Discovery of antibiotics and their targets in multidrug-

resistant bacteria
Bakker, A.T.

Citation

Bakker, A. T. (2022, December 7). Discovery of antibiotics and their targets
in multidrug-resistant bacteria. Retrieved from
https://hdl.handle.net/1887/3492748

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3492748

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3492748

Chapter 4

Chemical proteomics reveals
antibiotic targets of oxadiazolones
in MRSA

Introduction

The discovery of new drugs can be segmented in two ways: a target-based approach, or a
phenotypic screening approach.! In the first method, the target-of-interest is determined from
the onset, and this saves the effort of having to elucidate the drug’s mode-of-action (MoA).
Phenotypic screening, on the other hand, involves screening for the desired phenotypic effect,
and afterwards pinpointing the exact MoA. Phenotypic screening is especially useful in the
field of antibiotic drug discovery, where there are the added challenges of bacterial membrane
permeability and efflux mechanisms to consider.”* While phenotypic screening circumvents
these barriers, elucidation of the MoA and corresponding targets is often challenging,
especially in the case of multiple interacting partners.’
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Chapter 4

Recently, chemical proteomics has emerged as a powerful chemical biology technique to map
target interaction landscapes of experimental drugs,®® including compounds with
antibacterial activity.>'® In particular, in situ competitive activity-based protein profiling
(ABPP) makes it possible to profile protein targets of an inhibitor, by competing it against an
activity-based probe (ABP). The ABP is a molecule that contains a specificity element to bind
to proteins of interest, a warhead that can covalently trap reactive amino acids in the active
sites of enzymes, and a reporter tag, that can be used for analysis of the trapped enzymes.

In Chapter 3, a structure-activity relationship (SAR) study was performed to optimize the
antibacterial activity of oxadiazolone compound 1 against methicillin-resistant
Staphylococcus aureus (Figure 4.1). Via improved scaffold 2, this resulted in lead compound
3, a compound with submicromolar antibacterial activity against MRSA, and similar activity
against all tested clinical isolates. This is of high significance, as highly-resistant forms of S.
aureus have been designated as dangerous pathogens, for which developing treatments with

11,12

novel MoAs has high priority.
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Figure 4.1 | Flow-chart from hit compound 1 to the simplified scaffold 2 to the optimized lead compound 3.

The SAR study in Chapter 3 revealed that the oxadiazolone moiety is essential for antibacterial
activity. Removal, or opening of the structure removes activity completely. Oxadiazolone-
containing molecules have previously been shown to bind covalently to active-site serine and
cysteine residues of lipases and proteins in Mycobacteria (Figure 4.2).”" Therefore, the
hypothesis is that the antibacterial activity of 3 is due to covalent modification of the active-
site of bacterial enzymes in MRSA.
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Figure 4.2 | Proposed reaction mechanism of 1,3,4-oxadiazole-2-one (oxadiazolone) derivatives towards
reactive serine and cysteines.
In the context of this project, in situ competitive ABPP can be used to unravel the interacting
protein targets of inhibitor 3 in MRSA. The idea is as follows (Figure 4.3): first an ABP is
obtained that shares targets with the inhibitor of interest. The ABP provides the spectrum of
proteins that inhibition can be measured of. The cells are first preincubated with an inhibitor,
which results in certain target sites to be occupied, and thus, those are unavailable for probe
labelling. Subsequent treatment with the ABP will result in the covalent labelling of
unoccupied target enzyme sites. The inhibited sites can be uncovered by comparing the signal
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of probed sample without inhibitor preincubation to that with inhibitor preincubation. This
is done by first lysing the cells after probe labelling, and then installing a reporter tag by
performing copper-catalyzed azide-alkyne cycloaddition (CuAAC) (“click”) chemistry. This
can either be a fluorophore tag for sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel visualization, or a biotin enrichment tag for biotin-streptavidin pulldown,
followed by tryptic digestion, and MS-analysis of the resulting peptides to determine the

inhibited proteins.
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Figure 4.3 | In situ competitive ABPP workflow. Schematic overview of the in situ competitive activity-based
protein profiling (ABPP) workflow on MRSA using either SDS-PAGE or mass-spectrometry read-out.

In this chapter, the targets of the oxadiazolone compounds in MRSA are elucidated by
competitive chemical proteomics assays. The chemical probe was carefully chosen based on
bioactivity and shared targets with the lead compound. Additional studies on transposon
mutants and generated oxadiazolone-resistant mutants revealed several cysteine and serine
hydrolases as most relevant targets. These data showcase oxadiazolones as a novel highly
potent antistaphylococcal chemotype with a polypharmacological mode-of-action.
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Results

Selecting a suitable probe. Due to the reported reactivity of oxadiazolone compounds with
serine hydrolases, it was surmised that a serine hydrolase-binding ABP might be suitable to
uncover relevant targets. Fluorophosphonate-based probes are the original class of ABPs that
can covalently bind a wide variety of serine hydrolases.'® To that end, FP-alkyne (Figure 4.4),"
an alkynylated fluorophosphonate probe, was tested for in situ serine hydrolase labelling on
MRSA cells. In a gel-based experiment (Figure S4.1), FP-alkyne labelled a considerable
number of proteins at low dosages. However, it was found that, even up to a 50 uM
concentration, FP-alkyne did not show any antibacterial activity. It was reasoned that the
target profile of a non-bioactive probe would not contain the full target spectrum of which
inhibition results in antibacterial activity. Therefore, it was decided that FP-alkyne was not a
suitable probe for unraveling the targets related to the antibacterial activity of the

oxadiazolones.
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Figure 4.4 | Probes tested for profiling oxadiazolone targets. A) Activity-based probe FP-alkyne, used to
profile serine hydrolases. B) Activity-based probe 4, based on the scaffold of lead compound 3.

The oxadiazolone moiety covalently reacts with catalytically active amino acids in enzymes,
which implicated that a strategically positioned alkyne ligation handle on the scaffold of 3
could be used to make an oxadiazolone-based ABP. To this end, the most potent alkyne-
bearing derivative synthesized in Chapter 3, compound 4 (MIC = 3.1 uM), was chosen for
turther investigation (Figure 4.4). To check if the probe had a covalent binding mode, MRSA
was incubated with probe 4, and subsequently functionalized with a fluorescent Alexa647-
azide. This resulted in clear labelling by 4 of several proteins, of which most targets could be
dose-dependently outcompeted by lead compound 3 (Figure 4.5).
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Figure 4.5 | Gel-based competitive ABPP of a concentration range of compound 3 (1 nM to 50 uM) versus probe
4 (1 uM).

Identification of oxadiazolone targets. Having established that probe 4 is bioactive and can
covalently label proteins, of which most are outcompeted by compound 3, the next step was
to identify the probe-labelled proteins. This was done by coupling the probe 4-labelled
proteins to a biotin reporter group, which allows affinity enrichment and identification of
probe-labelled proteins by mass spectrometry (MS)-based proteomics.”” 21 proteins were
found to be significantly enriched (p < 0.05, > 2-fold enrichment) by probe treatment (Figure
S4.2, Table $4.1). Pretreatment with 3 significantly inhibited (p < 0.05, > 2-fold inhibition) the
labelling of 10 proteins by probe 4 (Figure 4.6, Table 4.1), suggesting that these proteins are
the most prevalent interaction partners of oxadiazolone 3.

Significance
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N

6 -4 2 0 2 4
logy(3 + 4/ 4)
Inhibition
Figure 4.6 | Mass spectrometry data inhibition plot comparing labelled proteome of samples preincubated with
inhibitor 3 (10 uM) followed by labelling with probe 4 (3 uM), to solely probe 4 labelled (3 pM) samples.
Significantly inhibited probe targets (>2-fold inhibition, p < 0.05) are numbered 1 to 10, and detailed in Table 4.1.
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Table 4.1 | List of probe targets significantly outcompeted by compound 3 (Figure 4.6).

# UniprotID Protein Description Sequence  Gene Essential References
length (aa)

1 Q2FDS6 FphE  Uncharacterized 276 SAUSA300_2518 No 20, 21
hydrolase

2 Q2FI93 FabH  3-oxoacyl-[acyl- 313 fabH Yes 22-25
carrier-protein]
synthase 3

3 AOAOH2XJLO FphH Carboxylesterase 246 est No 20

4 AOAOH2XHZ1 HZ1 Putative 271 SAUSA300_0070 No
lysophospholipase

5 AOAOH2XHDO FphC Hydrolase. alpha/beta 304 SAUSA300_1194 No 20
hydrolase fold family

6 AOAOH2XHH9 HH9 Putative 347 SAUSA300_0641 No
lipase/esterase

7 AOAOH2XJG5 FphB  Uncharacterized 322 SAUSA300_2473 No 20
protein

8 AOAOQOH2XFI2 FI2 Uncharacterized 275 SAUSA300_0321 No
protein

9 AOAOH2XIB7 IB7 Acetyl-CoA c- 379 vraB No 26
acetyltransferase

10 AOAOH2XG10 AdhE  Aldehyde-alcohol 869 adhE No 27-29
dehydrogenase

Four of the proteins (FphB, C, E and H) were recently discovered and annotated in MRSA as
fluorophosphonate binding hydrolases (Fph’s).” FphB was found to be a fatty acid
metabolizing virulence factor, while FphE activity has been used to phenotypically
characterize MRSA through imaging.*' Target proteins HZ1 and HH9 are reported to have
hydrolase activity, but their biological function has not been extensively studied. IB7 is a
putative acetyl-CoA c-acetyltransferase with thiolase activity,” while FI2 is an uncharacterized
protein. FabH also known as 3-oxoacyl-[acyl-carrier-protein] synthase 3 is an essential
enzyme that initiates bacterial fatty acid synthesis*, and has recently been explored as a drug
target.”>*** AdhE is an aldehyde alcohol dehydrogenase, essential in facultative anaerobic
organisms in anaerobic conditions.””** Both FabH and AdhE are known to metabolize
substrates using an active site cysteine.

To confirm the identity of the probe targets with gel-based ABPP, nine transposon mutant
strains were obtained that effectively lack the genes encoding for our probe targets. By virtue
of the absence of probe labelling the probe bands could then be identified. The labelling of
AdhE, FphB, FphE, FphH, FI2 and HZ1, but not FphC and HHY, could be attributed to
specific fluorescent bands on SDS-PAGE (Figure 4.7). The lower resolution of gel-based ABPP
(overlapping bands) or insufficient sensitivity compared to MS-based ABPP may explain why
FphC and HH9 were not identified on gel. Since FabH is essential for MRSA viability, no
transposon mutant is available for this protein. Instead, we confirmed the identity of FabH on
gel by competitive ABPP using the selective FabH inhibitor Oxa2 (Figure $4.3).
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Figure 4.7 | Identification of targets ABP 4 on gel. A) 4 labelling of MRSA USA300 transposon mutant strains,
each with a transposon sequence inserted in genes of all identified 4 targets, except FabH and FphE. B) Legend
of 4 probe labelling bands In MRSA USA300 WT annotated with corresponding proteins. C) 4 labelling of MRSA
USA300 FphE transposon mutant compared to WT.

Zooming in on the targets relevant for antibacterial activity. To assess which target proteins
were responsible for the antibiotic effect, it was hypothesized that the protein inhibition
profile of potent oxadiazolones (MIC < 12.5 uM) would be different compared to the
interaction profile of their close analogues with no activity (MIC > 50 pM). In a competitive
chemical proteomics set-up, therefore, the interaction profile of three inactive derivatives (5-
7) was compared with that of three active compounds (1-3) (Figure 4.8, 4.9 and S4.4).
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Figure 4.8 | Structures of selected active compounds 1-3 and inactive compounds 5-7, along with their MIC
values in MRSA USA300.

Strong FphB inhibition was seen in the samples pretreated with 1, but not by the other
compounds. F12, IB7, HH9 and HZ1 were not significantly inhibited by the bioactive
oxadiazolone 3, but did show engagement by the inactive compounds 5, 6 or 7. FphE and
FphH were strongly inhibited by all compounds. These observations in combination with the
viability of the transposon mutants suggest that FphB, IB7, HH9, F12, FphE, FphH and HZ1
are not essential for the antimicrobial activity of 3 on their own. However, it cannot be
excluded that inhibition of these enzymes is partially responsible for the antibacterial effects
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observed. FabH was significantly engaged, but not fully, by all compounds. Since the
transposon mutant of FabH is not viable, this implies that partial inhibition of FabH activity
could contribute to the bioactivity of the oxadiazolones, however, it is not sufficient to stop
MRSA by itself. Finally, significant inhibition of FphC and AdhE labelling was only found in
the bioactive compounds, but not by the inactive compounds 5-7 (Figure 4.9B).
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Figure 4.9 | Activity-based proteomics predicts protein inhibition relevant to antibacterial effect. A)
Individual inhibition plots of a selection of active and inactive compounds. 3 was dosed at 1 uM, while the other
inhibitors were dosed at 10 uM. B) Venn diagram showing overlap of >50% inhibited proteins between active
compound 3 and three inactive compounds 5-7. C) PCA analysis of the inhibition profiles of the six compounds.
D) Contribution of individual protein inhibition levels to PC1 and PC2.

Principal component analysis (PCA) of the chemical proteomics data gave quantitative
confirmation that inhibition of AdhE and FphC activity was correlated to a large extent with
the antibacterially active compounds (Figure 4.9D, Table $4.2). The chemical proteomic data
thus warrant further investigation of AdhE and FphC as interesting targets beside FabH.

To follow up on this, the question was whether antibiotic activity of the inactive compounds
5-7 could be induced in the FphC and AdhE transposon mutants. Gratifyingly, it was observed
that both 6 and 7 showed increased antimicrobial activity in both transposon mutants (Table
4.2), but not in a FphB transposon mutant, which was taken along as a negative control. Of
interest, compounds 6 and 7 did not become as active as 3. Compound 5, which has no activity
on AdhE and very weak activity on FphC (< 20%), remained inactive in all individual
transposon mutants. Although it cannot be excluded that other proteins also play a role, these
data can be interpreted to mean that combined engagement of FphC and AdhE is required for
antimicrobial activity of the oxadiazolones.
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Table 4.2 | MIC values MRSA USA300 transposon mutants of
target proteins

MIC (uM)
MRSA USA300 strain
Inactive 5 Inactive 6 Inactive 7
WT >50 >50 >50
AdhE transposon mutant >50 25 125
FphC transposon mutant >50 50 25
FphB transposon mutant >50 >50 >50

Besides FphC and AdhE, the other transposon mutants were also tested for antimicrobial
susceptibility (Table S4.3) to oxadiazolones. The FphE transposon mutant showed
significantly higher sensitivity to compounds 2 and 7. This was an interesting observation as
these compounds already showed a high degree of FphE inhibition (Figure S4.4, +80%
inhibition), although the other compounds showed stronger inhibition.

Target activity-changes in oxadiazolone-resistant MRSA mutants. A common way of
identifying targets of antibiotics, is by inducing resistance in otherwise susceptible bacteria
and then screening its genome for mutations that might cause the resistance. A quick way to
obtain resistant bacteria is by growing a culture on agar containing an antibiotic concentration
that normally prevents growth. Viable colonies are highly likely to harbor resistance to the
antibiotic. To achieve this, agar containing compound 3 (5x MIC) was inoculated with MRSA,
and the following day several colonies were isolated and tested for susceptibility to 3. The
isolated colonies only had low resistance to compound 3 (2-4x MIC), and the resistance was
found to be unstable as it reverted within several days.

To generate strains with higher levels of resistance, MRSA was serially passaged daily in the
presence of sub-MIC concentrations of compound 3. This yielded highly resistant mutants
after 4 weeks (Figure 4.10). In comparison, resistance development for the control compound
daptomycin, a clinically-used lipopeptide antibiotic, was found to be slower and did not
exceed 8x MIC. This is commonly observed in cell membrane targeting antibiotics.**!
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Figure 4.10 | Resistance development of MRSA USA300 against 3 and daptomycin during daily serial passaging

with 0.25x MIC concentrations in two biological replicates. At the final point colonies were isolated and labelled
A) MRSA USA300 3-resistant A, and B) MRSA USA300 3-resistant B.
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Of note, after four days the resistance towards 3 stabilized for several weeks before progressing
to significantly higher values. This may indicate that multiple mutations are required to fully
induce resistance, supporting a polypharmacological MoA. 3-resistant mutant strains did not
show cross-resistance with commonly administered antibiotics (Table S4.4). Interestingly,
Oxa2 was found to be 32x less potent in both 3-resistant strains. This highly suggests
mutations in FabH, the main target of Oxa2, and the only essential target of compound 3.
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Figure 4.11 | Protein profiles 3-resistant mutants vs WT. A) Relative protein levels enriched by 4 in 3-resistant
strains compared to WT. B) Relative general protein levels in 3-resistant strains compared to WT.

With the resistant strains in hand, it was investigated whether FphC and AdhE activity was
changed in the 3-resistant MRSA strains compared to WT MRSA. Using chemical (Figure
4.11A and $4.5A) and global proteomics (Figure 4.11B and S4.5B) it was observed that AdhE
activity was significantly decreased to 20% in both strains, while the general protein
abundance was significantly upregulated. FphC-activity was also reduced, but to a lower
extent. Interestingly, FabH protein levels were significantly increased in the resistant strains.
Extended data (Figure S4.5) shows FphE expression to be significantly upregulated in both
resistant strains, while probe labelling is reduced.

Discussion

To summarize, a phenotypic screen of a focused library led to the identification of
oxadiazolones as a new chemotype with antibiotic activity against pathogenic, multidrug
resistant S. aureus strains and clinical isolates. A medicinal chemistry program combined with
chemical proteomics led to the identification of compound 3 as the most potent antibiotic
capable of interacting with multiple bacterial cysteine and serine hydrolases in a covalent
manner. Three complementary lines of investigation point to FabH, FphC and AdhE as
playing central roles in the antimicrobial activity of 3 and structurally similar oxadiazolones:
i) comparative chemical proteomics, ii) gain of function in transposon mutants, and iii)
resistance-induced proteomic changes. FabH has previously been identified as a drug target,
whereas the function of AdhE and FphC has been less well explored. Recent studies implicate
AdhE as a virulence factor in E. coli,”® while FphC is a predicted membrane-bound serine
hydrolase of unknown function. Of note, it cannot be ruled out that other factors, not detected
by the chemical proteomics approach, may also contribute to the antibacterial effect of 3, such
as non-covalent interactions with proteins or other classes of biomolecules.
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Interestingly, the resistance developed to 3 was transient in a single-step resistance assay, as it
quick diminished after several days of culturing without antibiotic. Highly resistant bacteria
were obtained by daily serial passage with compound 3. However, it remains to be investigated
if this resistance is 1) stable, and 2) a result of mutations in target proteins.

To conclude, these findings further highlight the value of synthetic compound libraries as an
excellent source for antibiotic drug discovery complementary to natural products. By applying
comparative and competitive chemical proteomics, using a new tailor-made activity-based
probe with a strategically positioned ligation tag, I successfully elucidated the most notable
protein targets of oxadiazolones in MRSA, along with the implied targets responsible for the
antibacterial effect.

Notably, a target-based approach alone would have not been able to uncover the mode-of-
action of the oxadiazolones, thereby showcasing the power of chemical proteomics as a
valuable chemical biology technique for antibiotic drug discovery. Future experiments are
directed towards understanding the biological role of these targets and further optimization
of the compounds as viable drug candidates.
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Methods

Reagents & materials. Buffers and salts were of ACS reagent grade or higher and were purchased
commercially, from Carl Roth GmbH (Karlsruhe, Germany) and Sigma-Aldrich (Darmstadt,
Germany), biological materials and growth media were purchased from Sigma-Aldrich, Scharlab S.L.
(Barcelona, Spain) and Fisher Scientific (Landsmeer, Netherlands). Antibiotics (TRC, Combi-Blocks,
Sigma-Aldrich) were dissolved in ultrapure H.O or DMSO, stock solutions were stored at -20°C. Test
compounds were used from 10 mM DMSO stock solutions made from freeze-dried powder and stored
at -20°C.

Bacterial strains. The following S. aureus strains were provided by the Network on Antimicrobial
Resistance in S. aureus (NARSA) for distribution by BEI Resources, NIAID, NIH: JE2 Transposon
Mutants: NE114 (SAUSA300_0151, NR-46657), NE204 (SAUSA300_1194, NR-46747), NE104
(SAUSA300_0641,NR-46647), NE1534 (SAUSA300_0070, NR-48076), NE1227 (SAUSA300_0560, NR-
47770), NE532 (SAUSA300_2473, NR-47075) NE1122 (SAUSA300_0763, NR-47665), NE1187
(SAUSA300_0321, NR-47730), NE31 (SAUSA300_2093, NR-46574). S. aureus USA300 (ATCC
BAA1717), S. aureus Rosenbach (ATCC 29213) belong to the American Type Culture Collection
(ATCC).

Minimum inhibitory concentration (MIC). From glycerol stocks, bacterial strains were cultured on
blood agar plates by overnight incubation at 37°C. A single colony was transferred to TSB. In case of
VRSA strains, 6 pg/mL vancomycin was supplemented to the media. The cultures were grown to
exponential phase (ODeoo: 0.5) at 37°C. The bacterial suspensions were diluted 100-fold in CAMHB and
50 uL was added to a 2-fold serial dilution series of test compounds (50 uL per well) in polypropylene
96-well microtiter plates to reach a volume of 100 uL. The plates were sealed with breathable membranes
and incubated overnight at 37°C with constant shaking (600 rpm). For Enterococci species direct colony
suspension was used by immediately suspending multiple colonies from fresh blood agar plates in
CAMHB to an ODs of 0.5 and subsequent 100-fold dilution. The MIC was determined as the lowest
concentration at which no visible bacterial growth was observed, as compared to the inoculum controls,
from the median of a minimum of triplicates.

Resistance induction assay. From glycerol stocks, bacterial strains were cultured on blood agar plates
by overnight incubation at 37°C. A single colony was grown to exponential phase (OD600 = 0.5) in TSB
and diluted 100-fold in fresh media. In polypropylene 96-well microtiter plates, antibiotics were added
in biological triplicates and serial diluted 2-fold by transfer and mixing from one well to the next to
achieve a final volume of 50 pL per well. An equal volume of bacterial suspension was added to the wells
and plates were incubated at 37°C for 18 h. Bacterial cultures corresponding to 0.25x MIC were diluted
100-fold in fresh media and added (50 pL per well) to a newly prepared antibiotic dilution series (50 pL
per well) followed by incubation at 37°C for 18 h. This procedure was repeated for 30 days and the MIC
was recorded daily. The experiment was performed in biological triplicates and for each replicate the
MIC was determined from the median of a minimum of triplicates.

Sample preparation ABPP. Several bacterial colonies were suspended in LB medium in sterile
Erlenmeyer flasks and grown in aerobic conditions at 37°C shaking at 270 rpm. At an OD600 of at least
0.70, the cells were divided in 50 mL fractions and harvested by centrifugation (5000 rcf, 10 min, 4°C),
and were then washed with PBS once. For each fraction, the pellet was resuspended in 1000 ul PBS, then
the samples were pooled and divided into 396 pl samples in 1.5 mL Eppendorf tubes. To each sample 1.5
ul DMSO or inhibitor (200x concentrated) was added and the samples were incubated (600 rpm, 37°C,
1 h). 1.5 ul probe (200x concentrated, final concentration 3 uM) or DMSO was then added and the
samples were incubated (37°C, 600 rpm, 30 min).

Cells were pelleted by centrifugation (5000 rcf, 10 min, 4°C) and washed with PBS once. Pellets were
then resuspended in 300 ul PBS/0.2% SDS (+ Roche cOmplete protease inhibitor cocktail) and lysed by
bead beating (3x 50 s at 6 m/s).
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Gel-based ABPP and in-gel fluorescence analysis. 18 pl of lysate was clicked with Alexa647-azide
(Invitrogen, A10277) by adding 2 pl click mix (10x, 10 mM CuSOs, 56.56 mM sodium ascorbate, 2 mM
THPTA, 40 uM Alexa647-azide in Milli-Q) and incubating at rt for 1 h. Note: prepare the click mix
separately and in the listed order. The reaction was quenched by addition of 5 pl Laemmli buffer (4x,
240 mM Tris-HCl pH 6.8, 8% w/v SDS, 40% glycerol, 5% v/v p-mercapto-ethanol, 0.04% v/v
bromophenol blue), followed by heating (95°C, 5 min). The samples were resolved by SDS-PAGE (12.5%
acrylamide gel, 15-wells, 10 pL per well) at 180V for 80 min, after which the gels were imaged at Cy3 and
Cy5 channels on a ChemiDoc Imaging System (Bio-Rad). Gels are controlled for equal protein loading
with Coomassie Brilliant Blue staining. Images were processed using ImageLab software (Bio-Rad).

Preparation for LC-MS based ABPP. Sample preparation was performed according to literature' with
slight changes. 275 pl of lysate was clicked with biotin-azide (Cayman Chemical, 13040) by adding 25 ul
click mix (10x, 10 mM CuSOs, 56.56 mM sodium ascorbate, 2 mM THPTA, 0.4 mM biotin-azide in
Milli-Q) and incubating at rt for 1 h. Note: prepare the click mix separately and in the exact order listed.

To each sample 170 pl Milli-Q was added to create a final volume of 500 pl. In the following steps samples
were vortexed after each addition. First, 666 ul MeOH was added, then 166 pl chloroform, and finally
150 pl of Milli-Q. Samples were centrifuged (10 min, 1500 g), and solvents were carefully removed
respecting the integrity of the formed protein pellet. MeOH (600 pL) was added and the pellet was
resuspended using a probe sonicator (30% amplitude, 10 s). The samples were centrifuged (5 min, 18,400
g), and the solvent was removed, again carefully. The residual protein pellet was then dissolved in urea
buffer (250 uL, 6 M urea, 250 mM NH4HCO:) by means of pipetting.

To each sample DTT (2.5 uL 1 M stock, final concentration 10 mM) was added, followed by incubation
at 65°C for 15 minutes while shaking (600 rpm). Samples were cooled to RT and iodoacetamide (20 uL
0.5 M stock, final concentration 40 mM) was added, afterwards keeping the samples dark for 15 minutes.
SDS (70 uL 10% stock, final concentration 2%) was added, and the samples were incubated for 5 minutes
at 65°C while shaking (600 rpm). 1.2 mL of avidin agarose beads (ThermoFisher, 20219) were divided
over four 15 mL tubes, and washed with PBS (by adding PBS (10 mL per tube), centrifugation (2 min,
2500 g) and removal of the PBS. Bead solution was made by adding PBS (6 mL) to each of the four tubes.
Each of the SDS treated samples were transferred to a 15 mL tube, along with bead solution (1 mL) and
PBS (2 mL). The sample containing tubes were rotated for 3 h using an overhead shaker. After shaking,
the samples were centrifuged (2 min, 2500 g) and the supernatant was removed. Samples were then
resuspended in 0.5% SDS in PBS (6 mL), followed by similar centrifugation (2 min, 2500 g) and removal
of supernatant. This process was then repeated thrice with PBS (6 mL), leaving a washed bead pellet.
On-bead digestion buffer (250 pL, 100 mM Tris pH 8.0, 100 mM NaCl, 1 mM CaCl;, 2% ACN) was
added to the each of the bead residues, and the beads were transferred to low binding tubes (1.5 mL,
Sarstedt). Each sample was treated with trypsin solution (1 uL, 0.5 pg/pL Sequencing Grade Modified
Trypsin, Porcine (Promega) in 0.1 mM HCI), and the samples were incubated at 37°C overnight while
shaking (950 rpm).

To each sample formic acid (12.5 pL) was added, followed by filtering off the beads over biospin columns
(Bio-Rad, 7326204) on top of 2 mL Eppendorf tubes using centrifugation (2 min, 300 g). Note: the 2 mL
Eppendorf tubes now contain sample solution. StageTips were used for subsequent desalting of the
samples. StageTips are punched through holes in Eppendorf tubes, which collect flow-through and each
individual step is followed by centrifugation (2 min, 300 g). The StageTips were treated by first
conditioning with MeOH (50 pL), washing with solution B (50 pL, 80% v/v MECN, 0.5% v/v formic acid
in Milli-Q), and solution A (0.5% v/v formic acid in Milli-Q). The sample solution is then loaded through
StageTips, followed by a wash with solution A (50 uL). The StageTips are then transferred to low binding
tubes, and the tips are flushed with solution B (100 uL). The collected flow-through is concentrated in
vacuo using a SpeedVac (Eppendorf Concentrator 5301) at 45°C for 3 h. The samples are stored at at -
20°C until LC-MS measurement.

Preparation for full proteome analysis. Bacterial cell lysate was obtained following the ‘Sample
preparation ABPP’ protocol, with minor changes: 1) LB medium was supplemented with either DMSO
or 0.78 uM inhibitor during initial bacterial culture; 2) after harvesting, the cells were directly lysed.
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Following cell lysis, protein precipitation was performed as described, and protein concentration was
determined using a BCA assay. Per sample, an amount of protein solution was taken corresponding to
250 ug of protein, and this was diluted with urea buffer to 1 mg/mL protein (250 uL) total. This was
followed by adding DTT (5 mM final concentration), and shaking (15 min, 900 rcf, 65°C). After this
TAA (40 mM final concentration) was added and the samples were incubated in the dark for 30 min.

For digestion, 100 pL of sample was transferred to a LoBind Eppendorf tube and diluted with 500 uL
OB-DIG buffer, and 1 pg trypsin (2 pL, 0.5 pg/uL solution in 1 mM HCI, Promega) was added. The
samples were incubated o/n (950 rcf, 37°C). Formic acid (50 uL) was added to quench the reaction and
the samples were desalted as reported in ‘Preparation for LC-MS based ABPP’.

LC-MS measurement and analysis. Desalted peptide samples were reconstituted in LC-MS solution
(3% v/v MECN, 0.1% v/v formic acid in Milli-Q, 50 pL for ABPP samples, 100 uL for full proteome
samples) containing 10 fmol/uL yeast enolase digest (cat. 186002325, Waters). 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 A, 5 um, 180 um x 20 mm (Waters) trap column
for peptide loading/retention and nanoEase M/Z HSS C18 T3 100 A, 1.8 um, 75 um x 250 mm (Waters)
analytical column for peptide separation. The column was kept at 40°C in a column oven. Samples were
injected on the trap column at a flow rate of 15 uL/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 MECN (Biosolve))
eluent.

For ABPP experiments, an 85 min LC method, using mobile phase A and mobile phase B controlled by
a flow sensor at 0.3 uL/min with average pressure of 400-500 bar (5500-7000 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 to 74 min and 1% B at 75 to 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).

For full proteome experiments, a 123 min LC method, using mobile phase A and mobile phase B
controlled by a flow sensor at 0.3 pL/min with average pressure of 400-500 bar (5500-7000 psi), was
programmed as gradient with linear increment to 1% to 5% B from 0 to 2 min, 5% to 13% B from 2 to
63 min, 13% to 22% B from 63 to 85 min, 22% to 40% B from 85 to 104 min, 90% at 105 min and kept
at 90% to 113 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 without the use of
lock mass, default charge of 2+ and external calibration with LTQ Velos ESI positive ion calibration
solution (88323, Pierce, Thermo) every 5 days to less than 2 ppm. The tune file for the survey scan was
set to scan range of 350 — 1400 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. 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 le5, max IT
time 50 ms, isolation window of 1.6 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 of triggering an MS/MS
event. No apex trigger was used, unassigned, +1 and charges >+8 were excluded with peptide match
mode preferred, isotope exclusion on and dynamic exclusion of 10 sec.
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In between experiments, routine wash and control runs were done by injecting 5 pl LC-MS solution
containing 5 pL of 10 fmol/uL bovine serum albumin (BSA) or enolase digest and 1 uL of 10 fmol/pL
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 and processing. Raw files were analyzed using MaxQuant software (version 1.6.17.0)
with the Andromeda search engine. The following settings were applied: fixed modification:
carbamidomethylation (cysteine); variable modification: oxidation (methionine), acetylation (N-
terminus); proteolytic enzyme: trypsin/P; missed cleavages: 2; main search tolerance: 4.5 ppm; MS/MS
tolerance: 0.5 Da; false discovery rates: 0.01. The options “LFQ” and “match between runs” (0.7 min
match and 20 min alignment time windows) were enabled; “second peptides” was disabled. Searches
were performed against the UniProt database for the S. aureus USA300 proteome (Uniprot ID:
UP000001939, downloaded 03-05-2019). Data was extracted from the “peptides.txt” and
“proteingroups.txt” files.

For competitive proteomics, values were corrected by background signal subtraction in Excel, using no
probe DMSO control sample for background measurement (negative values rounded to 0). Statistical
analysis of the data was performed using Perseus (version 1.6.15.0). Putative contaminants, reverse
peptides and peptides only identified by site were deleted. LFQ intensities were log2-transformed and
data was filtered for two valid values in at least one group (each group contains triplicates). To solve the
problem of missing values, data imputation was performed over the total matrix. For statistical
evaluation, -logl0(P values) were obtained by a two-sided two sample homoscedastic Student’s t-test
(Excel: “ =T.TEST(rangel,range2,2,2))’.
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Supplementary information

Table S4.1 | Significantly enriched proteins (p < 0.05, > 2-fold enrichment) in MRSA USA300 by probe 4
in comparison to DMSO-treated samples. Denoted by green dots in Figures 4.6 and S4.2.

Protein IDs Protein names  Protein description Gene names 4/ p-value
DMSO

Q2FDS6 FphE Uncharacterized SAUSA300_2518 108.24 0.000159
hydrolase

Q2F193 FabH 3-oxoacyl-[acyl- fabH 104.51 0.000109
carrier-protein]
synthase 3

AOAOH2XJLO FphH Carboxylesterase est 67.42 0.002892

AOAOH2XHZ1 HZ1 Putative SAUSA300_0070 31.72  0.000860
lysophospholipase

AOAOH2XHDO FphC Hydrolase, alpha/beta = SAUSA300_1194 31.70 0.000178
hydrolase fold family

AOAOH2XHH9 HH9 Putative SAUSA300_0641 30.60 0.000158
lipase/esterase

AOAOH2XJG5 FphB Uncharacterized SAUSA300_2473 20.71 0.000359
protein

AOAOH2XFI12 Fl2 Uncharacterized SAUSA300_0321 16.51 0.001140
protein

AOAOH2XIB7 IB7 Acetyl-CoA c- vraB 13.18 0.001232
acetyltransferase

AOAOH2XGQ4 AOAOH2XGQ4 Hydrolase, SAUSA300_2531 6.67 0.000091
CocE/NonD family

Q2FK94 ALDA Putative aldehyde aldA 5.99 0.000364
dehydrogenase AldA

AOAOH2XHFO FphA Carboxylic ester pnbA 4.68 0.001104
hydrolase

AOAOH2XHEO AOAOH2XHEO  Uncharacterized SAUSA300_2093 4.06 0.000489
protein

AOAOH2XFJ9 AOAOH2XFJ9  Peptidase, SAUSA300_1460 3.21 0.001625
M20/M25/M40 family

AOAOH2XJF4 AOAOH2XJF4  3-oxoacyl-[acyl- fabF 2.99 0.001652
carrier-protein]
synthase 2

Q2FF06 ALDH Putative aldehyde SAUSA300_2076 2.93 0.001234
dehydrogenase

AOAOH2X147 Fphl Uncharacterized SAUSA300_0430 2.73 0.000745
protein

AOAOH2XFW4 AOAOH2XFW4  Peptidase, U32 family = SAUSA300_1569 2.73 0.002275

AOAOH2XFN6 FphF Tributyrin esterase estA 251 0.012576

Q2FK11 SCDA Iron-sulfur cluster ScdA 2.23 0.000328
repair protein ScdA

AOAOH2XG10 AdhE Aldehyde-alcohol adhE 2.08 0.000095

dehydrogenase
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Table S4.2 | Loadings protein inhibition PC2.

Protein inhibition PC2 contribution (%) direction
AdhE 34 -
FphC 23 +

1B7 16 -
FphB 11 +
FphH 6 -
F12 5 -
HZ1 5 -
HH9 0 -
FabH 0 -
FphE 0 -

Table $4.3 | Transposon mutant strain used, and their antibacterial susceptibility against compounds 1-3,
5-7

MIC (uM)
NTML strain  Locus  Transposon 1 2 3 5 6 7 Oxa2

WT 6.25 12.5 0.8 >50 >50 >50 0.4
NE114 151 AdhE 6.25 12.5 0.8 >50 25 12.5 0.4
NE204 1194 FphC 6.25 12.5 0.8 >50 50 25 0.4
NE532 2473 FphB 6.25 125 0.8 >50 >50 >50 0.4
NE104 641 HH9 6.25 125 0.8/1.6 >50 50 50 0.4
NE1534 70 HZ1 6.25 12,5 0.8 >50 >50 >50 0.8
NE1227 560 1B7 6.25 25 04/08 >50 50 >50 0.8
NE1122 763 FphH 6.25 25 0.8 >50 >50 >50 0.8
NE1187 321 Fl12 6.25 25 0.8 >50 >50 >50 0.4
NE1779 2518 FphE 6.25 6.25 0.8 >50 50 12.5 0.4
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Table S4.4 | Minimum inhibitory concentrations of selected compounds against the 3-resistant MRSA
strains A/B obtained by serial passaging for 28 days from a MRSA USA300 background.

MIC (uM)
Compound USA300 3-resistant A 3-resistant B
3 0.8 >50 >50
4 3.1 >50 >50
Meropenem 2.3 2.3 2.3
Vancomycin 0.7 0.7 0.7
Daptomycin 1.2 1.2 1.2
Rifampicin 0.015 0.015 0.015
Novobiocin 0.13 0.13 0.13
Chloramphenicol 12.5 12.5 12.5
Ciprofloxacin >100 >100 >100
Oxa2 0.4 12.5 12.5
Probe FP-alkyne
Concentration (uM) - 01 03 05 1 3 5 10
———————— kDa
-55-
—======
Fluorescence
— — —
—-— e
Coomassie

Figure S4.1 | In situ gel-based ABPP of a concentration range (0.1 — 10 uM) of the FP-alkyne probe in
MRSA USA300.
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Figure S4.2 | Mass spectrometry data enrichment plot comparing labelled proteome of 3 uM 4-treated
MRSA to DMSO-treated MRSA. Green dots indicate proteins which are probe targets (> 2-fold enriched,
p < 0.05). Probe targets annotated in Table S4.1.

A

Significance
log;o(P value)
N

@ FabH

B

Cl

Fluorescence

o™ 9
(6)

Coomassie

5

0

log,(Oxa2 + 4/ 4)
Inhibition

DMSO

kDa
-100 -

-70-
-55-

— FabH

35-

Figure S4.3 | Chemical proteomics data Oxa2 reveals FabH band on SDS-PAGE. A) Mass spectrometry
data inhibition plot comparing labelled proteome of samples preincubated with Oxa2 (1 uM) followed by
probe-labelling (3 uM) to solely probe-labelled samples. B) Chemical structure Oxa2. C) Gel-based

competitive ABPP of indicated inhibitors followed by incubation with 3 uM probe 4.
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DMSO
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210 uM (MIC 12.5 uM)
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Figure S4.4 | Details inactive proteomics experiment. A) Bar graph inhibition profile per protein. B) Bar
graph inhibition profile per inhibitor.
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Figure $4.5 | Full bar chart proteomics data on 3-resistant MRSA USA300 strains. A) Full graph probe 4
enrichment of targets. B) Full graph global protein expression. IB7 was not identified in any sample.
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