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Abstract

Staphylococcus aureus is a major bacterial pathogen that invades and damages host tissue by the 

expression of devastating toxins. We here performed a phenotypic screen of 35 molecules that 

were structurally inspired by previous hydroxyamide-based S. aureus virulence inhibitors 

compiled from commercial sources or designed and synthesized de novo. One of the most potent 

compounds, AV73, not only reduced hemolytic alpha-hemolysin production in S. aureus but also 

impeded in vitro biofilm formation. The effect of AV73 on bacterial proteomes and extracellular 

protein levels was analyzed by quantitative proteomics and revealed a significant down-regulation 

of major virulence and biofilm promoting proteins. To elucidate the mode of action of AV73, 

target identification was performed using affinity-based protein profiling (AfBPP), where among 

others YidC was identified as a target.
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Pathogenic bacteria exploit versatile strategies to infiltrate, hide, grow, and persist within the 

human body. These processes are promoted by an elaborate arsenal of virulence factors that 

mediate adherence to host cells, overrun the human immune response, produce toxins, and 

propagate the formation of biofilms which largely persist antibiotic treatment.1,2 Given the 

increasing incidence of untreatable multiresistant bacterial strains and the lack of effective 

antibiotic therapies, there is a high medical need to identify novel treatment strategies 

together with chemical entities bearing an unprecedented mode of action. Targeting bacterial 

virulence, i.e., the production of harmful toxins, has been recently introduced as an 

alternative route to combat bacterial pathogenesis.2,3 For example, alpha-hemolysin (Hla) is 

an erythrocyte lysing toxin and one of the major virulence factors in S. aureus. Inhibition of 

virulence pathways disarms bacteria without directly affecting their viability, thereby not 

providing a selective pressure and slowing resistance development.4–8 In addition, bacteria 

express proteins to facilitate adherence to eukaryotic host cells or initiate attachment to 

surfaces for the formation of biofilms.9 The switch from protected biofilms to virulence is 

tightly controlled to avoid premature elimination of small bacterial populations by the 

immune response. Thus, pathogenic bacteria such as Staphylococcus aureus sense their 

population density by the production of small autoinducing peptides (AlPs), a process 

termed quorum sensing (QS), and initiate virulence attack only if a certain quorum is 

reached.10,11 QS is regulated by the accessory gene regulator (agr) system encoding 

membrane bound sensors which turn off biofilm formation and activate virulence gene 

transcription upon binding of a threshold AIP concentration.10
‘
12 This antithetic principle is 

called a double selector switch (DSS) and controlled by RNAIII and Rot.13

The most successful attempts to prevent virulence and biofilms are small molecules that 

mimic AIPs and homoserine lactones and thereby inhibit QS.14–16 Moreover, biofilms have 

been recently eradicated by positively charged molecules or cyclic pillararenes.17–20

We previously utilized QS independent antivirulence strategies to block caseinolytic 

protease P (ClpP), a regulator of bacterial virulence, resulting in a global attenuation of toxin 

expression.21,22 In our search for optimized antivirulence compounds, we recently identified 

hydroxyamide fatty acids as potent and durable inhibitors of hla expression.23 The most 
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potent hydroxyamide compound AV59 was effective in an abscess mouse model and did not 

reveal any in vitro resistance development. A mode of action analysis by affinity-based 

protein profiling (AfBPP) with an alkyne tagged photo-crosslinker derivative of AV59 
unraveled several target proteins including MntC, an essential component of manganese 

transport and confirmed antivirulence target.

Inspired by the success of previous antivirulence approaches, we compiled a library of 35 

derivatives with diverse structural features. A screen of these molecules against S. aureus 
hemolytic activity revealed a potent inhibitor that even prevented biofilm formation. A closer 

inspection of the molecular mode of action by quantitative proteomics revealed significant 

down-regulation of several virulence proteins as well as fibrinogen-binding protein, a 

mediator of biofilm formation. AfBPP indicated multiple binding partners involved in 

diverse cellular functions.

MATERIALS AND METHODS

S. aureus Strains and Media.

Commercially available strains were obtained from the following suppliers: Institute Pasteur, 

France (NCTC8325); American Type Culture Collection (ATCC33591, ATCC6538). Strains 

SH1000 and USA300–0114 were obtained from Prof. Bettina Buttaro at the Lewis Katz 

School of Medicine at Temple University. Bacterial growth media: B-medium (LB-Broth 

20.0 g/L (Yeast extracts 5.0 g/L, Tryptic peptone 10.0 g/L, NaCl 5.0 g/L), K2HPO4 1.0 g/L); 

BHB-medium (Brain Heart Infusion 17.5 g/L, Na2HPO4 2.5 g/L, Glucose 2 g/L, Tryptic 

peptone 5 g/L, NaCl 5 g/L).

Hemolysis Assay.

5 mL of B-medium was inoculated with 50 μL ON culture and incubated by shaking at 

37 °C (200 rpm). After 1.5–2.5 h the culture reached an OD600 between 0.4 and 0.6. 

Bacteria were serially diluted in B-medium (1:9 (v/ v) in 3 steps) to achieve a final 

concentration of 3.4 × 104 bacteria per mL. For hemolysis assay experiments diluted 

bacterial cultures were aliquoted into plastic culture tubes (1 mL in each tube) and DMSO 

(10 μL) or compound in DMSO (10 μL) was added. Bacterial cultures were grown in culture 

tubes with tightly closed lids at 200 rpm for 20 h at 37 °C. Bacteria were pelleted for 10 min 

at 6200 × g and 100 μL of the supernatant was transferred to a microtiter plate (in triplicate 

per culture). Next, the supernatant was incubated with 50 μL of diluted sheep blood solution 

(10% (v/v) in PBS, heparinized sheep blood washed 5× in PBS, Elocin-lab GmbH, 

Germany) and measured in a 1 min interval at 600 nm, at 37 °C with a plate reader 

(TECAN, Infinite M200pro). Incubation of 100 μL growth medium with 50 μL diluted sheep 

blood solution (10% (v/v) in PBS) was used as a negative control. Bacterial supernatant 

from DMSO control samples (no inhibition of hemolysis) with 50 ^L diluted sheep blood 

solution was used as a positive control. For the evaluation of IC50 values of AV73 and AV73-
p the OD600 values at 84 min were recorded.
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Biofilm Assay.

50 μL of an overnight culture of S. aureus NCTC8325 (different procedure for other strains, 

see Supporting Information) was grown in 5 mL BHB medium in a plastic culture tube. 

After 1:100 dilution of the culture with fresh BHB medium, test compound in DMSO or 

DMSO control were added with a volume ratio of 1:100 and the cultures were grown under 

static conditions at 37 °C for 24 h in a 96-well plate with 100 μL culture per well. Bacterial 

culture was removed carefully with a multichannel pipet to prevent biofilm destruction. The 

biofilm was carefully washed with 200 μL ddH2O. The 96-well plates were dried for 3 h at 

37 °C under static conditions and then dried overnight at RT. Per well 50 μL of a 1:5 dilution 

of 1% (w/v) crystal violet (dissolved in 25% ethanol in ddH2O) in PBS were added and the 

plate was incubated for 10 min at RT. The crystal violet solution was removed, the colored 

biofilm washed 2–4 times with ddH2O and dissolved in 30% acetic acid in ddH2O. After 

1:10 dilution in 30% acetic acid in ddH2O absorbance at 595 nm was measured to examine 

biofilm production.

Mode of Action Analysis.

Whole proteome studies were performed under hemolysis and under biofilm growth 

conditions using quantitative dimethyl-labeling. AfBPP experiments were done under 

biofilm conditions with a label-free quantification method. Samples for both methods were 

analyzed via HPLC-MS/MS using an UltiMate 3000 nano HPLC system (Dionex, 

Sunnyvale, California, USA) coupled to Thermo Fischer LTQ Orbitrap Fusion (Thermo 

Fisher Scientific Inc., Waltham, Massachusetts, USA). Peptide and protein identifications 

were performed using MaxQuant (1.5.3.8. and 1.6.0.1), statistical analysis was done with 

Perseus 1.6.0.0.

Detailed experimental descriptions to all biochemical experiments and syntheses are 

provided in the Supporting Information.

RESULTS AND DISCUSSION

Phenotypic Screen for Virulence Inhibitors.

Given the precedence of hydroxyamides as S. aureus and MRSA virulence inhibitors, we 

expanded their structural diversity and compiled a library of 35 compounds with different 

substitutions. Moreover, AV59 and previously established derivatives were included as 

positive controls.23 Details of the synthetic procedures are provided in the SI. In brief, acids 

and amides were synthesized from β-lactones, as described previously.23 The diol, AV73, 

was synthesized by the reduction of the corresponding β-lactone (Scheme S1).

All compounds were initially screened at a concentration of 50 μM against S. aureus 
NCTC8325 hemolysis of sheep erythrocytes in 96-well format (Figure S1). Interestingly, 

eight compounds showed a drastic reduction of hemolysis and a closer inspection of the hits 

revealed AV73, 212, 213, and 232 as most potent molecules. For example, AV73 (Figure 

1A) reduced hemolytic activity by about 80% at 50 μM concentration and exhibited an EC50 

of 30 μM (±1.2 μM) (Figure 1B,C). Incubation of the virulence factor containing S. aureus 
secretion medium with AV73 revealed that Hla function was not directly affected by the 
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compound (Figure S2). Furthermore, AV73 did not directly cause lysis of erythrocytes up to 

a concentration of 1000 μM (Figure S3). As AV73 was easily accessible for probe synthesis 

and did not inhibit bacterial growth (>100 μM, data not shown) we selected it for further in 

depth mechanistic analysis.

Global Down-Regulation of Virulence by AV73.

In order to dissect the antivirulence mode of action we performed a quantitative full-

proteome analysis of AV73 treated and untreated S. aureus cells under hemolysis assay 

conditions. Cells were grown in the presence and the absence of inhibitor, lysed, and 

digested, and then the peptides were modified with either light or heavy dimethyl isotopes.24 

The samples were pooled, and peptides were separated by liquid chromatography and 

analyzed via tandem mass spectrometry (LC-MS/MS). Peak ratios of heavy to light labeled 

peptides were determined and visualized in a volcano plot. Protein hits with an enrichment 

(log2 t test difference) > 2 were selected for further analysis.

As expected, Hla, the toxin responsible for erythrocyte lysis, belonged to the most down-

regulated proteins under hemolysis assay conditions in the soluble fraction confirming 

results of the phenotypic screen (Figure 1D). Moreover, known effectors of S. aureus 
virulence including transcriptional regulator SarS as well as the two component histidine 

kinase SaeS were significantly reduced in expression as well.

Since proteins relevant for virulence are often secreted, we analyzed the supernatant of 

AV73 treated and untreated bacteria. Importantly, besides Hla, several additional virulence 

factors including gamma-hemolysin and fibrinogen-binding protein were down-regulated 

(Figure 1E). A more detailed bioinformatics analysis based on gene ontology (GO) 

annotation confirmed pathogenesis and cytolysis as significantly down-regulated terms 

(Table S1).

Fibrinogen-binding protein is crucial for the adherence of S. aureus to human cells and 

hence for the propagation of infections.25 Moreover, it is essential for the formation of 

biofilms and the down-regulation observed upon AV73 treatment opens an intriguing 

perspective of putative antibiofilm effects.9

AV73 is a Potent Inhibitor of Bacterial Biofilms.

To elucidate a putative link to S. aureus biofilm we first investigated the AV73’s effect on 

preventing its formation. A single concentration of 50 μM was effective to fully abolish 

biofilm formation (Figure 2A). Concentration dependent experiments in S. aureus strain 

SH1000, a biofilm forming reference strain, furthermore established a minimal biofilm IC50 

(MBIC50) of 25 μM (Figure 2B). Furthermore, the compound was also effective against 

other strains including MRSA strain USA300 with an MBIC50 of 50 μM, highlighting AV73 
as a promising antibiofilm compound (Figure S4A).

Quantitative proteome analysis of S. aureus cells cultivated under biofilm forming 

conditions in the presence and absence of AV73 again revealed the down-regulation of major 

virulence factors and transcriptional regulators including Hla, capsular polysaccharide 

synthesis (CPS) enzyme and leukocidin like proteins (Figure 2C). A GO enrichment analysis 
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of extracellular proteins confirmed cytolysis as a down-regulated annotation which became 

even more evident by the secretome analysis (Table S2). Here, alpha- and gamma-

hemolysin, several proteases SplA-F as well as fibrinogen-binding protein were significantly 

reduced in expression confirming a global antivirulence mode of action that also affected 

biofilm formation (Figure 2D). To reveal mechanistic insights, we performed target 

identification via chemical proteomics.

Target Analysis via Affinity-Based Protein Profiling.

Target analysis was performed by affinity-based protein profiling (AfBPP).26–28 AfBPP 

traps the reversible binding between ligand and protein by a photo-cross-linker upon UV 

irradiation in situ. AfBPP does not only require a photoreactive group, it also needs the 

incorporation of an enrichment tag, e.g., an alkyne for click chemistry,29,30 to pull out the 

labeled proteins via conjugation to an affinity handle such as biotin. We rationalized that 

introduction of an azide moiety in the benzene ring in the para-position would yield an aryl-

azide photo-crosslinker without major structural perturbations. The alkyne handle was 

incorporated by replacement with the AV73’s terminal alkene. Synthesis of this compound 

followed six steps and was initiated by undec-10-ynoic acid. After TMS protection of the 

alkyne, thioester formation, and following ketene acetal formation, the lactone was 

synthesized in a tandem Mukaiyama aldol-lactonization.31 The lactone was reduced and 

during azide introduction, the protecting groups were removed to gain AV73-p (Scheme 1).

With the probe in hand, we first validated its potency in biofilm and hemolysis inhibition. 

Antibiofilm and antihemolytic activities were largely retained with IC50 values of 30 μM 

(AV73: 25 μM) and 35 μM (AV73: 30 μM), respectively, indicating that probe 

functionalization only minimally affected its biological activity (Figure 1C, Figure 2B, 

Figure S4B). For target identification, intact S. aureus cells, grown under biofilm conditions, 

were incubated with the probe or DMSO as control, irradiated with UV-light (280–315 nm), 

lysed, and clicked to either rhodamine- or biotin-azide for target visualization and 

identification, respectively. Initial studies via fluorescent SDS-PAGE revealed the labeling of 

several bands with an optimal concentration of 60 (Figure S5). Next, studies were performed 

via enrichment of probe-biotin labeled proteins on avidin beads, tryptic digestion and 

analysis via LC-MS/MS with label-free quantification.32 To account for photocross-linker 

background binding two controls, competition with AV73 and labeling with a minimal 

phenylazide probe, were performed (Figure S6).33 Enriched proteins as well as their 

competition with AV73 and background binders are visualized in corresponding volcano 

plots (Figure 3A,B, Figure S7, Supporting Excel file). In total six and 13 enriched protein 

hits could be identified in soluble and insoluble fractions, respectively, bearing an at least 

1.5-fold increased enrichment compared to the minimal probe.

Membrane protein insertase YidC, iron compound ABC transporter, sortase, and diadenylate 

cyclase were among the competed hits (Figure S7C,D). YidC is a crucial integral membrane 

protein responsible for inserting a diverse set of proteins into the lipid bilayer of bacteria.
34,35 Although no direct evidence for its role in virulence and biofilm formation exists in S. 
aureus, a previous study of two YidC paralogues in Streptococcus mutans showed a stress 

sensitive phenotype as well as impaired biofilm formation upon genetic mutation of 
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YidC2.36,37 An additional target, the putative iron compound ABC transporter, lacks firm 

functional characterization. However, an impact of iron transport is supported by whole 

proteome data showing the up-regulation of two hemin importers, in response to compound 

addition (Figure 2C). Moreover, the identified sortase resembles a SrtA-type enzyme 

anchoring proteins to the extracellular membrane. SrtA additionally cleaves its substrates 

after threonine in C-terminal LPXTG motifs. Indeed, virulence- and biofilm-associated 

proteins identified in the AV73 treated S. aureus proteome contain this motif (Table S3).38,39 

Also diadenylate cyclase fits to the observed AV73 phenotype by the production of cyclic di-

AMP, an important transmitter in virulence regulation.40,41 Overall the identified targets 

support an AV73 induced effect on virulence and biofilm formation.

Taken together, our target analysis via AfBPP indicates that AV73 acts via parallel binding 

to several proteins associated with pathogenesis matching the antivirulence and antibiofilm 

phenotype. With stringent controls, we could narrow down the mode of action to four main 

hits playing yet not fully clarified roles in virulence and biofilm formation. Although this 

study cannot fully consolidate the mode of action by the identified targets, the whole 

proteome profiling upon addition of AV73 points toward a mechanism interfering with 

virulence regulation via sortase and cyclic di-AMP-mediated signal transduction.

CONCLUSIONS

Given the simplicity of the AV73 structure, its antibiofilm activity and low toxicity further 

applications, e.g., as coating, can be envisaged. Of note, the simultaneous downregulation of 

virulence as well as biofilm related proteins is a major distinction compared to previous 

studies with lactone inhibitors of the ClpXP proteolytic system that affected solely the Rot/ 

RNAIII regulatory path.23 Thus, AV73 acts via a different target pathway that was elucidated 

here.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AfBPP affinity-based protein profiling

agr accessory gene regulator
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AIPs autoinducing peptides

ClpP caseinolytic protease P

CPS capsular polysaccharide synthesis

DSS double selector switch

GO gene ontology

Hla alpha-hemolysin

QS quorum sensing
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Figure 1. 
(A) Structure of AV73. (B) Hemolysis assay of AV73 at 50 μM and DMSO in S. aureus 
NCTC8325. The assay was performed with a suspension of sheep erythrocytes in PBS added 

to bacterial supernatants. The time-resolved decrease in OD600 was measured. (C) 

Concentration dependent hemolysis assay of AV73 and AV73-p in S. aureus NCTC8325 in 

three biological replicates. EC50 (AV73) = 30 μM (±1.2 μM), EC50 (AV73-p) = 35 μM (±5.0 

μM). (D) Whole proteome analysis of cellular proteins, performed under hemolysis 

conditions in four biological replicates. Most regulated proteins are marked and sorted in 

decreasing t test difference order. Cutoff lines were set at a minimum log2 fold-change of 2 

and a minimum log10 (p-value) of 2. (E) Whole proteome analysis of extracellular proteins 

was performed in four biological replicates. Most regulated proteins are again listed. Cutoff 

lines were set at a minimum log2 fold-change of 2 and a minimum −log10 (p-value) of 2.
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Figure 2. 
(A) Biofilm assay of AV73 at 50 μM and DMSO in S. aureus NCTC8325. Biofilms of 

bacteria were grown under static conditions in 96-well plates and were stained with crystal 

violet. Bacterial growth with and without AV73 was determined by OD600 measurement. (B) 

Concentration dependent biofilm assay of AV73 and AV73-p in S. aureus SH1000. Solid 

line represents the DMSO control, the dashed line is half the OD600 of the DMSO control. 

The experiment was performed in three biological replicates. MBIC50 (AV73) < 25 μM, 

MBIC50 (AV73-p) < 30 μM. The high OD600 difference between the two compounds is due 

to the inconsistent biofilm growth, which especially occurs without inhibition. (C) Whole 

proteome analysis of cellular proteins, performed under biofilm conditions in four biological 

replicates. Most significantly regulated proteins are marked and listed after decreasing t test 

difference. Cutoff lines were set aminimum log2 fold-change of 2 and a minimum −log10 (p-

value) of 2.(D) Whole proteome analysisof extracellular proteins performed in four 

biological replicates. Most significantly regulated proteins are listed. Cutoff lines were set at 

a minimum of log2 fold-change of 2 and a minimum −log10 (p-value) of 2.
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Figure 3. 
(A) AfBPP volcano plot of AV73-p against DMSO in the soluble fraction. The experiment 

was performed in four biological replicates. Cutoff lines were set at a minimum of log2 fold-

change of 3 and a minimum −log10 (p-value) of 2. Proteins depicted in gray are found 

equally enriched in the background volcano plot. Green marked proteins are found less 

enriched in the background volcano plot, as shown in the tables below. The orange marked 

protein is referred to in the text. (B) Volcano plot of AV73-p against DMSO in the insoluble 

fraction. The experiment was performed in four biological replicates. Cutoff lines were set at 
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a minimum of log2 fold-change of 2 and a minimum −log10 (p-value) of 2. Color code same 

as in (A).
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Scheme 1. 
Synthesis of the Affinity-Based Protein Profiling (AfBPP) Probe AV73-p
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