion of atlA affected the anti-hemolysis of 
ZJ-2 against MRSA, therefore, ZJ-2 can regulate hemolytic toxin secretion through the expression of gene atlA.

Figure 3 MRSA USA300 growth inhibition assay. Time-kill curves showing the effect of ZJ-2 (A), VAN (C); ZJ-2 (B), VAN (D) against WT, ΔatlA, respectively. Each OD 
point is the average value of three tests.

Figure 4 Inhibition of ZJ-2 on MRSA USA300 hemolytic toxin secretion. (A) Changes in the degree of hemolysis of rabbit erythrocytes; (B) Changes in the inhibition rate 
of hemolysis. Values are averages of three experiments. **P < 0.01 ***P < 0.001, when compared with WT.
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Ultrastructural Analysis
Differences in the cell surface of WT and ΔatlA cells were observed by SEM. Compared with WT (Figure 5A and B), ΔatlA 
(Figure 5C and D) exhibited a rough cell surface with filamentous intercellular adhesions and thicker cell walls than WT. 
The effects of ZJ-2 on cell walls of WT and ΔatlA were different. After treatment with ZJ-2 at 1/4MIC, WT cells showed 
irregular septation, inhibition of division and thickened cell walls (Figure 5E), in contrast, ΔatlA appeared less altered, and 
the cell wall appeared slightly thickened (Figure 5F). After treatment with ZJ-2 at 1/2MIC, WT cell walls had high swelling 
pressures due to inhibition of division and constant expansion, the cell wall ruptured, the contents leaked, and the cells died 
(Figure 5G), inversely, ΔatlA cells were hardly affected, only observed more abnormal septa and less cell wall rupture 
(Figure 5H). In short, the effect of ZJ-2 on MRSA was dependent on the expression of atlA.

The Ability of ZJ-2 to Inhibit MRSA USA300 Autolysis
Triton X-100-induced autolysis experiments showed that ZJ-2 inhibited the autolysis of WT (from 63.0% to 48.0%) in 
a dose-dependent manner, while for ΔatlA, this change induced by ZJ-2 was very small (Figure 6A). Differently, VAN 
hardly affected the autolysis (from 62.1% to 65.5%) for WT and ΔatlA (Figure 6B). The results indicated that the 

Figure 5 SEM images of WT (A) and ΔatlA cells. TEM images of WT and ΔatlA cells after treatment with 0 (A, B, C and D), 1/4MIC (E and F) and 1/2MIC (G and H) of ZJ- 
2, respectively. SEM images’s view is 1.00 μm. TEM images’s view is 200 nm. Black arrows are changes in the cell wall. White arrows are septum formation.

Figure 6 Triton X-100-induced autolysis assay of WT and ΔatlA. Results of cellular autolysis rate of MRSA USA300 treated by ZJ-2 (A) and VAN (B). Each OD point 
presented is the average values of three tests. ***P < 0.001, when compared with the control.
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autolysin regulation of ZJ-2 was different from that of VAN. VAN is known as a PG synthase inhibitor, but, ZJ-2 may 
target PGHs.

ZJ-2 Regulated the Expression of Autolysin-Related Genes
qRT-PCR was used to examine the expression of autolysin-related genes. SprX positively influences the WalR expression 
and in turn regulates the expression of AtlA and LytM. In WT, ZJ-2 treatment at 1/4 MIC exhibited down-regulation of 
multiple autolysins, and 0.28, 0.79, 0.79 and 0.75 reduction of sprX, walR, atlA, and lytM transcripts in qRT-PCRs, 
respectively (Figure 7A). As a contrast, in ΔatlA, sprX, walR and lytM transcripts were decreased by 0.69, 0.48 and 0.49, 
respectively (Figure 7B). After ZJ-2 treatment at 1/2MIC, more effective action and the same trend were observed. 
Knockout of the atlA influenced the differential expression of multiple autolysins, however, ZJ-2 regained antibacterial 
activity through the regulation of autolysis-mediated PG homeostasis. Therefore, the bactericidal effect of ZJ-2 acted by 
the autolysin regulation system controlling autolysis activity.

ZJ-2 Inhibited PG Cleavage and MDP Production in MRSA USA300
The inhibitory effect of ZJ-2 on PG hydrolysis was verified by detecting the content of free PG and MDP in the 
supernatant. The results showed that PG and MDP content in the supernatant of WT after 1/4MIC ZJ-2 incubation hardly 
changed, while, those after 1/2MIC ZJ-2 incubation decreased. Conversely, PG and MDP content in the supernatant of 
ΔatlA after ZJ-2 incubation did not change (Figure S1A and B). In all, ZJ-2 could inhibit PG hydrolysis and reduce 
MDP production by down-regulating the expression of autolysin-related genes.

Effect of ZJ-2 on Inflammatory Cells in the Blood
The therapeutic effect of ZJ-2 on MRSA infection was evaluated by detecting the number of inflammatory cells in the 
blood of mice. As shown in Figure S2, WBC, NEUT and LY were elevated in the blood of WT and ΔatlA infection mice. 
After treatment with ZJ-2 (or VAN), whether WT or ΔatlA, these cells were all reduced. Notably, the number of 
inflammatory cells in WT-infected mice exhibited a greater reduction than those in ΔatlA-infected mice. This further 
indicated that ZJ-2 reduced inflammatory responses of MRSA infection by inhibiting autolysin-mediated PG hydrolysis.

Effect of ZJ-2 on the Pathological Changes of Lung Tissue
The pathological changes in the lung tissue of mice were observed by H&E staining. As shown in Figure 8, in WT group, 
we observed extensive lung tissue damage, necrosis caused by inflammatory cell infiltration and alveolar collapse. After 
treatment with ZJ-2 (or VAN), the inflammatory cell infiltration of lung tissue was significantly reduced, and the alveolar 

Figure 7 The expression of autolysin regulatory genes (sprX, walR, atlA, and lytM) by ZJ-2 was analyzed by qRT-PCR. Expression of relevant genes in WT (A) and ΔatlA (B) 
after ZJ-2 treatment at 0, 1/4MIC and 1/2MIC. ***P < 0.001, **P < 0.01, *P < 0.05, compared with the control.
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collapse caused by infection gradually recovered. In ΔatlA group, the ability of ZJ-2 and VAN to restore lung tissue 
became weaker. The results suggested that the deletion of atlA reduces the therapeutic effect of ZJ-2.

Effect of ZJ-2 on the Level of NOD2
qRT-PCR was used to detect changes in the transcript levels of the gene NOD2. For WT, both ZJ-2 group and VAN 
group reduced the transcript level of gene NOD2 (Figure 9A). However, for ΔatlA, the down-regulation was attenuated. 
This change may be due to the reduction of PG and MDP by atlA-mediated autolysin. Thus, ZJ-2 can alleviate 
inflammatory response by the down-regulation of MDP-NOD2 pathway including the autolysin atlA.

Effect of ZJ-2 on the Levels of Cytokine
qRT-PCR (Figure 9B and C) and ELISA (Figure S3) were used to detect the levels of the inflammatory factors IL-6 and 
TNF-α in mouse alveolar lavage fluid and blood. Both ZJ-2 and VAN treatment decreased the levels of inflammatory 
factors, but the levels in ΔatlA showed a more significant decline than those in WT. This suggested that ZJ-2 can 
decrease the levels of relative inflammatory cytokines by inhibiting MDP-NOD2 pathway.

Figure 8 Lung histology stained with H&E. HE staining’s view is 50 μm.

Figure 9 qRT-PCR detected the expression of NOD2 (A), IL-6 (B) and TNF-α (C) in mouse lung tissues. Values represent means ± SD; ***P < 0.001, **P < 0.01, *P < 0.05, 
when compared with the control.
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Discussion
In recent decades, there has been a significant focus on β-lactam antibiotics (such as cephalosporins) and VAN, which 
target the process of PG synthesis in the cell wall. However, after the global pandemic of COVID-19, due to the 
microbial resistance of the misuse of antibiotics, the sites of MRSA infection showed a high degree of diversification and 
some isolate types were more prevalent among carriers than at the site of infection.3–5 As a result, there is an urgent need 
to search for novel antibiotics and explore new antibacterial mechanisms. One promising target for drug development and 
immunization is PGHs.30 These enzymes, including glycosidases, amidases, and endopeptidases, are regulated by AtlA 
and LytM. AtlA secretes bifunctional multi-domain enzymes, namely N-acetylmuramyl-L-alanine amidase and endo-beta 
-N-acetylglucosaminidase.18,19 Multiple PGHs are interconnected to form a complex and tightly regulated autolysin 
system. When externally stimulated by antibiotics, this system is abnormally expressed and the expression of PGHs 
becomes dysregulated, making bacteria highly susceptible to cell wall lysis and autolysis.

PG homeostasis is a dynamic process in the cell wall that is essential for the growth (life) of S. aureus and the 
bactericidal effects of cell wall antibiotics (death).31 This process involves the synergistic action of PG synthesis and 
hydrolysis. When PG hydrolysis is normal but synthesis is slowed, an imbalance in PG biosynthesis occurs, leading to 
bacterial autolysis.13 The TritonX-100-induced autolysis assay revealed that treatment with ZJ-2 significantly inhibits 
autolysis, while VAN treatment did not show a noticeable change in autolytic capacity (Figure 6). SprX plays a positive 
role in the expression of WalR, which in turn regulates autolytic activity, particularly AtlA and LytM. Decreased 
expression of SprX and WalR reduces the virulence of MRSA.15,16 In this study, the expression of autolysin genes 
(sprX, walR, atlA, and lytM) was significantly suppressed. When gene atlA was deleted, ZJ-2 showed differential 
regulation of autolysins (Figure 7). Conversely, β-lactam antibiotics can promote bacterial autolysis by altering the 
proteolytic process,32,33 while ZJ-2 targets PGHs by interfering with PG homeostasis, resulting in dysregulation of the 
autolysin regulatory system and inducing bacterial cell wall expansion and death.

In addition, a thick cell wall aggravates antibiotic resistance. TEM observed the ultrastructural difference between 
WT and ΔatlA cell walls (Figure 5). When bacterial autolysin activity is lacking, PG cleavage is reduced,18 resulting in 
a rough and thickened cell wall surface. ZJ-2 treatment destroyed the cell wall ultrastructure in WT, but this change was 
less pronounced in ΔatlA. The mutation in ΔatlA decreased autolysis sensitivity by inhibiting transcription and synthesis, 
leading to increased resistance to β-lactam antibiotics against S. aureus.34,35 However, the spectrum of antibiotic 
resistance can vary among different staphylococcal lineages. The sagB mutant of MRSA showed increased sensitivity 
to the β-lactam antibiotic oxacillin due to an increase in glycan chain length, but it remained resistant to methicillin.36 

Inactivation of AtlA weakened the inhibitory effect of ZJ-2 against MRSA, affecting MRSA growth, hemolytic toxins, 
and cell wall cleavage. Thus, knockdown of atlA increased resistance to ZJ-2 against MRSA (Figures 3 and 4).

MDP, a proinflammatory factor, stimulates the release of proinflammatory cytokines, playing a key role in host 
recognition and immune response stimulation.37 In the mammalian immune system, the nucleotide-binding NOD2 
receptor recognizes PG and is mainly expressed in monocytes and epithelial cells.38 As autolytic activity decreases, 
the release of MDP by PG hydrolysis also decreases, leading to a subsequent reduction in the host inflammatory 
response.39 This study found that the deletion of atlA influenced PG hydrolysis, and ZJ-2 inhibited PG hydrolysis, 
resulting in a decrease in MDP levels through autolysin regulation (Figure 7 and Supplementary 1). In an in vivo study, it 
was confirmed that MDP aggravated damage in MRSA pneumonia, while ZJ-2 treatment reduced white blood cell 
infiltration, thereby inhibiting the MDP-NOD2 pathway and attenuating experimental pneumonia (Figures 8 and 9, 
Supplementary 2 and Supplementary 3).

Conclusion
In general, ZJ-2 plays a crucial role in both virulence and the host inflammatory response by regulating autolytic activity. 
Deletion of atlA resulted in increased resistance to MRSA in ZJ-2. Furthermore, ZJ-2 may serve as a promising inhibitor 
of PG hydrolase, disrupting autolysin-mediated PG homeostasis, thereby preventing cell division and PG hydrolysis. 
Additionally, ZJ-2 down-regulates the MDP-NOD2 pathway, leading to a reduction in inflammation. This study also 
presents a novel approach for the identification of antibacterial agents that target PG hydrolase.
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