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ABSTRACT Bacterial persisters are a subpopulation of cells that exhibit a transient 
non-susceptible phenotype in the presence of bactericidal antibiotic concentrations. 
This phenotype can lead to the survival and regrowth of bacteria after treatment, 
resulting in relapse of infections. It is also a contributing factor to antibacterial resist­
ance. Multiple processes are believed to cause persister formation; however, identifying 
the proteins expressed during the induction of persistence is challenging because 
the persister state is rare, transient, and does not result in genetic changes. In this 
study, we used Bio-Orthogonal Non-Canonical Amino Acid Tagging (BONCAT) to label 
and retrieve the proteome expressed during persistence and recovery for two strains 
of Staphylococcus aureus exposed to β-lactam and fluoroquinolone antibiotics. After 
incubating antibiotic-exposed bacteria with the methionine ortholog L-azidohomoala­
nine to label the proteins of persister cells, we retrieved labeled proteins using click 
chemistry-pulldown methodology. Analysis of the retrieved proteome of persisters 
with Label-Free Quantification-Liquid chromatography mass spectrometry (LFQ-LCMS)-
based proteomics revealed widespread changes in translation. Our analysis uncovered 
previously identified persister genes, including, for example, relA/spot-system, changes in 
purine and amino acid metabolism, the upregulation and downregulation of transcrip­
tion factors, and changes to influx and efflux pumps, thus validating our methodology. In 
addition, we also identified numerous novel persister-associated proteins. Few changes 
were conserved across the two strains and both antibiotics. Instead, results suggest that 
the mechanisms of persister formation vary across genotypes and the drugs to which 
strains are exposed. These findings provide evidence that the entry into persistence is an 
active process that dramatically alters the translational behavior of cells and suggest that 
downregulation of metabolism, by diverse but functionally similar processes, in persister 
cells enables cells to survive antibiotic pressure.

IMPORTANCE In this study, we have applied a technique called “Bioorthogonal 
Non-Canonical Amino Acid-Tagging,” or BONCAT, to identify which proteins are 
expressed when bacteria are in the persister state. Our work makes novel contributions 
to our understanding of persister cells, a bacterial sub-population that gives rise to 
recurrent infections, and establishes BONCAT as a valuable tool to study phenotypic 
heterogeneity in bacterial populations.

KEYWORDS BONCAT, bacterial persisters, proteomics

P ersisters are a subpopulation of bacteria that adopt a dormant, slow/no-growth state 
after exposure to lethal antibiotic concentrations (1). Because these cells can survive 

antibiotic challenge and then resume growth after antibiotic removal, they are a central 
cause of treatment failure and relapse. They are also more likely to evolve antibiotic 
resistance (2). Persisters are ubiquitous in microbes and have been detected in fungi 
(3) as well as gram-positive and gram-negative bacteria, including major pathogens 
such as Mycobacterium tuberculosis (4), Escherichia coli (5), Pseudomonas aeruginosa (6), 
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Salmonella typhimurium (7), and Staphylococcus aureus (8). However, the mechanisms 
underlying this phenotype remain uncertain.

Understanding how bacteria enter, maintain, and exit persistence is challenging 
because persister cells comprise only a small fraction of an antibiotic-treated population. 
Their rarity makes it difficult to specifically isolate this minority for mechanistic study 
(9–12). A second complicating factor is that the persister phenotype is transient, with 
bacteria reverting to antibiotic susceptibility after removal of the antibiotic challenge. 
Different approaches to study persisters have been developed, including proteomic 
and metabolomic analysis of flow cytometry-sorted cells (13–15), imaging persisters 
in situ (16), separating persisters using microfluidics (17), or analyzing the phenotypes 
of targeted knock-outs of putative “persister genes” (18, 19). These techniques are, 
however, all complicated by the presence of dead/dying cells during the experiments, 
the presence of highly dormant “deep” persisters, as well as cells reverting back to their 
non-persister form during isolation and analysis. These limitations make it difficult to 
distinguish the signal of true persister proteins and likely lead to an underestimation of 
changes in persister protein expression.

Our aim in this paper is to develop a novel method to analyze the proteome of 
persister cells in the gram-positive pathogen S. aureus, the causative agent for a variety 
of chronic and relapsing infections (8, 20–22). Persistence has been well studied in S. 
aureus since this phenomenon was discovered in this species in the 1940s and is the 
subject of numerous reviews (20–22). Results from different studies using a broad array 
of methods have uncovered common molecular changes arising in persister populations, 
including changes to stress response proteins, the stringent response via RelA/SpoT (23, 
24), cell wall stress (25), and metabolism of purine (26) and amino acids (13, 27) and in 
toxin-antitoxin systems. Other studies have reported changes in ABC transporter efflux 
pumps, cell wall biosynthesis, protein synthesis, and other anabolic processes, virulence, 
cell-to-cell communication, and quorum sensing (28). Although there is some overlap 
between studies, significant differences likely reflect the different approaches used to 
isolate and analyze persister cells, as well as the fact that the mechanisms of persistence 
vary as a function of genotype and antibiotics studied. Accordingly, our understanding of 
the persister proteome remains limited.

The central problem of studying persisters using proteomics is that it is difficult to 
separate the proteome of persisters from the proteome of the remainder of the dead/
dying population, especially if translational activity in persister cells is low. Brul and 
co-workers recently used a combination of a metabolically conditional dye (carboxyfluor-
esceindiacetate succinimidyl ester) with a viability dye (propidium iodide) to separate 
persisters from non-persisters and dying cells and isolate these cells by flow cytometry 
(29–31). This method allowed the isolation of those cells, likely the persister fraction, 
that were impermeable to propidium iodide, yet still had the esterase activity to activate 
CFSE (and that did not divide) and analyze these by proteomics after flow cytometry. 
However, methods that can easily achieve the same outcome from unsorted bulk 
populations, or from antibiotics that do not result in increased cell wall permeability, 
have not been reported. To address this problem, we hypothesized that bioorthogonal, 
or “click,” chemistry would allow deeper protein coverage of rare persister cells because 
it enables retrieval and isolation of the (very rare) proteome during the various stages 
of persistence, followed by characterization of only the proteins that were expressed 
in persister cells. Accordingly, this approach should reduce background “noise” in the 
measured proteome and focus attention on proteins that are more likely to be causally 
important in persisters.

Click reactions are a family of high-yielding, fast, and selective chemical ligation 
reactions that can be performed with a high degree of selectivity in biological envi­
ronments (32). They have been used extensively to, for example, image the location 
of specific lipids in cells (33, 34), look at surface regulation of carbohydrates (35), 
quantify DNA synthesis in cells (36–38), and study nutrient channel activities (39, 40). 
This approach has also been used to label the expressed proteome across a given 
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time window. This approach, called Bio-Orthogonal Non-Canonical Amino Acid Tagging 
(BONCAT) (41, 42), makes use of the fact that in many species, the methionine tRNA/
tRNA-synthase pair can accept and incorporate unnatural amino acids with click-reac­
tive chemical groups (43, 44). The two best mimics of methionine are azidohomoala­
nine (Aha, Fig. 1a) and homopropargylglycine (Hpg), which can both be ligated using 
copper-catalyzed [3 + 2]-cycloaddition reactions, which is a very low-background click 
reaction (42, 43, 45–47). When cells are pulsed with these amino acids, they are 
incorporated into the proteome of translationally active cells only during the pulse 
period, thereby enriching the proteome for the specific set of proteins expressed during 
a short time window. Here, we report using BONCAT-labeling (41, 42, 48, 49) to identify 
expressed proteins in persister cells that form during and after the exposure of two 
different S. aureus strains to oxacillin or moxifloxacin.

By characterizing persistence and recovery in two different strains with two 
antibiotics that vary in their mechanism of action, it was possible to identify strain and 
antibiotic-specific persistence-related proteins. Furthermore, by comparing the proteins 
expressed during different times after antibiotic challenge, we could monitor temporal 
changes in protein expression as bacteria enter and exit the persister phase. Our results 
uncovered widespread changes to hundreds of proteins during S. aureus exposure to two 
different types of antibiotics. While there were some shared responses to some proteins 
across strains and antibiotics, most changes were strain or antibiotic specific, consistent 
with the multifactorial nature of persistence. Despite differences in the specific proteome 
changes in the two strains, our results suggest that the translation activity of persisters 
reflects an active defense against antibiotic pressure for survival. They also strongly 
validate the utility of a BONCAT approach for analyzing the persister proteome.

FIG 1 Overview of BONCAT labeling of persister cells. (a) Overview of the workflow: first, persisters are induced by the addition of 50× MIC of an antibiotic 

until the time-kill curve flattens. Then an azide-modified amino acid is added to label only those rare proteins expressed by the translationally active cells at 

this time. These can be retrieved by a click reaction with biotin, followed by streptavidin retrieval, trypsinization, and mass spectrometry-based quantification 

and identification. (b) Time-kill curves for the two strains (880 and TCH1516) and antibiotics (oxacillin and moxifloxacin) used. The Y-axis shows the number of 

CFU/mL retrieved from the treated culture. N = 3 and error bars indicate s.e.m. (c) Flow cytometry histogram after fluorescence of azide-labeled TCH1516 and 880 

with Alexa-488 alkyne under log growth conditions. Representative image of N = 3, 100,000 events per condition. (d) Fluorescent SDS-PAGE analysis of cell lysate 

of TCH1516 treated with moxifloxacin at 50× MIC, which was clicked with Alexa-488-alkyne, showing incorporation of azides even after the addition of antibiotic 

and during persister induction.
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RESULTS

Method optimization

To study the persister proteome, we examined the response of two strains of S. aureus, 
namely the VRSA-strain 880 (50) and the USA300 subspecies TCH1516 (51) to two 
antibiotics: a β-lactam that targets cell wall biosynthesis (oxacillin, Oxa) (52), and a 
fluoroquinolone that inhibits DNA-gyrase (moxifloxacin, or moxi) (53). These antibiotics 
have different modes of action and also result in different frequencies of persister cells. 
Oxacillin is a lytic antibiotic, facilitating the isolation of intact persisters more easily, 
while moxifloxacin serves as a rigorous challenge to assess the effectiveness of the 
method used in this study. Both strains are weakly resistant to methicillin but remain 
susceptible to the high Oxa concentrations used here, while 880 is also resistant to 
vancomycin (54, 55). Estimates for the minimum inhibitory concentrations (MIC) of each 
antibiotic-strain combination were consistent with previously reported values (56, 57). 
The MIC for TCH1516 was 10 mg/L for oxacillin and 0.08 mg/L for moxifloxacin, while 
strain 880 had an MIC of 20 mg/L for oxacillin and 2.5 mg/L for moxifloxacin.

To explore the dynamics of antibiotic-mediated killing, and to confirm induction 
of persisters, we used time-kill curves to measure bacterial CFU over time (58) during 
exposure to 50× the MIC of each antibiotic (for that particular strain) (Fig. 1b) (59, 60). 
As anticipated, we observed characteristic biphasic killing for both antibiotics, where an 
initially rapid drop in CFUs was followed by a second phase where the decline was far 
slower (61, 62). In accordance with earlier studies, we classified the fraction of surviving 
cells at 4 h as persisters, which varied both for strain and for each antibiotic (63). The 
persister fractions of TCH1516 and 880 for oxacillin were 0.1% and 3%, respectively, 
while the corresponding fractions for moxifloxacin were significantly lower, at 0.002% 
and 0.003%.

To assess whether bacterial persisters were able to resume growth following 
antibiotic exposure, we also measured recovery in TCH1516 after the antibiotic stress 
was removed after 4 hours of treatment. Oxacillin and moxifloxacin were removed via 
pelleting and washing the bacteria and then resuspending them in fresh medium. The 
subsequent outgrowth phase was monitored over 2.5 hours by CFU count (Fig. S1). This 
showed that persister cells that survived 4 hours of antibiotic exposure remained viable 
and could resume growth once antibiotic stress was removed, albeit with a small lag 
phase before growth resumed.

Having established the conditions for inducing persisters with moxifloxacin and 
oxacillin, we next determined whether a BONCAT approach (Fig. 1a) could identify 
whether these strains were translationally active, and whether the technique was 
sensitive and selective enough to retrieve and identify the translated proteome from 
this small minority of cells. To do this, we first established BONCAT treatment conditions 
by determining whether the bioorthogonal amino acid L-azidohomoalanine (Aha) was 
incorporated in unchallenged 880 MRSA by incubating cells with 4 mM of this amino 
acid, in line with the concentration range used to label other species (41, 64–66). To 
visualize Aha uptake, the Cu-catalyzed Huisgen cyclo-addition click reaction (CCHC) was 
then performed on fixed and permeabilized cells (67). This reaction leads to the specific 
ligation of a fluorophore to the azide residues of Aha, with relatively little background, 
and can thus be used to analyze the uptake of the amino acid on a per cell basis using 
flow cytometry (68, 69). These experiments showed an approximately 70-fold increase in 
fluorescence after 0.5 h incubation with Aha (Fig. 1c). To determine whether uptake was 
associated with incorporation into the proteome (41, 70–72), cells were lysed, subjected 
to CCHC with an alkyne-Alexa488 fluorophore, and analyzed by fluorescent SDS-PAGE. 
The presence of a fluorescent band at a given MW would indicate the presence of an 
Aha-labeled protein at that weight. These gels (Fig. 1d) showed incorporation of the 
azide into the S. aureus proteome, with a decrease in protein expression observed as the 
bacteria were incubated longer with the antibiotic.
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Having confirmed the incorporation of Aha into the nascent MRSA-proteome, we 
next assessed whether labeling levels were sufficient to also retrieve and analyze the 
expressed proteome by mass spectrometry. This was first done on non-antibiotic-trea­
ted cells. The azides from the incorporated Aha of untreated bacteria were reacted 
with biotin-PEG-alkyne and retrieved using a neutravidin resin that could selectively 
pull down the Aha-containing proteins (Fig. 1a) (73). We chose the longer pulse 
length of 90 minutes to ensure the potential reduction in uptake of Aha in the per­
sister state was negated. Retrieval of the proteins by the above protocol, followed 
by trypsin digestion and LFQ-LCMS analysis (74–77), resulted in the identification of 
1,538 proteins produced by strain TCH1516 and 1,451 proteins by strain 880 during 
log phase growth (supplementary spreadsheet Tables S6 and S7). A direct comparison 
of the Aha-labeled proteome with LFQ-LCMS to that of unlabeled S. aureus that was 
not subjected to BONCAT, but directly trypsinized after lysis and analyzed by LFQ-LCMS 
showed that >90% of the whole proteome was recovered in the BONCAT experiment 
(Fig. S2), confirming that BONCAT-MS could be used to robustly retrieve the expressed 
MRSA proteome without bias from the Aha-labeling.

BONCAT-MS of persister-expressed proteins

We next applied BONCAT to the isolation and identification of proteins expressed 
in persisters during antibiotic exposure. Strains TCH1516 and 880 were treated with 
oxacillin and moxifloxacin for 4 hours as above, followed by the addition of Aha for 1.5 
hours. After this time, the cells were lysed, and fluorescent SDS-PAGE was used to check 
whether detectable levels of Aha-positive proteins were produced during this period 
(Fig. 1d), consistent with the previously reported translational activity of the persister 
population (23, 78–81). Having confirmed incorporation, the Aha-treated persisters (4–
5.5h in 50× MIC antibiotic) were analyzed by BONCAT-LFQ-LCMS and the expressed 
proteomes compared to those of the log-phase growing parent strains. Extensive 
proteome changes were observed (Tables 1 to 4; Tables S1 to S4), with the number 
and identity of the upregulated or downregulated proteins depending on the strain and 
antibiotic (Fig. 2a through d). Overall, we observed far more protein downregulation 
than upregulation. In strain 880, persisters induced during oxacillin challenge upregu­
lated 33 proteins and downregulated 426; when challenged with moxifloxacin, 880 
upregulated 79 proteins and downregulated 504. Strain TC1516 showed less downregu­
lation compared to strain 880, with 75 proteins upregulated and 129 downregulated 
upon oxacillin challenge, and 105 proteins upregulated and 151 downregulated upon 
moxifloxacin challenge (Fig. 2e). A surprisingly small number of protein changes was 
shared between all strain/antibiotic combinations, with only vraT being upregulated, 
which is part of the VraTSR three-component sensory regulatory system, in all samples 
and 22 proteins downregulated across all samples. Even within the strains, or upon 
challenge with the same antibiotics, the overlap in proteins found was limited (Fig. 2e). 
These quantitative differences indicate the divergent strain and antibiotic specificities 
of the persister proteome. They also highlight the extreme sensitivity of the BONCAT 
approach to detect translational responses in rare cell populations, and thereby, the 
ability to compare different strain-antibiotic combinations. This is particularly clear in the 
cells treated with moxifloxacin, where robust proteomic analysis could be obtained even 
in the presence of >99.997% dead bacteria.

Identification of known persistence pathways

To validate our experimental approach in comparison to other published experimental 
methods, we screened for genes and pathways that have been previously found to be 
upregulated or downregulated in SA persisters (9, 11, 23). We only briefly mention these 
here and provide a more detailed analysis later on. As expected, many “known” persister 
genes were observed for at least one of the combinations of strain and antibiotic, 
although few were conserved over all test conditions. In common with other studies, we 
observed changes in the stringent response, via upregulation of RelA/SpoT (23, 24) 
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(albeit only in TCH1516, but not in strain 880), as well as significant increases in the 
production of proteins associated with cell wall stress and integrity, including VraSTR 
(25). Diverse aspects of metabolism, especially related to purine (26) and amino acid 
production and degradation, were significantly changed (13, 27). Similar to Liu et al., who 
used cell division and cell wall integrity to FACS-sort persister cells treated with enroflox-
acin and vancomycin, we found significant ribosome downregulation, although to a 
lesser degree, which could be due to the fact they enriched for translationally and 

TABLE 1 Pathway assigned up/downregulated genes for TCH1516 under oxacillin treatment

Gene name Pathway Protein name log2 Fold 

change (FC)

Pathway assigned upregulated genes

  A0A0H2XKC5 Beta-Lactam resistance ABC transporter, ATP-binding protein 2.64

  pbp2 Beta-Lactam resistance Peptidoglycan glycosyltransferase 2.25

  fabZ Biotin metabolism 3-Hydroxyacyl-[acyl-carrier-protein] dehydratase FabZ 2.93

  mgt Cell wall biogenesis Monofunctional glycosyltransferase 7.86

  bioB Cofactor biosynthesis Biotin synthase 4.23

  bioA Cofactor biosynthesis Adenosylmethionine-8-amino-7-oxononanoate aminotransferase 3.06

  cdsA Lipid metabolism Phosphatidate cytidylyltransferase 2.34

  acpP Lipid metabolism Acyl carrier protein (ACP) 2.04

  uppS Peptidoglycan biosynthesis Isoprenyl transferase 2.46

  spsA Protein export Signal peptidase I 4.60

  spsB Protein export Signal peptidase I 2.82

  lgt Protein modification Phosphatidylglycerol—prolipoprotein diacylglyceryl transferase 2.77

  RelA/SpoT Purine metabolism; ppGpp biosynthesis RelA/SpoT domain-containing protein 4.73

  efb Staphylococcus aureus infection Fibrinogen-binding protein 2.57

  A0A0H2XHQ0 Teichoic acid biosynthesis Putative transcriptional regulator 3.00

  vraS Two-component system Sensor protein VraS 6.81

  vraR Two-component system DNA-binding response regulator 3.48

  A0A0H2XF42 Two-component system Cytochrome D ubiquinol oxidase, subunit I 2.06

  vraT Two-component system Cell wall-active antibiotics response LiaF-like C-terminal

domain-containing protein

4.90

Pathway assigned downregulated genes

  A0A0H2XKA6 Amino acid biosynthesis Probable succinyl-diaminopimelate desuccinylase −4.21

  ilvB Amino acid biosynthesis Acetolactate synthase −3.00

  ilvD Amino acid biosynthesis Dihydroxy-acid dehydratase (DAD) −2.82

  argF Amino acid biosynthesis Ornithine carbamoyltransferase (OTCase) −2.76

  ilvA Amino acid biosynthesis L-threonine dehydratase biosynthetic IlvA −2.41

  ald1 Amino acid degradation Alanine dehydrogenase 1 −2.97

  tdcB Amino acid degradation L-threonine dehydratase catabolic TdcB −2.65

  hutG Amino acid degradation Formimidoylglutamase −2.49

  rpiA Carbohydrate degradation Ribose-5-phosphate isomerase A −2.38

  fda Carbohydrate degradation Fructose-bisphosphate aldolase class 1 −2.21

  ldh2 Fermentation L-lactate dehydrogenase 2 (L-LDH 2) −2.44

  rocF Nitrogen metabolism Arginase −2.06

  glmU Nucleotide-sugar biosynthesis Bifunctional protein GlmU −2.01

  hemB Porphyrin-containing compound metabolism Delta-aminolevulinic acid dehydratase −2.24

  purH Purine metabolism Bifunctional purine biosynthesis protein PurH −3.97

  purM Purine metabolism Phosphoribosylformylglycinamidine cyclo-ligase −2.54

  purN Purine metabolism Phosphoribosylglycinamide formyltransferase −2.21

  purD Purine metabolism Phosphoribosylamine—glycine ligase −2.10

  pyrC Pyrimidine metabolism Dihydroorotase (DHOase) −2.68

  pyrE Pyrimidine metabolism Orotate phosphoribosyltransferase (OPRT) −2.04

  serS tRNA aminoacylation Serine—tRNA ligase −2.49
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TABLE 2 Pathway assigned up/downregulated genes for TCH1516 under moxifloxacin treatment

Gene name Pathway Protein name log2 Fold 

change (FC)

Pathway assigned upregulated genes

  arcB (argF) Amino-acid biosynthesis Ornithine carbamoyltransferase (OTCase) 3.40

  leuD Amino-acid biosynthesis 3-Isopropylmalate dehydratase small subunit 2.31

  ltaS Cell wall biogenesis Lipoteichoic acid synthase 2.88

  tagA Cell wall biogenesis N-acetylglucosaminyldiphosphoundecaprenol 2.08

  ribBA Cofactor biosynthesis Riboflavin biosynthesis protein RibBA 2.82

  panD Cofactor biosynthesis Aspartate 1-decarboxylase 2.65

  accB Lipid metabolism Biotin carboxyl carrier protein of acetyl-CoA carboxylase 3.61

  acpP Lipid metabolism Acyl carrier protein (ACP) 2.43

  RelA/SpoT Purine metabolism; ppGpp biosynthesis RelA/SpoT domain-containing protein 2.72

  efb Staphylococcus aureus infection Fibrinogen-binding protein 3.42

  A0A0H2XHQ0 Teichoic acid biosynthesis Putative transcriptional regulator 2.90

  vraR Two-component system DNA-binding response regulator 2.57

  A0A0H2XF42 Two-component system Cytochrome D ubiquinol oxidase, subunit I 4.30

  vraS Two-component system Sensor protein VraS 4.41

  vraT Two-component system Cell wall-active antibiotics response LiaF-like C-terminal domain-containing 

protein

3.97

Pathway assigned downregulated genes

  asd Amino-acid biosynthesis Aspartate-semialdehyde dehydrogenase (ASA dehydrogenase) −13.20

  dapH Amino-acid biosynthesis 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-acetyltransferase −7.54

  ilvC Amino-acid biosynthesis Ketol-acid reductoisomerase (NADP(+)) (KARI) −6.10

  ilvA Amino-acid biosynthesis L-threonine dehydratase biosynthetic IlvA −5.89

  dapA Amino-acid biosynthesis 4-hydroxy-tetrahydrodipicolinate synthase (HTPA synthase) −5.68

  ilvB Amino-acid biosynthesis Acetolactate synthase −4.77

  A0A0H2XHR4 Amino-acid biosynthesis Homoserine dehydrogenase −4.34

  thrC Amino-acid biosynthesis Threonine synthase −3.60

  serA Amino-acid biosynthesis D-3-phosphoglycerate dehydrogenase −3.57

  dapB Amino-acid biosynthesis 4-Hydroxy-tetrahydrodipicolinate reductase (HTPA reductase) −3.55

  A0A0H2XKA6 Amino-acid biosynthesis Probable succinyl-diaminopimelate desuccinylase −3.45

  ilvE Amino-acid biosynthesis Branched-chain-amino-acid aminotransferase −3.36

  thrB Amino-acid biosynthesis Homoserine kinase (HK) −3.16

  metE Amino-acid biosynthesis 5-Methyltetrahydropteroyltriglutamate—homocysteine methyltransferase −2.94

  proC Amino-acid biosynthesis Pyrroline-5-carboxylate reductase (P5C reductase) −2.03

  odhB sucB Amino-acid degradation Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate 

dehydrogenase complex

−2.17

  tpiA Carbohydrate biosynthesis Triosephosphate isomerase (TIM) −2.53

  acnA Carbohydrate metabolism Aconitate hydratase (Aconitase) −2.38

  aroA Metabolic intermediate biosynthesis 3-Phosphoshikimate 1-carboxyvinyltransferase −2.15

  folD One-carbon metabolism Bifunctional protein FolD −2.86

  efp Protein biosynthesis Elongation factor P (EF-P) −2.47

  purS Purine metabolism Phosphoribosylformylglycinamidine synthase subunit PurS (FGAM synthase) −4.68

  purM Purine metabolism Phosphoribosylformylglycinamidine cyclo-ligase −4.13

  purN Purine metabolism Phosphoribosylglycinamide formyltransferase −3.68

  purH Purine metabolism Bifunctional purine biosynthesis protein PurH −3.56

  purQ Purine metabolism Phosphoribosylformylglycinamidine synthase subunit PurQ (FGAM synthase) −3.48

  purC Purine metabolism Phosphoribosylaminoimidazole-succinocarboxamide synthase −3.17

  purL Purine metabolism Phosphoribosylformylglycinamidine synthase subunit PurL (FGAM synthase) −3.14

  purD Purine metabolism Phosphoribosylamine—glycine ligase −2.71

  purF Purine metabolism Amidophosphoribosyltransferase (ATase) −2.01

  serS tRNA aminoacylation Serine—tRNA ligase −2.55

Research Article mSphere

September 2025  Volume 10  Issue 9 10.1128/msphere.00431-25 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sp
he

re
 o

n 
24

 N
ov

em
be

r 
20

25
 b

y 
14

5.
11

8.
84

.1
99

.

https://doi.org/10.1128/msphere.00431-25


TABLE 3 Pathway assigned up/downregulated genes for 880 under oxacillin treatment

Gene name Pathway Protein name .–log 10

(P-value)

log2 Fold 

change (FC)

Pathway assigned upregulated genes

  A0A0H2XK42 ABC transporters Amino acid ABC transporter, amino acid-binding protein 5.60 4.51

  tagH ABC transporters Teichoic acids export ATP-binding protein TagH 6.36 3.27

  alr2 Amino-acid biosynthesis Alanine racemase 6.86 4.10

  putA Amino-acid degradation Proline dehydrogenase 4.43 2.95

  mecA Beta-lactam resistance Penicillin-binding protein 2 5.43 2.86

  mgt Cell wall biogenesis Monofunctional glycosyltransferase (MGT) 7.07 3.98

  panD Cofactor biosynthesis Aspartate 1-decarboxylase 3.05 2.38

  uppS Peptidoglycan biosynthesis Isoprenyl transferase 4.60 2.03

  rpsN rpsN2 Ribosome Small ribosomal subunit protein uS14A (30S ribosomal protein S14) 5.27 3.00

  sbi Staphylococcus aureus infection Immunoglobulin-binding protein Sbi 6.92 3.65

  efb Staphylococcus aureus infection Fibrinogen-binding protein 5.53 4.05

  msrR Teichoic acid biosynthesis Regulatory protein MsrR 8.48 5.65

  A0A0H2XHQ0 Teichoic acid biosynthesis Putative transcriptional regulator 9.72 4.10

  vraS Two-component system Sensor protein VraS 8.22 3.35

  vraT Two-component system Cell wall-active antibiotics response LiaF-like C-terminal

domain-containing protein

5.17 3.56

Pathway assigned downregulated genes

  carB Amino-acid biosynthesis Carbamoyl phosphate synthase large chain 8.35 −3.17

  carA Amino-acid biosynthesis Carbamoyl phosphate synthase small chain 7.67 −3.74

  trpD Amino-acid biosynthesis Anthranilate phosphoribosyltransferase 4.72 −2.62

  argR Amino-acid biosynthesis Arginine repressor 7.90 −2.44

  pheA Amino-acid biosynthesis Prephenate dehydratase 5.82 −3.03

  ald1 Amino-acid degradation Alanine dehydrogenase 1 4.82 −4.67

  tdcB Amino-acid degradation L-threonine dehydratase catabolic TdcB 3.73 −4.59

  hutG Amino-acid degradation Formimidoylglutamase 6.87 −3.09

  hutU Amino-acid degradation Urocanate hydratase (Urocanase) 4.46 −3.03

  arcA Amino-acid degradation Arginine deiminase (ADI) 4.95 −3.00

  nanE Amino-sugar metabolism Putative N-acetylmannosamine-6-phosphate 2-epimerase 8.17 −2.66

  nagB Amino-sugar metabolism Glucosamine-6-phosphate deaminase 7.33 −2.23

  sdaAB Carbohydrate biosynthesis L-serine deaminase 6.59 −3.24

  tpiA Carbohydrate biosynthesis Triosephosphate isomerase (TIM) 7.20 −2.38

  tkt Carbohydrate biosynthesis Transketolase 8.16 −2.20

  rpiA Carbohydrate degradation Ribose-5-phosphate isomerase A 10.41 −5.77

  fda Carbohydrate degradation Fructose-bisphosphate aldolase class 1 9.59 −3.66

  pfkA Carbohydrate degradation ATP-dependent 6-phosphofructokinase (ATP-PFK) 8.77 −3.31

  rpe Carbohydrate degradation Ribulose-phosphate 3-epimerase 7.42 −2.60

  fba Carbohydrate degradation Fructose-bisphosphate aldolase 8.28 −2.38

  deoC Carbohydrate degradation Deoxyribose-phosphate aldolase (DERA) 2.95 −2.84

  gpmI Carbohydrate degradation 2,3-bisphosphoglycerate-independent phosphoglycerate mutase (BPG-

independent PGAM)

6.36 −3.00

  pgk Carbohydrate degradation Phosphoglycerate kinase 6.80 −2.22

  eno Carbohydrate degradation Enolase 6.93 −2.18

  gap Carbohydrate degradation Glyceraldehyde-3-phosphate dehydrogenase 7.73 −2.17

  pyk Carbohydrate degradation Pyruvate kinase (PK) 8.30 −2.17

  acnA Carbohydrate metabolism Aconitate hydratase (Aconitase) 9.72 −3.21

  galM Carbohydrate metabolism Aldose 1-epimerase 6.83 −2.75

  mqo Carbohydrate metabolism Probable malate:quinone oxidoreductase 5.18 −2.72

  rbsK Carbohydrate metabolism Ribokinase (RK) 6.20 −2.36

  crtN Carotenoid biosynthesis 4,4′-diapophytoene desaturase 4.00 −2.66

  dltC Cell wall biogenesis D-alanyl carrier protein (DCP) 9.74 −4.54

(Continued on next page)
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TABLE 3 Pathway assigned up/downregulated genes for 880 under oxacillin treatment (Continued)

Gene name Pathway Protein name .–log 10

(P-value)

log2 Fold 

change (FC)

  tarJ Cell wall biogenesis Ribulose-5-phosphate reductase (Ribulose-5-P reductase) 4.63 −2.24

  dltB Cell wall biogenesis Teichoic acid D-alanyltransferase 4.48 −2.09

  tarI Cell wall biogenesis Ribitol-5-phosphate cytidylyltransferase 7.21 −2.07

  folB Cofactor biosynthesis 7,8-dihydroneopterin aldolase 5.80 −4.09

  moaB Cofactor biosynthesis Molybdenum cofactor biosynthesis protein B 4.23 −3.31

  moaE Cofactor biosynthesis Molybdopterin synthase catalytic subunit 5.93 −3.03

  pdxT Cofactor biosynthesis Pyridoxal 5′-phosphate synthase subunit PdxT 9.11 −3.02

  pdxS Cofactor biosynthesis Pyridoxal 5′-phosphate synthase subunit PdxS 7.51 −2.85

  coaE Cofactor biosynthesis Dephospho-CoA kinase 7.74 −2.62

  nadE Cofactor biosynthesis NH(3)-dependent NAD(+) synthetase 8.77 −2.49

  A0A0H2XI81 Cofactor biosynthesis Nicotinate phosphoribosyltransferase 7.05 −2.45

  moeA Cofactor biosynthesis Molybdopterin molybdenum transferase 7.87 −2.36

  ldh2 Fermentation L-lactate dehydrogenase 2 (L-LDH 2) 11.36 −3.80

  ldh1 Fermentation L-lactate dehydrogenase 1 (L-LDH 1) 8.58 −3.71

  gtaB galU Glycolipid metabolism UTP--glucose-1-phosphate uridylyltransferase 11.22 −4.22

  acpP Lipid metabolism Acyl carrier protein (ACP) 6.50 −2.95

  ackA Metabolic intermediate biosynthesis Acetate kinase 9.65 −3.11

  aroK Metabolic intermediate biosynthesis Shikimate kinase (SK) 5.63 −2.46

  aroC Metabolic intermediate biosynthesis Chorismate synthase (CS) 7.41 −2.18

  prs Metabolic intermediate biosynthesis Ribose-phosphate pyrophosphokinase (RPPK) 5.26 −2.09

  deoB Metabolic intermediate biosynthesis Phosphopentomutase 7.67 −2.02

  A0A0H2XH90 Metabolic intermediate metabolism 3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase) 7.52 −2.14

  nirB Nitrogen metabolism Nitrite reductase [NAD(P)H], large subunit 9.49 −3.21

  glmU Nucleotide-sugar biosynthesis Bifunctional protein GlmU 5.59 −3.12

  folD One-carbon metabolism Bifunctional protein FolD 9.96 −2.83

  fhs One-carbon metabolism Formate—tetrahydrofolate ligase 8.05 −2.63

  budA Polyol metabolism Alpha-acetolactate decarboxylase 9.13 −5.20

  hemB Porphyrin-containing compound 

metabolism

Delta-aminolevulinic acid dehydratase 9.92 −3.35

  hemD Porphyrin-containing compound 

metabolism

Uroporphyrinogen-III synthase 4.49 −2.85

  hemC Porphyrin-containing compound 

metabolism

Porphobilinogen deaminase (PBG) 9.93 −2.70

  hemG Porphyrin-containing compound 

metabolism

Coproporphyrinogen III oxidase 6.50 −2.48

  efp Protein biosynthesis Elongation factor P (EF-P) 6.77 −2.62

  lipA Protein modification Lipoyl synthase (Lip-syn) 6.36 −2.08

  lgt Protein modification Phosphatidylglycerol—prolipoprotein diacylglyceryl transferase 2.91 −2.04

  purS Purine metabolism Phosphoribosylformylglycinamidine synthase subunit PurS (FGAM synthase) 8.35 −5.47

  purH Purine metabolism Bifunctional purine biosynthesis protein PurH 10.95 −5.45

  purN Purine metabolism Phosphoribosylglycinamide formyltransferase 9.24 −5.32

  purM Purine metabolism Phosphoribosylformylglycinamidine cyclo-ligase 9.79 −5.00

  purQ Purine metabolism Phosphoribosylformylglycinamidine synthase subunit PurQ (FGAM synthase) 9.04 −4.57

  xpt Purine metabolism Xanthine phosphoribosyltransferase (XPRTase) 9.22 −4.11

  purC Purine metabolism Phosphoribosylaminoimidazole-succinocarboxamide synthase 10.22 −4.03

  purE Purine metabolism N5-carboxyaminoimidazole ribonucleotide mutase (N5-CAIR

mutase)

8.03 −3.86

  purD Purine metabolism Phosphoribosylamine—glycine ligase 9.32 −3.86

  purL Purine metabolism Phosphoribosylformylglycinamidine synthase subunit PurL (FGAM synthase) 11.59 −3.81

  purF Purine metabolism Amidophosphoribosyltransferase (ATase) 7.93 −3.22

  A0A0H2XFD7 Purine metabolism 6-carboxy-5,6,7,8-tetrahydropterin synthase 5.43 −3.07

(Continued on next page)
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divisionally inactive cells, while BONCAT does not require this sorting step (13, 29). In 
common with Huemer et al. (82), we observed a reduction in virulence-associated 
proteins during persistence, including a marked reduction in the type VII secretion 
system, particularly in strain TCH1516. These, and further, retrieval of known persister 
proteins, shown in Tables 1 to 4; Table S1 to S4, gave us confidence in the ability of 
BONCAT labeling to retrieve persister proteins in a single set of experiments without any 
genetic modification or delay between inducing persistence and analysis.

Strain and drug-specific effects

There was extensive variation in the specific proteins that were upregulated and 
downregulated between strains and antibiotics, suggesting that persistence is highly 
strain and antibiotic-specific. Nevertheless, common pathways and some common 
proteins are evident. Most notably, the VraRTS pathway was upregulated under all 
conditions. This pathway, which is a regulator of cell wall biosynthesis and stress, causes 
cell wall thickening and is commonly mutated in strains with reduced sensitivity to 
vancomycin (83). VraT was upregulated in all samples, as was VraS (more than twofold 
increases in three of four samples). Related changes to cell wall and peptidoglycan 
biosynthesis were also observed, especially in both strains exposed to oxacillin, including 
upregulation of mgt, mecA (in 880), pbp2 (in TCH1516), murP, and uppS. In addition, there 
was a common downregulation of putative virulence factors, including many proteins 
associated with the Type VII secretion system (84), especially in TCH1516. Of the 74 
downregulated proteins in response to oxacillin, we observed a clear excess of proteins 
associated with the degradation of amino acids, purines, pyrimidines, and carbohydrates 
(Tables 1 and 3), all consistent with the idea of general growth arrest, decreased transla­
tion and DNA replication, and energy conservation in persisters. Related to this are 
common changes in ABC transporters. Some ABC transporters were upregulated, but 
also many—particularly the peptide transporters—were downregulated across three of 
four conditions, suggesting that nutrient restriction may be an active route toward 
persistence. Many of the global changes to cell wall biosynthesis, the stringent response, 
and energy metabolism were also observed in strains exposed to moxifloxacin, indicat­
ing the conserved phenotypic features of persisters, even if the identity of modified 
proteins may vary between strains and antibiotics.

In addition to common changes in persisters, we observed many more proteome 
changes that were limited to either strain or antibiotic, reflecting differences between 
genotypes or the physiological responses elicited by different antibiotics. For example, 

TABLE 3 Pathway assigned up/downregulated genes for 880 under oxacillin treatment (Continued)

Gene name Pathway Protein name .–log 10

(P-value)

log2 Fold 

change (FC)

  guaB Purine metabolism Inosine-5'-monophosphate dehydrogenase (IMP dehydrogenase) 9.52 −3.05

  hpt Purine metabolism Hypoxanthine phosphoribosyltransferase 7.72 −2.98

  purK Purine metabolism N5-carboxyaminoimidazole ribonucleotide synthase (N5-CAIR synthase) 9.20 −2.86

  purA Purine metabolism Adenylosuccinate synthetase (AdSS) 8.27 −2.58

  pyrF Pyrimidine metabolism Orotidine 5′-phosphate decarboxylase 11.33 −5.03

  pyrC Pyrimidine metabolism Dihydroorotase (DHOase) 8.71 −4.12

  pyrE Pyrimidine metabolism Orotate phosphoribosyltransferase (OPRT) 7.04 −3.40

  pyrB Pyrimidine metabolism Aspartate carbamoyltransferase catalytic subunit 6.33 −3.32

  pyrH Pyrimidine metabolism Uridylate kinase (UK) 7.32 −2.58

  menB Quinol/quinone metabolism 1,4-dihydroxy-2-naphthoyl-CoA synthase (DHNA-CoA synthase) 9.80 −2.82

  menH Quinol/quinone metabolism Putative 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate synthase 

(SHCHC synthase)

3.93 −2.11

  serS tRNA aminoacylation Serine—tRNA ligase 11.10 −4.10

  queH tRNA modification Epoxyqueuosine reductase QueH 7.01 −3.31

  queA tRNA modification S-adenosylmethionine:tRNA ribosyltransferase-isomerase 3.47 −2.04
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TABLE 4 Pathway assigned upregulated/downregulated genes for 880 under moxifloxacin treatment

Gene name Pathway Protein name log2 Fold 

change (FC)

Pathway assigned upregulated genes

  A0A0H2XK42 ABC transporters Amino acid ABC transporter 5.45

  tagH ABC transporters Teichoic acids export ATP-binding protein TagH 2.47

  alr2 Amino-acid biosynthesis Alanine racemase 4.61

  putA Amino-acid degradation Proline dehydrogenase 3.84

  fnbA Bacterial invasion of epithelial cells Fibronectin-binding protein A 4.41

  fnbB Bacterial invasion of epithelial cells Fibronectin-binding protein B 3.53

  mecA Beta-Lactam resistance Penicillin-binding protein 2 2.18

  dltD Cell wall biogenesis Protein DltD 3.37

  murP Cell wall biogenesis PTS system MurNAc-GlcNAc-specific EIIBC component 2.15

  thiI Cofactor biosynthesis Probable tRNA sulfurtransferase 4.67

  ribBA Cofactor biosynthesis Riboflavin biosynthesis protein RibBA 3.02

  ribD Cofactor biosynthesis Riboflavin biosynthesis protein RibD 2.66

  ribH Cofactor biosynthesis 6,7-Dimethyl-8-ribityllumazine synthase (DMRL synthase) 2.66

  qoxB Energy metabolism Probable quinol oxidase subunit 1 3.30

  accB Lipid metabolism Biotin carboxyl carrier protein of acetyl-CoA carboxylase 2.80

  sbi Staphylococcus aureus infection Immunoglobulin-binding protein Sbi 4.66

  scn Staphylococcus aureus infection Staphylococcal complement inhibitor (SCIN) 4.28

  clfB Staphylococcus aureus infection Clumping factor B 3.89

  sdrE Staphylococcus aureus infection Serine-aspartate repeat-containing protein E 3.70

  clfA Staphylococcus aureus infection Clumping factor A 3.70

  vraT Two-component system Cell wall-active antibiotics response LiaF-like C-terminal domain-containing protein 2.03

Pathway assigned downregulated genes

  hisC Amino acid biosynthesis Histidinol-phosphate aminotransferase −6.70

  A0A0H2XHR4 Amino acid biosynthesis Homoserine dehydrogenase −6.30

  dapA Amino acid biosynthesis 4-Hydroxy-tetrahydrodipicolinate synthase (HTPA synthase) −6.24

  dapB Amino acid biosynthesis 4-Hydroxy-tetrahydrodipicolinate reductase (HTPA reductase) −5.91

  serA Amino-acid biosynthesis D-3-phosphoglycerate dehydrogenase −5.06

  ilvE Amino-acid biosynthesis Branched-chain-amino-acid aminotransferase −4.42

  asd Amino-acid biosynthesis Aspartate-semialdehyde dehydrogenase (ASA dehydrogenase) −4.29

  proC Amino-acid biosynthesis Pyrroline-5-carboxylate reductase (P5C reductase) −3.60

  thrC Amino-acid biosynthesis Threonine synthase −3.58

  dapH Amino-acid biosynthesis 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-acetyltransferase −3.28

  trpD Amino acid biosynthesis Anthranilate phosphoribosyltransferase −3.02

  lysA Amino acid biosynthesis Diaminopimelate decarboxylase (DAP decarboxylase) −3.00

  argR Amino acid biosynthesis Arginine repressor −2.98

  carA Amino acid biosynthesis Carbamoyl phosphate synthase small chain −2.76

  pheA Amino acid biosynthesis Prephenate dehydratase −2.60

  carB Amino acid biosynthesis Carbamoyl phosphate synthase large chain −2.35

  ald1 Amino acid degradation Alanine dehydrogenase 1 −4.00

  tdcB Amino acid degradation L-threonine dehydratase catabolic TdcB −3.36

  nagB Amino-sugar metabolism Glucosamine-6-phosphate deaminase −2.35

  nanE Amino-sugar metabolism Putative N-acetylmannosamine-6-phosphate 2-epimerase −2.27

  tpiA Carbohydrate biosynthesis Triosephosphate isomerase (TIM) −2.71

  pgi Carbohydrate biosynthesis Glucose-6-phosphate isomerase (GPI) −2.47

  rpiA Carbohydrate degradation Ribose-5-phosphate isomerase A −3.63

  fda Carbohydrate degradation Fructose-bisphosphate aldolase class 1 −3.15

  pfkA Carbohydrate degradation ATP-dependent 6-phosphofructokinase −2.79

  pgk Carbohydrate degradation Phosphoglycerate kinase −2.72

  rpe Carbohydrate degradation Ribulose-phosphate 3-epimerase −2.69

  gpmI Carbohydrate degradation 2,3-bisphosphoglycerate-independent phosphoglycerate mutase −2.43

(Continued on next page)
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TABLE 4 Pathway assigned upregulated/downregulated genes for 880 under moxifloxacin treatment (Continued)

Gene name Pathway Protein name log2 Fold 

change (FC)

  gpmA Carbohydrate degradation 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase −2.29

  deoC Carbohydrate degradation Deoxyribose-phosphate aldolase −2.24

  acnA Carbohydrate metabolism Aconitate hydratase (Aconitase) −2.93

  rbsK Carbohydrate metabolism Ribokinase (RK) −2.72

  galM Carbohydrate metabolism Aldose 1-epimerase −2.39

  fumC Carbohydrate metabolism Fumarate hydratase class II (Fumarase C) −2.23

  dltC Cell wall biogenesis D-alanyl carrier protein (DCP) −6.92

  tarI Cell wall biogenesis Ribitol-5-phosphate cytidylyltransferase −5.25

  murB Cell wall biogenesis UDP-N-acetylenolpyruvoylglucosamine reductase −3.18

  tarJ Cell wall biogenesis Ribulose-5-phosphate reductase (Ribulose-5-P reductase) −2.81

  ddl Cell wall biogenesis D-alanine—D-alanine ligase −2.23

  moaD Cofactor biosynthesis Molybdopterin synthase sulfur carrier subunit −4.80

  folB Cofactor biosynthesis 7,8-dihydroneopterin aldolase −4.29

  folA Cofactor biosynthesis Dihydrofolate reductase −3.47

  pdxT Cofactor biosynthesis Pyridoxal 5′-phosphate synthase subunit PdxT −3.08

  nadE Cofactor biosynthesis NH(3)-dependent NAD(+) synthetase −3.00

  panB Cofactor biosynthesis 3-methyl-2-oxobutanoate hydroxymethyltransferase −2.82

  folP Cofactor biosynthesis Dihydropteroate synthase (DHPS) −2.52

  pdxS Cofactor biosynthesis Pyridoxal 5'-phosphate synthase subunit PdxS −2.26

  folK Cofactor biosynthesis 2-Amino-4-hydroxy-6-hydroxymethyldihydropteridine diphosphokinase −2.18

  coaE Cofactor biosynthesis Dephospho-CoA kinase −2.11

  ribF Cofactor biosynthesis Riboflavin biosynthesis protein −2.05

  coaW coaA Cofactor biosynthesis Type II pantothenate kinase −2.04

  coaD Cofactor biosynthesis Phosphopantetheine adenylyltransferase −2.02

  ldh2 Fermentation L-lactate dehydrogenase 2 (L-LDH 2) −4.18

  gtaB galU Glycolipid metabolism UTP—glucose-1-phosphate uridylyltransferase −2.94

  fabD Lipid metabolism Malonyl CoA-acyl carrier protein transacylase −2.31

  acpP Lipid metabolism Acyl carrier protein (ACP) −2.20

  plsX Lipid metabolism Phosphate acyltransferase −2.16

  aroK Metabolic intermediate

biosynthesis

Shikimate kinase (SK) −2.67

  deoB Metabolic intermediate

biosynthesis

Phosphopentomutase −2.08

  A0A0H2XH90 Metabolic intermediate

metabolism

3-Hydroxy-3-methylglutaryl coenzyme A reductase −2.75

  rocF Nitrogen metabolism Arginase −4.84

  nirB Nitrogen metabolism Nitrite reductase [NAD(P)H], large subunit −2.23

  folD One-carbon metabolism Bifunctional protein FolD −4.00

  fhs One-carbon metabolism Formate—tetrahydrofolate ligase −2.28

  Q2FJ70 One-carbon metabolism 3-hexulose-6-phosphate synthase (HPS) −2.12

  budA Polyol metabolism Alpha-acetolactate decarboxylase −3.44

  budA Polyol metabolism Alpha-acetolactate decarboxylase −2.32

  hemH cpfC Porphyrin-containing compound 

metabolism

Coproporphyrin III ferrochelatase −2.44

  hemB Porphyrin-containing compound 

metabolism

Delta-aminolevulinic acid dehydratase −2.23

  efp Protein biosynthesis Elongation factor P (EF-P) −2.65

  A0A0H2XFJ1 Protein modification Lipoate—protein ligase −3.49

  lipA Protein modification Lipoyl synthase −3.44

  purS Purine metabolism Phosphoribosylformylglycinamidine synthase subunit PurS −6.97

  purN Purine metabolism Phosphoribosylglycinamide formyltransferase −5.71

(Continued on next page)
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we observed upregulation of numerous putative phage-associated genes in TCH1516 in 
moxifloxacin persisters, but not during oxacillin exposure, consistent with the DNA-
damaging effects of the former antibiotic. Downregulation of ribosomal proteins was 
more evident in 880 exposed to oxacillin. Overall, there were many more unique changes 
than shared responses (Fig. 2e), including many changes in uncharacterized proteins 
(Tables S1 to S4). The identification of known pathways means this list can serve as an 
excellent resource for new target validation. A final interesting point was the change in 
the transcription factor landscape. More than 29 transcription factors, or other DNA-
binding proteins, were upregulated, while 35 transcription factors/DNA-binding proteins 
were downregulated in each of the conditions, each of which may pleiotropically 
influence the production of many other genes, although further validation of these “hits” 
is required to fully confirm their role in persister biology.

Temporal changes in the persister protein landscape

After quantifying proteome changes at a single time point, we next set up a time course 
to characterize how persister-associated proteins changed dynamically during entry into 
and exit from the persister state. To do so, we focused on TCH1516 exposed to moxifloxa-
cin because the persister fraction in this combination was low and could therefore test 
the limits of the BONCAT approach. A first comparison of protein expression at the 
earliest time point after antibiotic addition (on the steep stage of the time-kill curve) 
showed the upregulation of 211 proteins compared to the persister state at 4 h for this 
same strain-antibiotic combination, and the downregulation of 30 (Table S5), highlight­
ing the difference between the early stress response and the persister state. To further 
characterize the temporal changes in the proteome, we applied the Aha pulse at 
different times after the addition of the high-dose antibiotic (0–90 min, 60–150 min, 120–
210 min, 180–270 min, and 240–330 min), prior to lysis, retrieval, and LFQ-LCMS (Fig. 3). 
To study protein expression upon exit of the persister phase, we removed the antibiotic-
containing medium and replaced it with fresh medium—which was done by 

TABLE 4 Pathway assigned upregulated/downregulated genes for 880 under moxifloxacin treatment (Continued)

Gene name Pathway Protein name log2 Fold 

change (FC)

  purQ Purine metabolism Phosphoribosylformylglycinamidine synthase subunit PurQ −5.33

  purC Purine metabolism Phosphoribosylaminoimidazole-succinocarboxamide synthase −5.04

  purM Purine metabolism Phosphoribosylformylglycinamidine cyclo-ligase −4.34

  purH Purine metabolism Bifunctional purine biosynthesis protein PurH −3.95

  purD Purine metabolism Phosphoribosylamine—glycine ligase −3.75

  xpt Purine metabolism Xanthine phosphoribosyltransferase (XPRTase) −3.27

  purL Purine metabolism Phosphoribosylformylglycinamidine synthase subunit PurL −3.24

  purE Purine metabolism N5-carboxyaminoimidazole ribonucleotide mutase −2.79

  adk Purine metabolism Adenylate kinase (AK) −2.53

  hpt Purine metabolism Hypoxanthine phosphoribosyltransferase −2.52

  purF Purine metabolism Amidophosphoribosyltransferase (ATase) −2.48

  purA Purine metabolism Adenylosuccinate synthetase (AMPSase) −2.20

  purK Purine metabolism N5-carboxyaminoimidazole ribonucleotide synthase −2.07

  pyrE Pyrimidine metabolism Orotate phosphoribosyltransferase (OPRT) −3.70

  pyrC Pyrimidine metabolism Dihydroorotase (DHOase) −3.61

  pyrF Pyrimidine metabolism Orotidine 5′-phosphate decarboxylase −3.52

  pyrB Pyrimidine metabolism Aspartate carbamoyltransferase catalytic subunit −2.09

  menH Quinol/quinone metabolism Putative 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate

synthase

−2.20

  menB Quinol/quinone metabolism 1,4-Dihydroxy-2-naphthoyl-CoA synthase −2.11

  serS tRNA aminoacylation Serine—tRNA ligase −2.79

  queH tRNA modification Epoxyqueuosine reductase QueH −2.31
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centrifugation, washing, and resuspension—and gave the Aha-pulse 5–90 min, 30–120 
min, and 60–150 min after removal of the antibiotic. The pulsed samples were again 
lysed at the end of the Aha-pulse period and analyzed by the ccHc-LFQ-MS protocol as 
before. Figure 3 shows the expression of all changed proteins ordered by the relative 
expression at 4 hours. The data supporting this figure can be found in supplementary 
spreadsheet Table S8. Data shown in Fig. 4a are ranked according to the 4 h time point to 
focus attention on (selected) proteins that have undergone the most significant changes. 
These results also highlight that different proteins vary in the time required for upregula­
tion or downregulation to become evident.

FIG 2 Identified proteins at 4 hours after antibiotic challenge. (a–d) show up/downregulated proteins for each antibiotic-

strain combination. The list of pathway-identified proteins is found in Tables 1 to 4 and all proteins in Tables S1 to S4. 

(e) Quantification of proteins found shared by a strain in response to both antibiotics, or found across the strains in response 

to the same antibiotic.
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Aside from global changes in Fig. 3, we selectively plotted the dynamics of some of 
the key proteins known to be important in persisters or that showed prominent changes 
in the 4 h samples, specifically RelA/SpoT, toxin-anti-toxin proteins, cell wall biosynthesis 
proteins, transporters, various transcription factors, and phage-associated proteins (Fig. 
4a, and for a full list and the relative expression values, see supplementary spreadsheet 
Table S9). This time-course analysis showed that changes to persister-associated proteins 
show distinct temporal dynamics. For example, RelA/SpotT expression was rapidly 
induced and continued increasing during antibiotic exposure and slowly declined after 
antibiotic removal. Several, but not all, transcription factors showed similar dynamics, 
although with less consistent behavior after antibiotic removal. These changes are 
particularly interesting in light of the highly pleiotropic effects of transcription factors 
across the S. aureus proteome. For example, the stress-induced transcriptional regulator, 
spx, showed rapid increases upon antibiotic exposure. This, in turn, likely downregulated 
other gene products coordinated by spx, like clp proteases and the MazEF toxin-anti-
toxin system. The role of this TA module in S. aureus persistence is controversial. In 
contrast to other systems where the antitoxin component is down-regulated, we instead 
observed a short-term increase in the MazF toxin and the associated antitoxin protease 
ClpL, followed by a sharp decrease in production of both. ClpL may also impact general 
stress responses during antibiotic exposure (85, 86), along with other changes that affect 
protein stability and quality control, for example, ctsR and hrcA. Extracellular protease 
production may also be influenced by changes in the expression of the sarR regulon, 
which is initially highly expressed, is rapidly downregulated during drug exposure, and 
then quickly increases during recovery.

We observed changes in several proteins that influence virulence factors, including 
some indicated above. ArlR is part of a two-component system regulating autolysis, 
biofilm formation, virulence, and capsular expression and is moreover a treatment target 
whose inhibition increases susceptibility to oxacillin (87). ArlR, which is highly expressed 
and then sharply declines upon drug exposure, has been shown to induce the expression 
of mgrA after it is phosphorylated. Here, however, the expression of mgrA rapidly drops 
in the first 2 h after antibiotic challenge and then recovers, suggesting alternative 
regulation of mgrA may also be taking place (88).

Other changes in transcriptional regulators suggest that entry into persistence is a 
response to overall cellular stress. The quaternary amine transport ATP-binding protein 

FIG 3 Heatmap showing the changes in protein expression over time. All identified changed proteins of strain TCH1516 at 4 h were also analyzed and plotted at 

the indicated time. Associated IDs and values are shown in Table S8.
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FIG 4 Changes in expression over time. (a) Heatmap showing the change in protein expression of key proteins comparing controls, different time ranges after 

antibiotic challenge (i.e., entry into persister state) and departure from the persister state (after antibiotic removal) of strain TCH1516 treated with moxifloxacin. 

Only RelA/SpoT, cell wall biogenesis-associated proteins, transporters, and transcription factors are shown. The proteins have been ordered according to relative 

expression at t = 4 h. A full table of all proteins is shown in Table S9. (b) % CFU recovered at the indicated timepoints.
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OpuCA (A0A0H2XHM3) encodes the ATP-binding cassette osmoprotectant uptake 
system OpuC (89) and is involved in osmotic stress adaptation. NirR, which is upregulated 
compared to control, is part of a more complex system that induces nitrite reductase 
expression under antibiotic stress. By sensing oxygen/nitrate and activating anaerobic 
respiration, it mitigates nitrosative damage and may support bacterial survival in hostile 
environments (90). More idiosyncratic changes were observed in other global regulators, 
including components of the lyt regulon that influences cell wall biosynthesis, lysR-type 
regulators that regulate metabolic adaptation during infection (91), but also MarR, which 
has previously been shown to aid antibiotic resistance in S. aureus and that regulates 
efflux systems that export antibiotics from the cell to the exterior (92, 93). Upregulation 
of MarR may facilitate antibiotic survival by decreasing the intracellular antibiotic 
concentration. Its decrease after antibiotic removal is consistent with the idea that 
bacteria are recovering from stress as they resume growth.

A final category of proteins that show extensive changes during the time course is
those associated with prophages. Fluoroquinolones are known to induce prophages in 
different species (94), consistent with the idea that phages are responsive to cellular 
stress. Our sampling shows that several weakly expressed genes under control condi­
tions, including a putative prophage integrase, become highly induced during antibiotic 
exposure, while others show the opposite pattern. Without further analysis of culture 
supernatants, it is difficult to determine the consequences of these changes for phage 
production and excision. However, it is tempting to hypothesize that these changes 
would lead to increased densities of free phage.

The time course and 4 h data reveal that many proteins are unnecessary during 
persistence, while others are actively associated with the global response to stress. The 
highly pleiotropic nature of many of the changes, especially to transcription factors, 
highlights that persistence is activated by numerous changes that modify whole-cell 
physiology, rather than a single (or few) persister targets. The results also uncover the 
value of the BONCAT approach to identify key proteins associated with persistence 
without the need for cell sorting of the persisters from the dead cell debris (95).

DISCUSSION

To our knowledge, this study is the first example to use BONCAT to retrieve and quantify 
the persister proteome. Two strains of S. aureus, TCH1516 and 880, were challenged 
with a cell wall-disrupting antibiotic (oxacillin) or a gyrase inhibitor (moxifloxacin). The 
reason was to identify shared or unique mechanisms that regulate this phenotype 
under different types of antibiotic-induced stress. First, we confirmed that persisters 
are translationally active. The approach is highly complementary to the flow cytometry-
based approach by Brul and co-workers (29–31) that makes use of two dyes to selec­
tively label persister cells, and that could exclude the still-dividing part of the persister 
population (leading to CFSE-loss), and the cells that can quench and/or secrete the rather 
redox/pH-sensitive fluorescein dye on which the method is based.

Next, consistent with other observations, we found that upregulated and downregu­
lated proteins in persisters are highly strain and antibiotic specific (9). While some of 
the antibiotic-specific changes are understandable based on the known mechanisms of 
the drug or the cellular response to these stresses, for example, upregulation of proteins 
associated with cell wall damage (pbp2) or β-lactam resistance (mecA) in the MRSA 
strains stressed with oxacillin, the larger fraction of protein changes is unique to either 
the strain or the drug (96–98). This result is consistent with phenotypic screens that 
identified significant variation between wild-type strains in the persister fraction during 
exposure to different antibiotics (99–101) and suggests that single diagnostic targets 
for persister cells may remain elusive. Finally, our results also suggest the value of a 
BONCAT approach in identifying proteins and pathways that may be causally involved 
in regulating this phenotype, serving as a starting point for further validation of the 
identified hits (11, 102). The depth and breadth of coverage during persistence allowed 
us to identify changes in expression of hundreds of known and unknown proteins, 
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even when the fraction of persister cells within the larger population was extremely 
low. One thing that is important to keep in mind at all times with these experiments 
is that the lower rate of tRNA loading of BONCAT-amino acids can affect cellular 
metabolism (103). However, the fact that the BONCAT experiments still lead to similar 
protein expression (Fig. S2) suggests, in these experiments, that this did not include bias. 
These data therefore provide an exciting starting point to begin to further elucidate the 
mechanism(s) by which bacteria enter and exit persistence. Importantly, BONCAT had no 
effect on bacterial growth, ensuring that only antibiotic stress, and not “BONCAT-stress,” 
was responsible for the observed changes. One restriction of this approach is that fully 
translationally inactive subsets of the persister population, should they exist, would 
be missed by this method. Still, the identification of persister-specific protein changes 
makes clear that at least a part of the persister population is translationally active.

Mapping persister-associated proteins to universal databases such as Uniprot or KEGG 
highlights current limitations in our understanding of this complex phenotype, given 
the sizable fraction of changes that occurred in poorly studied or unannotated proteins, 
stressing the need for validation of the further study of these hits. Despite this, well-
characterized proteins were recovered in our assays, including many that overlap with 
other studies of S. aureus persisters. Persisters of both strains under different antibiotic 
challenges had shared changes in proteins involved in maintaining cell wall integrity, 
with the joint expression of TCS to support cell-wall damage-related pathways (104, 105). 
This finding is consistent with results from other groups, where in response to cell wall 
targeting antibiotics S. aureus persisters increased cell wall biosynthesis-related proteins, 
such as those involved in the production of wall teichoic acids (ltaS, tagA, dltD, msrR, 
A0A0H2XHQ0) and peptidoglycan (mgt, murP, uppS) (29). We, and others, also observed 
upregulation of ABC transporters that may act to increase efflux to remove antibiot­
ics from exposed cells (35, 106). In addition, we found changes in several pathways 
associated with regulating cellular metabolism and replication, including a decrease in 
proteins tied to anabolic pathways, in common with Liu et al. (13, 29). Changes to the 
stringent response via RelA/SpoT driven by ppGpp in response to nutrient limitation 
(e.g., carbon, amino acids, nitrogen, phosphate) were also seen. This response has been 
reported to trigger bacterial dormancy through downstream signaling of pathways 
involving toxin-antitoxin (TA) modules (107, 108), leading to a general shutdown of vital 
activities in response to stress (109).

The suite of responses we observed, and their alignment with changes in other 
species quantified using a broad range of techniques, lends credence to the BONCAT 
approach (110, 111). The method is easily and inexpensively applied and can be broadly 
used across species that vary in growth conditions or the factors that are reported to be 
important for persister induction. Our aims here were to validate the BONCAT approach 
in persister biology, so that new potential lead candidates. The further validation of 
these hits, particularly those that show high divergence between different strain-anti­
biotic combinations, offers an exciting opportunity to begin the elucidation of species-
strain-specific persister mechanisms. This can, for example, be done using single gene 
knockout studies to directly evaluate the role of putative persister targets, as well as 
metabolic and systems modeling to understand whole-cell responses to the changes 
we have measured, both for known and uncharacterized proteins. In all, this deepened 
proteomic recovery of the persister population can, in combination with application 
to other species, hopefully aid in identifying new potential targets to overcome this 
limitation to effective antibiotic therapy.
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MATERIALS AND METHODS

Safety statement

All biological experiments with S. aureus described in this study were performed under 
Bio Safety Level 2 conditions. Following fixation, further sample preparation for flow 
cytometry was performed under normal laboratory conditions.

Bacterial strains and growth conditions

The bacterial culture strains were B013 (TCH1516) and B016 (880; BR-VRSA). Mid-expo­
nential phase cultures were prepared by diluting overnight cultures 1:50 in Luria−Bertani 
(LB) broth and incubating these at 37°C at 100 rpm until the optical density (OD600 nm) 
had reached 0.4.

Chemicals

All antibiotics were purchased from Sigma-Aldrich and used without further purification. 
Aha was purchased from Click Chemistry Tools. Neutravidin beads (Thermo Scientific 
Pierce, catalog number 20219)

Minimum inhibitory concentration

MIC determination was done on a 96-well plate setup in biological triplicate. Mid-expo­
nential phase cultures were prepared as above. Prior to the experiment, they were 
diluted to a starting inoculum size of 106 CFU/mL. They were transferred to a 96-well 
plate containing Mueller-Hinton broth and antibiotic solution at desired concentrations 
to yield a final inoculum concentration of 5 × 105 CFU/mL and incubated for the 
indicated time. The content of the wells was plated out on LB-Agar plates, which were 
incubated overnight at 37°C. The MIC was determined as the lowest concentration at 
which no visible bacterial growth was observed (56, 57).

Time-kill assay

Mid-exponential phase cultures were prepared as above and were diluted to a starting 
inoculum of 106 CFU/mL. They were then exposed to the antibiotics at a final concentra­
tion of 50× the MIC (62), and incubated at 37°C, 100 rpm. Samples at different times 
were taken, where necessary diluted in PBS (when too many colonies had formed for 
counting), performed, then plated on LB agar plates, and CFUs were counted after 
overnight incubation at 37°C (58).

BONCAT labeling and lysis

Sample preparation was performed according to the procedure described in references 
(65, 66). BONCAT labeling of the persisters was done in the following way: bacteria 
were exposed to antibiotics in LB medium for the indicated time; after this, the bacteria 
were pelleted by centrifugation for 5 minutes at 3,000 rcf. The pellet was resuspended 
in SelenoMet medium (from Molecular Dimensions) augmented with the antibiotic at 
the same concentration to ensure that the bacteria remain under stress at all times. 
The samples were left on ice for 5′, following which they were centrifuged at 14,000 
× g at 4°C for 10, prior to resuspension in fresh SelenoMet medium augmented with 
4 mM Aha (112). The cells were incubated for 1.5 h, after which the cells were harvested 
by centrifugation and resuspended in lysis buffer (PBS, 4% SDS, with Roche EDTA-Free 
Protease Inhibitor added as per the manufacturer’s recommendation). The cells were 
lysed using a Bead Homogenizer (MP FastPrep-24 5G). The Bead Homogenizer was run
for 10 cycles of 50 seconds each at 6 m/s, with 3 minute intervals on ice in between 
cycles. Following homogenization, tubes were centrifuged at 1,500 rcf for 2 minutes 
and supernatant was transferred to clean tubes. These were centrifuged again for 30 
minutes at 4°C at 14,000 rpm, sterile-filtered through 0.2 µm membranes. Next, the 
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reduction-alkylation was performed by incubation with DTT (1M) added per 1 mL 
sample, incubated for 15 minutes at 65°C, 600 rpm. Next, 80 µL of IAA stock (0.5M) 
was added and incubated for 30 minutes at room temperature in darkness. Next, 350 
µL of SDS stock (10%) was added and incubated for 5 minutes at 65°C. Next, samples 
followed Methanol/Chloroform precipitation (113). BCA assay was performed according 
to the manufacturer’s protocol to determine the protein concentration.

Analysis of BONCAT labeling by flow cytometry

S. aureus was metabolically labeled as described above and samples with OD600 ≈ 
0.4 were collected after 30 minutes, 1 h and 2 h to analyze the label incorporation 
levels at single-bacterium level by flow cytometry. Bacterial samples were pelleted by 
centrifugation (10 min at 5,000 rcf), washed once with PBS, and resuspended in 100 
µL 4% PFA for overnight fixation. 100,000 events were measured per condition. Fixed 
bacteria were washed once with 100 µL cold PBS and centrifuged 10 minutes at 6,000 
rcf, then permeabilized in 50 µL permeabilization buffer (0.1% Triton-X100 in PBS) for 20 
minutes. Permeabilized bacteria were washed once with 100 µL PBS and incubated with 
50 µL of click mix (1 mM CuSO4, 10 mM sodium ascorbate, 1 mM THPTA ligand, 10 mM 
aminoguanidine, 96 mM HEPES, 5 µM AF488-alkyne, and pH 7.4) for 1 h in the dark at 
RT (table). After incubation, cells were washed once with 100 µL PBS and resuspended in 
100 µL washing buffer (1% BSA in PBS) and incubated for 30 minutes in the dark at RT. 
After incubation, cells were washed once with 100 µL FACS buffer (EDTA 2 mM in PBS) 
and resuspended in 200 µL FACS buffer, then flow cytometry analysis was performed. 
Aha-AF488 was detected in the FITC channel. The analysis was performed using the 
Guava InCyte software, and all subsequent analyses were performed with FlowJo V10.7.2 
(FlowJo software). The measured events were gated on size, shape, and fluorescence to 
accurately select single bacteria.

Fluorescence SDS-PAGE analysis

20 µg of protein was diluted to a final volume of 10 µL with HEPES buffer (100 mM pH 
7.4). 5 µL of click buffer (3 mM CuSO4, 30 mM sodium ascorbate, 3 mM THPTA ligand, 
30 mM aminoguanidine, 300 mM HEPES, 15 µM AF488-alkyne, pH 7.4) was added, and 
the mixture was incubated for 1 h at RT in the dark. Sample buffer without thiol was 
added, the sample was heated to 95°C for 10 minutes, followed by SDS-PAGE separation. 
Prior to Coomassie staining, the gels were imaged in a ChemiDoc fluorescent gel scanner 
with the 700/50, 602/50, or 532/28 nm filter set.

Bioorthogonal pull-down

Sample preparation was performed according to the procedure described in reference 
(77). 300 µg of protein was volume adjusted to 2 mg/mL (150 µL). An equal volume of 
double-concentrate click mix was added (2 mM CuSO4, 20 mM sodium ascorbate, 2 mM 
THPTA ligand, 20 mM aminoguanidine, 200 mM HEPES, 160 µM Biotin-PEG-Alkyne, and 
pH 7.4), and the mixture was reacted for 2 h at RT in the dark under gentle rotation.

Excess unreacted biotin-PEG-alkyne tag was removed by precipitating out the 
proteins with chloroform/methanol. First, 200 µL of 50 mM Hepes (100 mM, pH 7.4) 
was added, followed by 666 µL methanol. After vigorous vortexing, 166 µL chloroform 
was added, followed by a further burst of vortexing. 150 µL of water was added to 
the mixture to cause phase separation. Centrifugation for 10 min at 10,000 rcf at room 
temperature yielded a three-layer system where the top layer was water/methanol, the 
white film at the interface was the precipitated protein, and the bottom phase was the 
chloroform/methanol. The top layer was removed carefully, 600 µL methanol was added 
and mixed gently, followed by centrifugation for 10 min at 10,000 rcf and RT. After this, 
the supernatant was removed and the pellet dried for <2 min in air. The pellet was 
resuspended in 250 µL urea buffer (8 M urea in 25 mM ammonium bicarbonate, pH 8.0).

Next, 100 µL of Neutravidin beads (Thermo Scientific Pierce, catalog number 20219) 
were washed three times with 250 µL PBS and resuspended in 2 mL PBS, the proteins 
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were added on top and incubated for 3 hours at room temperature under gentle 
rotation. After which, the beads were collected by centrifugation (2 minutes at 2,500 
rcf) and washed 5 times with 2 mL PBS with vigorous shaking, followed by centrifugation 
to remove any SDS. After the final wash, the supernatant was removed and 250 µL of 
on-bead digestion buffer (100 mM Tris pH 8.0, 100 mM NaCl, 1 mM CaCl2, and 2% ACN) 
was added to each of the bead residues, the beads were transferred to low-binding 
tubes (1.5 mL, Sarstedt). Each sample was treated with 1 µL of trypsin solution (0.5 µg/µL 
Sequencing Grade Modified Trypsin, Porcine (Promega) in 0.1 mM HCl), and the samples 
were incubated at 37°C overnight while shaking (950 rpm).

To each sample, formic acid (3 µL) was added, followed by filtering off the beads over 
biospin columns (Bio-Rad, 7326207) on top of 2 mL Eppendorf tubes using centrifuga­
tion (2 min, 300 rcf). Note: Now, the 2 mL Eppendorf tubes contain the main sample 
solution. Next, StageTips were used for subsequent desalting of the samples according 
to the procedure described in reference (114). StageTips were placed in holders in 
Eppendorf tubes to collect the flow after each step, which is followed by centrifugation 
(2 min, 300 rcf). The conditioning of the StageTips started with 50 µL MeOH, washing 
with 50 µL solution B (80% acetonitrile vol/vol, 0.5% vol/vol formic acid in water), and 
50 µL solution A (0.5% vol/vol formic acid in water). The sample solution was loaded 
through the StageTips, followed by a wash with 50 µL solution A. The StageTips were 
then transferred to low-binding tubes, and the tips were flushed with 100 µL solution 
B. The collected sample was concentrated in a SpeedVac (45°C, V-AQ, 1–2 h) (Eppendorf 
Concentrator 5301). The samples were stored at 20°C until LC-MS measurement.

LC-MS measurement and analysis

Samples were reconstituted in 50 µL LC-MS sample solution (3% vol/vol acetonitrile, 
0.1% vol/vol formic acid in Milli-Q) to follow the Nanodrop measurement. Samples were 
diluted to 100 ng/µL in LC-MS sample solution containing 10 fmol/µL yeast enolase 
digest (cat. 186002325, Waters). The injection amount was titrated using a pooled 
quality control sample to prevent overloading the nanoLC system and the automatic 
gain control (AGC) of the QExactive mass spectrometer. The desalted peptides were 
separated on an UltiMate 3000 RSLCnano system set in a trap-elute configuration with 
a nanoEase M/Z Symmetry C18 100 Å, 5 µm, 180 µm × 20 mm trap column (Waters) 
for peptide loading/retention and nanoEase M/Z HSS C18 T3 100 Å, 1.8 µm, 75 µm × 
250 mm analytical column (Waters) for peptide separation both kept at 40°C in a column 
oven. Samples were injected on the trap column at a flow rate of 15 µL/min for 2 min 
with 99% mobile phase A (0.1% FA in ULC-MS grade water [Biosolve]), 1% mobile phase 
B (0.1% FA in ULC-MS grade acetonitrile [Biosolve]) eluent. The 85 min LC method, using 
mobile phase A and mobile phase B controlled by a flow sensor at 0.3 µL/min with 
average pressure of 400–500 bar (5,500–7,000 psi), was programmed as gradient with 
linear increment to 1% B from 0 to 2 min, 5% B at 5 min, 22% B at 55 min, 40% B 
at 64 min, 90% B at 65–74 min, and 1% B at 75–85 min. The eluent was introduced 
by electro-spray ionization (ESI) via the nanoESI source (Thermo) using stainless steel 
Nano-bore emitters (40 mm, OD 1/32″, ES542, Thermo Scientific).

The QExactive HF was operated in positive mode with data-dependent acquisition 
(no lock mass), default charge of 2 + and external calibration with LTQ Velos ESI-positive 
ion calibration solution (88323, Pierce, Thermo) every 5 days to >2 ppm. The tune file for 
the survey scan was set to scan range of 350–1,400 m/z, 120,000 resolution (m/z 200), 1 
microscan, automatic gain control (AGC) of 3e6, max injection time of 100 ms, no sheath, 
aux or sweep gas, spray voltage ranging from 1.7 to 3.0 kV, capillary temp of 250°C, and 
an S-lens value of 80 V. For the 10 data-dependent MS/MS events, the loop count was 
set to 10 and the general settings were resolution to 15,000, AGC target 1e5, max IT time 
50 ms, isolation window of 1.8 m/z, fixed first mass of 120 m/z, and normalized collision 
energy (NCE) of 28 eV. For individual peaks, the data-dependent settings were 1.00e3 
for the minimum AGC target yielding an intensity threshold of 2.0e4 that needs to be 
reached prior to triggering an MS/MS event. No apex trigger was used, unassigned, +1, 
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and charges >+ 8 were excluded with peptide match mode preferred, isotope exclusion 
on, and dynamic exclusion of 10 s. In between experiments, routine wash and control 
runs were done by injecting 5 µL LC-MS solution containing 5 µL of 10 fmol/µL BSA 
or enolase digest and 1 µL of 10 fmol/µL angiotensin III (Fluka, Thermo)/oxytocin 
(Merck) to check the performance of the platform on each component (nano-LC, the 
mass spectrometer [mass calibration/quality of ion selection and fragmentation] and the 
search engine).

MS data analysis

Raw files from LC-MS measurement were analyzed using the MaxQuant software (version 
1.6.17.0) with Andromeda search engine (115). The settings applied for the analysis were 
as follows: fixed modification: carbamidomethylation (cysteine); variable modification: 
oxidation (methionine), acetylation (N-terminus); proteolytic enzyme: trypsin/P; missed 
cleavages: 2; main search tolerance: 4.5 ppm; false discovery rates: 0.01. The options 
“LFQ” and “match between runs” were checked, while “second peptides” was unchecked. 
Searches were performed against the UniProt database FASTA file for the S. aureus 
USA300 proteome (Uniprot ID: UP000000793, downloaded 05-03-2023). The data were 
extracted from “peptides.txt” and “proteingroups.txt” files to obtain protein coverage 
and MaxQuant scores and for Perseus analysis.

The first analysis of the MaxQuant output was performed using Perseus (version 
1.6.15.0). The protein group txt file was loaded on MaxQuant, then LFQ intensity entries 
were selected to the main section. The data matrix loaded was filtered by applying filter 
rows followed by filter rows based on categorical column and only identified by site 
option, the resulting matrix was filtered again by applying filter rows followed by filter 
rows based on categorical column and reverse option, the resulting matrix was filtered 
again by applying filter rows followed by filter rows based on categorical column and 
potential contaminant option. Next, the categorization of the different files in groups 
according to experimental design was performed by annotation rows and the categorical 
annotation rows option. In this section, all the samples for the same condition were 
labeled under the same name. The resulting data were transformed into log2 values by 
choosing basic and transform options. The matrix was filtered by filter rows followed by 
filter rows based on valid values. To solve the problem of missing values, data imputation 
was performed with a replacement from a normal distribution with width: 0.3 and a 
down shift: 1.8. Normalization was performed by subtraction and a change from rows 
to columns with the subtraction of the most frequent value. With the resultant matrix, 
volcano plots were performed with the first group as the problem sample and the 
second group as the control sample. A t-test with an FDR threshold of 0.05 is applied to 
create the volcano plot. The −log P value and difference cut off was set at +2.

The hits above the threshold were obtained from the matrix derived from the volcano 
plot, and the data were used for comparison against the UniProt protein database for 
protein annotation and pathway allocation. The selection of proteins with associated 
pathways was done using Excel. Venn diagrams were generated using the R studio 
package (7-64), loading the data tables with hits above threshold and the reported 
pathways previously obtained after Uniprot comparison and Excel processing. The 
database for the heatmaps was the result of the additional analysis on Perseus from 
the database derived from the volcano plots, applying a multiple sample test ANOVA, the 
matrix was filtered based on categorical column according to ANOVA significant values 
with the mode selection on keeping matching rows, then a normalization based on 
Z-score based on rows, then a second normalization based on Z-score based on columns, 
the matrix derived was loaded in Excel to average the technical replicates and biological 
replicates for the same condition and then loaded in R to obtain the heatmaps.
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