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ABSTRACT: Staphylococcus aureus (S. aureus) is a major human
pathogen that is responsible for a wide range of systemic infections.
Since its propensity to form biofilms in vivo poses formidable
challenges for both detection and treatment, tools that can be used
to specifically image S. aureus biofilms are highly valuable for
clinical management. Here, we describe the development of
oxadiazolone-based activity-based probes to target the S. aureus-
specific serine hydrolase FphE. Because this enzyme lacks
homologues in other bacteria, it is an ideal target for selective
imaging of S. aureus infections. Using X-ray crystallography, direct
cell labeling, and mouse models of infection, we demonstrate that
oxadiazolone-based probes enable specific labeling of S. aureus
bacteria through the direct covalent modification of the FphE
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active site serine. These results demonstrate the utility of the oxadizolone electrophile for activity-based probes and validate FphE as
a target for the development of imaging contrast agents for the rapid detection of S. aureus infections.

B INTRODUCTION

Staphylococcus aureus (S. aureus) is a ubiquitous commensal
bacterium that colonizes approximately 30% of the human
population." It plays a dual role as both a harmless inhabitant
of the human skin and mucosal epithelia and a major human
pathogen contributing to a diverse spectrum of clinical
manifestations.” Clinical diseases caused by S. aureus range
from uncomplicated superficial skin and soft tissue infections
(SSTI) to severe infections such as infective endocarditis (IE)
or life-threatening bacteremia.” The management strategy for
these syndromes varies depending on the infection site and
diagnostic evaluation.*”” The clinical presentation of S. aureus
infections varies considerably,® and the propensity of the
bacteria to form biofilms further complicates both diagnosis of
infections and monitoring of therapy response.”'’ In addition,
the alarming rise in antibiotic-resistant S. aureus strains
including methicillin-resistant Staphylococcus aureus (MRSA)
further necessitates the development of early and accurate
diagnostic strategies for effective infection control.'' Such
strategies need to be both highly sensitive for disease detection
and highly specific to distinguish S. aureus from other microbial
species that may cause similar clinical symptoms.

For real-time detection of bacterial infections in clinical
settings, current methods rely on indirect radioactive tracers
including fluorine 18 (**F) fluorodeoxyglucose (FDG) and
radiolabeled leukocytes.'”~"* These probes identify the sites of
a suspected infection by highlighting inflammatory cells.
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Alternatively, multiple strategies have been used to discrim-
inate bacterial infection from sterile inflaimmation. Small-
molecule probes can achieve bacterial selectivity by directly
tethering antibiotics'>~"” or by taking advantage of bacteria-
specific sugar transports or folic acid biosynthesis path-
ways.'®~>® Bacteria-specific hydrolases have also been
employed to activate quenched fluorescent optical probes.”***
However, designing imaging molecules capable of the selective
labeling of specific bacterial species remains challenging.
Serine hydrolases are one of the largest functional enzyme
classes in most organisms, with highly diverse distribution
across all three kingdoms of life.”® Enzymes in this family not
only play pivotal roles in regulating diverse biological processes
in mammals but also often play key functional roles in
pathogenic organisms, including bacteria and viruses.””*"
Because serine hydrolases can play essential roles in normal
cellular functions as well as in drug resistance and virulence,
they have great potential as targets of therapeutics for a range
of diseases.”*™>" Serine hydrolases can be subdivided into two
groups based on the overall function. One group is made up of

Received: December 11, 2023
Revised:  January 28, 2024
Accepted: February 15, 2024

https://doi.org/10.1021/jacs.3c13974
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeyun+Jo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tulsi+Upadhyay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emily+C.+Woods"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ki+Wan+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nichole+J.+Pedowitz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joanna+Jaworek-Korjakowska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joanna+Jaworek-Korjakowska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sijie+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tulio+A.+Valdez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Fellner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+Bogyo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.3c13974&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13974?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13974?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13974?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13974?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13974?fig=tgr1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.3c13974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

A

pubs.acs.org/JACS

FphA
FphB
FphC
FphD
FphE
FphF
FphG
FphH
Fphl

FphJ

Staphyocoscus aureus - §
Staphylococcus epidermidis | | | | ]
Listeria monocytogenes - |
Clostridioides difficile |
Streptococcus pneumoniae
Streptococcus pyogenes
Streptococcus agalactiae 80
Enterococcus faecalis —
Enterococcus faecium
Pseudomonas aeruginosa
Klebsiella pneumoniae
Campylobacter jejuni =
Chlamydia trachomatis = 60
Neisseria meningitidis =
Neisseria gonorrhoeae =
Acinetobacter baumannii -
Legionella pneumophila
Aeromonas hydrophila -
Vibrio cholerae - 40
Haemophilus influenzae —
Proteus mirabilis
Providencia stuartii <
Morganelia morganii -
Salmonella enterica -
Escherichia coli -
Shigella sonnei -
Serratia marcescens -
Klebsiella aerogenes -
Mycoplasma pneumoniae -
Candida albicans -
Homo sapiens

Gram + Gram - Homology
(%)
C D Tag Linker ~ Warhead
4-MU B-D-glucosaminide - e FphE WT
4-MU B-glucopyranoside % * FphE S103A
4-MU phosphate ¢
4-MU oleate - Component Scaffold
4-MU palmitate— N N
4-MU decanoate f——3%** j‘:r‘m R‘g\o/\ ”, JL"(?N(RJ
4-MU octanoatef———————#3%—+ RT R? F Rz N
4-MU heptanoate-i:E’_' Warhead :," o \. . i i
4-MU butyrate — H ‘3‘ o i y o
J b R H 0
4-MU acetate-f AN - i
T T T T 1
0 1000 2000 3000 4000 5000 s y
Cleavage rate (RFU/min) Linker C18:1 C16 C10:C8 C7§ C4 C2
g £ 'e 'e L
N= N= N= "o
g} ) "o N
SNy ///\/\/\/N\‘( ///\/\/\/\/N\‘( ? \\g
o o o ///W\/\)LN

JJ-0X-001 (6) JJ-0X-002 (7) JJ-0X-003 (8) JJ-OX-004 (9)

Figure 1. Rational design of activity-based probes targeting FphE. (A). Heat map indicating the conservation of Fph proteins among different
clinically relevant microorganisms. The color gradient indicates the percentage homology with the S. aureus Fph, as determined by a threshold e-
value of 1 X 107", (B) Structures of previously reported activity-based probes (ABPs) 1—5 capable of binding to FphE. Covalent warheads are
highlighted in maroon, and chains directly attached to the warhead are highlighted in blue. (C) Cleavage rate (relative fluorescent unit (RFU)/
min) of 4-methylumbelliferone (4-MU) substrates by FphE wild-type (WT, black) and a catalytically dead mutant (S103A, gray). Each dot
represents an individual experiment, and bars represent means + standard deviation (n = 3). (D) Mix and match panel of alkyl chains and warheads
to design FphE-targeting ABPs. (E) Molecular structures of the oxadiazolone-based covalent inhibitor (6) and ABPs (7—9). See the Supporting
Information for detailed chemical synthesis.

proteases primarily involved in the hydrolysis of peptide bonds ). 27

within proteins. The other is made up of metabolic hydrolases
such as peptidases, amidases, lipases, esterases, and thio-
esterases that process amide, ester, or thioester bonds in small-
molecular metabolites, peptides, or post-translational mod-
ifications on proteins.zs’27 While some members of metabolic
serine hydrolases in humans have been extensively charac-

important for infection in the heart and liver in vivo.** In
terized and validated as targets for clinically approved drugs,”® b . . .
the potential of these enzymes as pharmacological or addition, recent structural and biochemical studies of FphF and

diagnostic targets in S. aureus has yet to be established. FphH hazle 4l2)egun _to shed light on possible functxlons of.th.ese

Because serine hydrolases all use a highly nucleophilic active enzymes.” " The importance of FphB and FphH in mediating
site serine, it is possible to use reactive electrophiles such as
fluorophosphonates (FPs) to develop activity-based probes

as activity-based protein profiling (ABPP Using the
broadly reactive fluorphosphonate probe, FP tetramethylrhod-
amine (FP-TMR), we recently identified a family of metabolic
serine hydrolases in S. aureus that we named fluorophospho-
nate-binding hydrolases (Fphs; FphA—])."” Among the Fphs,
we found that the lipid esterase FphB is likely a virulence factor

systemic S. aureus infections makes them potential targets for
development of therapeutic agents.””** In order to develop

(ABPs) to label and track their activity in live cells and even
whole organisms.”” FP-based probes enable global profiling of
serine hydrolases across various organisms by a method known

therapeutic and diagnostic agents for Staphylococcus infections,
it is optimal to select targets that are unique to this organism
over other highly related bacterial s.pecies.43 In particular, FphE
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Figure 2. Selection and biochemical characterization of 9. (A) IC;, determination of 6—9 against recombinant FphE (rFphE, 0.5 nM) measured by
the initial cleavage rate of the 4-MU octanoate substrate (20 uM). The percent activity was calculated by comparing to a DMSO control, with
points and bars representing means + standard deviation (n = 6). (B) Concentration-dependent labeling of WT and S103A rFphE by clickable
probes 8 and 9. WT and S103A rFphE (300 ng) were incubated with each probe for 1 h, labeled with TAMRA-azide by the CuAAC reaction, and
analyzed by SDS-PAGE/fluorescence scan. (C) Deconvoluted mass spectra of rFphE before (green) and after (purple) treatment of 9. (D)
Proposed mechanism by which 9 covalently binds to FphE. (E) Fluorescence progress curves for substrate hydrolysis activity of rFphE after jump

dilution.

fits this criterion as it is the least conserved Fph protein across
50 species within the Staphylococcus genus.***®

While FP probes have proven to be particularly valuable due
to their broad reactivity across diverse serine hydrolases, ABPs
tailored to react with specific targets are often essential for
applications such as cellular or in vivo imaging or profiling
proteins with low expression levels that are challenging to
detect with broad-spectrum probes.**™>* The development of
target-selective ABPs often begins with selection of a suitable
reactive electrophilic “warhead”, which forms a covalent bond
to an active site nucleophile.*”*> The electrophile itself can
generate high selectivity toward specific nucleophiles and
enzyme classes.” Recently, a screening of inhibitors of the
MRSA strain USA300 S. aureus identified compounds
containing a 1,3,4-oxadiazole-2(3H)-one (oxadiazolone) elec-
trophile,”® which has been used primarily to target lipid
hydrolytic enzymes.”’~"° Interestingly, when the most potent
optimized hit from the MRSA screening was converted into an
alkyne-labeled probe, it labeled multiple Fph serine hydrolases
as well as the highly conserved fatty acid synthesis II (FASII)
pathway enzyme FabH’' and several other poorly charac-
terized enzymes. These targets included enzymes that use both
serine and cysteine as catalytic residues, suggesting that the
oxadiazolone electrophile, while suitable for use as an ABP, has

overall broad reactivity that needs to be tuned to generate
target-specific probes.

Herein, we describe the design and synthesis of ABPs
containing the oxadiazolone electrophile that has been
optimized for selective targeting of FphE in S. aureus.
Structural analysis of the cocrystal complex of FphE with
one of our probes confirmed an irreversible covalent binding
mechanism involving the active site serine. These structural
studies also uncovered a unique type of homodimer interface
with the catalytic triad formed by two monomeric units.
Furthermore, we found that the addition of a fluorescent label
to our optimized oxadiazolone probe resulted in high
selectivity for FphE in live S. aureus cells. This probe also
enabled selective labeling of infection sites in an S. aureus
mouse infection model. These results demonstrate the utility of
the oxadiazolone electrophile for specific targeting of serine
hydrolases in S. aureus and provide support for FphE as a target
for S. aureus-specific imaging probes. We believe that these
probes have the potential to ultimately improve both the
diagnosis and management of S. aureus infections.

B RESULTS AND DISCUSSION

Serine Hydrolase FphE Is Unique to S. aureus.
Staphylococcus aureus expresses a total of 10 Fph proteins

https://doi.org/10.1021/jacs.3c13974
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Figure 3. Structure of FphE in complex with 9 (JJ-OX-004). (A) Crystal structure of dimeric FphE (PDB ID 8T88, 9 bound at a 1.54 A resolution;
chain A colored in purple, chain B in blue) as a surface representation or ribbon representation. The AlphaFold AF-Q2FDS6-F1 predicted
monomeric form is shown as orange ribbons for comparison. (B) Schematic view of the proposed covalent binding mode of 9 with FphE. (C)
Close-up view of oxadiazolone ABP 9 covalently bound to FphE-Ser103. The 2F,—F, electron density map for 9 and Ser103 of chain A is shown as
a blue mesh at 0.5 o. Hydrophobic tunnel residues are shown, as well as two hydrogen bond partners (red dashed lines). (D) LigPlot 2D illustration

of interactions of 9 with specific residues of FphE.

with a range of homologues in other bacterial species.*”** In

order to identify which Fph enzyme might be the best targets
for probes that could uniquely identify S. aureus, we searched
for the presence of Fph homologues from the USA300 MRSA
strain in 30 different species using protein BLAST (Figure 1A
and Table S1). We focused the BLAST search on the most
common mortality-associated bacterial pathogens’” because
these would be the most likely species that would be relevant
to distinguish in clinical infections. We identified homologues
of Fph proteins mainly in Gram-positive bacteria, with the only
outlier being Listeria monocytogenes. Of all the Fph enzymes,
only FphE is found in less than 50% of the 47 different species
of the genus Staphylococcus, and notably, it is the only Fph
absent in the representative nosocomial coagulase-negative
staphylococci (CoNS), Staphylococcus epidermidis (S. epidermi-
dis) and Staphylococcus hemolyticus.*>**”>’* Thus, specific
probes for FphE may offer opportunities for the development
of imaging agents that can potentially discriminate infections
caused by S. aureus from those caused by other pathogenic
bacteria including CoNS, which has different and less
aggressive clinical manifestations.”*”°

Rational Design of FphE-Targeting Activity-Based
Probes. In an effort to develop selective activity-based probes
(ABPs) that can serve as chemical tools to further characterize
FphE, we needed to select an optimal electrophile. Among the
various moieties capable of directly forming a covalent bond
with the active site nucleophile of serine hydrolases, five
classes, namely, f-lactam (1), fluorophosphonate (2), triazole
urea (3), oxadiazolone (4), and 1-carbamoyl-5-fluorouracil
(5), have been successfully used in irreversible inhibitors or
probes that label FphE (Figure 1B).*”*”777 All of these
covalent electrophilic warheads are quite distinct, in terms of

their mechanisms of action and overall structures. Each has
benefits and drawbacks, and some (i.e., triazole ureas,
fluorophosphonates, and S-fluorouracils) have a functional
group that is lost upon covalent binding while others (f-
lactams and oxadiazolones) do not. We chose to focus on the
1,3,4-oxadiazole-2(3H)-one (oxadiazolone) moiety in 4
because it was recently reported in a screening for compounds
that kill MRSA bacteria. In addition, an optimized hit
containing the oxadiazolone electrophiles was converted into
an ABP that effectively labeled multiple Fph proteins in live
MRSA bacteria.’® However, this ABP also labeled other
targets, including an aldehyde dehydrogenase and a fatty acid
biosynthetic enzyme, both of which use a cysteine nucleophile.
We therefore reasoned that the oxadiazolone could be used to
make an effective APB for FphE if we could tune the selectivity
of the probe by tailoring the linker to the preferences of FphE.
We therefore determined the substrate preference of
recombinantly expressed and purified FphE using a library of
4-methylumbelliferone (4-MU) substrates (Figure 1C). We
found that wild-type FphE hydrolyzed saturated lipid esters
ranging in chain length from C4 to C10, showing a particularly
strong preference for the C7 and C8 chain lengths. This
cleavage activity was lost upon mutation of serine-103 to
alanine, suggesting that serine-103 is the catalytically active site
residue.

We selected alkyl chain lengths of 7 or 8 and the
oxadiazolone warhead to design our first set of potential
FphE-specific probes (Figure 1D). This included the unlabeled
inhibitor (6) and probes (7—9; Figure 1E). Compound 9 was
designed to include the N-phenylamide moiety present in
compound 4 between the lipid chain and the warhead of 8.
Because the methyl group of the phenyl ring plays a crucial role
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in inducing S. aureus killing and due to the fact that FphE is a
nonessential protein, we removed the methyl group in our
probe 9.%%%°

JJ-OX-004 (9) as an Irreversible Covalent Probe that
Selectively Binds to the Active Serine in FphE. To assess
the potential of oxadiazolones (6—9), we measured their
inhibitory activity against recombinant FphE using 4-MU
octanoate as a substrate (Figure 2A). Two alkyne probes, 8
and 9, had submicromolar potency, with compound 9
displaying the most potent activity with an ICy, of 19.9 nM.
Notably, there was a large difference in ICs, values between
compounds 7 (>50 uM) and 8 (187 nM), which only differ in
their chain lengths by two carbons. This result contrasts with
the analysis of the 4-MU substrate preference of FphE, which
suggested some tolerance for carbon length (Figure 1B). This
discrepancy implies that the inhibition of FphE by compound
8 may not be solely due to its binding with the catalytically
active serine. Therefore, we assessed whether probes 8 and 9
labeled FphE through the active site serine (Ser103). Direct
labeling of recombinant FphE confirmed that probe 8 binds
much less effectively than probe 9 (Figure 2B). Interestingly,
probe 8 also effectively labeled the catalytically dead mutant
(S103A), suggesting that it may bind through interactions
beyond the active site serine. Therefore, we chose to focus on
probe 9 as it showed the highest potency and specific labeling
that was dependent on active site serine-103.

To confirm that probe 9 binds to and inhibits FphE through
an irreversible covalent mechanism, we performed both a jump
dilution assay and direct mass spectrometry-based analysis of
the inhibited protein. We prepared the FphE-probe complex
by incubating recombinant FphE with 9 to allow covalent
modification of the protein. Mass spectrometry of the complex
confirmed the observed increase in the deconvoluted mass of
371 Da (Figure 2C), corresponding to the expected shift upon
formation of the covalent bond between 9 and serine-103 via
the proposed binding mechanism (Figure 2D).’**7¢>%%% T¢
further confirm the irreversibility of the modification, we used
a jump dilution assay™ in which we incubated recombinant
FphE with 9 at a concentration of 400 nM (20-fold of IC,,) to
ensure full occupation of the active site followed by 100-fold
dilution into a fluorogenic substrate (4-MU octanoate)
solution (Figure 2E). The progress curve demonstrated that
FphE remains inhibited after dilution, confirming that it is an
irreversible binder. Accordingly, we also determined the
second-order rate constant k,,./K; a quantitative potency
metric for irreversible binders, for 9 against FphE to be 9.3 +
12X 10° Mt st (Figure S1).

Structural Basis of the Covalent Inhibitory Mecha-
nism of FphE by 9. To gain further insight into FphE, we
determined the protein crystal structures of unbound FphE
(PDB ID 8T87 at a 1.62 A resolution) as well as FphE with 9
covalently bound (8T88 at 1.54 A). FphE always formed
dimeric crystals in a unique arrangement. The two dimer
copies of FphE are assembled by N-terminal residues 1—136 of
one chain and C-terminal residues 167—276 of the other chain,
with a long helix formed by residues 137—166 in an antiparallel
helix bundle connecting the two “monomers” (Figure 3A).
FphE is a member of the well-studied a/f hydrolase
superfamily,”’ which normally contains a single core S-sheet
connected by several a-helices. Oligomers have been reported;
however, they are always formed by monomer surface
interfaces, with FphF being an example.41 AlphaFolcl82 also
predicts a monomeric fold (Figure 3A), and we were unable to

reproduce the observed dimer using AlphaFold. The overall
fold of the two copies of chains A and B of FphE in the
determined dimer closely resembles the predicted monomer.
However, the rearrangement of the helical area at residues
137—166 narrows access to the active site in the dimer, making
the entrance more hydrophobic and completely restricting
access from one side due to the nearby second copy of FphE.
The two copies of FphE within the crystal structures closely
resemble each other.

The FphE serine hydrolase catalytic triad consists of Ser103,
His257, and Glul27. Due to the unusual dimer arrangement,
the triad is formed by Ser103 and Glul27 from chain A and
His257 from chain B (Figure 3B). The active site is connected
to the protein surface via a hydrophobic tunnel (Figure 3B)
formed by residues of chain B. The changes to the active site
pocket and the tunnel upon binding of 9 are minimal, with
only a couple of residues adopting slightly different side-chain
orientations compared to the unbound structure (Figure S2A).
This suggests that the dimeric structure of FphE is a very good
fit for 9 and binds the compound tightly without the need for
major rearrangements, which supports the substrate specificity
results.

This structure also confirms the proposed reaction
mechanism between compound 9 and FphE (Figure
3B).*#90570568%9 The electron density clearly shows the
covalent bond between the terminal oxygen atom of active site
Ser103 and the opened oxadiazolone ring (Figure 3C). The
two oxygen atoms of the opened ring are stabilized in the
structure by hydrogen bonds to the nitrogen ring atom of
His257 and the backbone nitrogen atom of Ala28 (Figure
3C,D). The oxygen atom of 9 that forms a hydrogen bond with
Ala28 occupies the space near the active site serine that has
been described as the oxyanion hole**” for this protein family,
indicating that binding of 9 most likely resembles how
oxadiazolones in general will bind and react with a/f
hydrolase-fold enzymes. The opened oxidazolone ring of 9 is
further stabilized by a small network of hydrogen bonds to
several water molecules that connect it to other residues
(Figure S2B). This hydrogen bonding network near Ser103 is
also observed in the unbound structure (Figure S2C), with one
water atom moving into the oxyanion hole. The hydrophobic
tunnel is completely empty in the unbound structure, including
any water molecules, suggesting that probe 9 likely mimics the
yet to be identified biological substrate of FphE. The structure
also gives an indication of why the benzene ring in 9 improves
potency. The ring atoms in 9 have hydrophobic interactions
with FphE residues Ala28, Metl77, and Trpl197 (Figure
3C,D). The ring optimally bridges the space between Metl7
and Trp197 with hydrogen—hydrogen distances as short as 2.3
A (Figure S2D). In addition, the terminal methyl group of the
oxidazolone also makes hydrophobic interactions with Trp197,
as well as Leul67 (Figure S2D). Beyond the aromatic ring, the
remaining lipid tail of 9 occupies the hydrophobic channel with
several more residues (Leul56, Met160, and Thr194) forming
hydrophobic interactions with most atoms of the lipid chain
(Figure 3C,D). Additional hydrophobic interactions with 9 are
found for side chains of GlulS7, Ser178, and Tyrl91 at the
surface of the protein. The electron density fit deteriorates for
the atoms of 9 that are closer to the surface, indicating some
flexibility or disorder in this region.

Analysis of Cellular Localization of FphE by Live S.
aureus Labeling with 9. After confirming that 9 is a covalent
probe for FphE through enzymatic and crystallographic
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Figure 4. SDS-PAGE analysis of live S. aureus labeling and cellular

localization analysis of FphE. (A) Schematic overview for assessment of

localization of FphE with ABP 9. Illustrated workflow of live S. aureus labeling to detect proteins covalently bound by 9 (top row) and protease
protection assay to determine target protein localization (bottom row). (B) SDS-PAGE analysis of live S. aureus labeling with 9. Wild-type (WT)
and fphE transposon (Tn) mutant USA300 S. aureus strains were treated with the indicated concentrations of 9 at 37 °C for 2 h and then labeled
with TAMRA-azide by the CuAAC reaction. Afterward, cells were lysed, and 10 ug of total proteins was loaded per lane. Proteins in cell lysates
were quantified by the BCA assay. Protein loading was assessed by Coomassie staining (Figure S3A). (C) Purified recombinant FphE (rFphE) was
subjected to PK to verify that the enzyme is cleaved by the proteinase. (D) SDS-PAGE analysis of the protease protection assay using WT,
fphE::Tn, and fphB::Tn USA300 S. aureus strains. After 16 h of incubation with proteinase K (PK+) or without PK (PK—) at 37 °C, cells were
treated with 9 at the same temperature for 2 h and then labeled with TAMRA-azide by the CuAAC reaction. Total proteins (10 ug per lane) were
used, and the protein loading was assessed by Coomassie staining (Figure S3B).

analysis, we determined the labeling specificity of the probe in
live S. aureus cells (strain USA300). We treated cells with 9
followed by cell lysis and then click labeling using TAMRA-
azide with analysis by SDS-PAGE (Figure 4A, top row). We
also analyzed the cellular localization of FphE by performing a
protease protection assay in which only extracellular enzymes
are digested by proteinase K followed by activity-based probe
profiling (ABPP; Figure 4A, bottom row).**”*® FphE was
labeled by 9 in a dose-dependent manner, displaying high
selectivity for the target protein at a concentration of 100 nM
(Figure 4B). We treated purified recombinant FphE with PK
(Figure 4C), which confirmed that it is sensitive to PK
treatment. However, FphE remains intact even after 16 h of PK
treatment in live S. aureus, suggesting that it has an intracellular
location. In contrast, the faint labeling of FphB (confirmed

through the transposon mutant of fphB; Figure 4D, lanes S and
6) was lost following PK treatment (Figure 4D), consistent
with its reported localization on the cell surface.*’
JJ-OX-007 (10) as a Selective Imaging Probe
Targeting FphE in Live Cells. We next synthesized JJ-OX-
007 (10), a fluorescently labeled analog of ABP 9 in which the
BODIPY dye is attached by the click reaction prior to labeling
(Figure SA). This probe can be used for direct labeling and
imaging studies without the need to perform click chemistry.
After confirming that probe 10 retained selective and covalent
labeling of recombinant FphE (Figures S4 and SS5), we
performed live cell labeling followed by gel-based ABPP
(Figure SB). The addition of the fluorophore in probe 10
increased the specificity of labeling of FphE compared to
alkyne probe 9. This result aligns with our previous
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Figure 5. Probe JJ-OX-007 (10) selectively labels live S. aureus cells. (A) Chemical structure of the fluorescent ABP 10. The synthesis of this
compound is described in the Supporting Information. (B) SDS-PAGE analysis of live S. aureus labeling with 10. S. aureus USA300 wild-type (WT)
and fphE transposon (fphE::Tn) mutant strains were treated with the indicated concentrations of 10 at 37 °C for 2 h. Cells were lysed, and 7 ug of
total proteins was loaded per lane. Coomassie staining of the gel is shown in Figure S3C. (C) Confocal micrograph of S. aureus USA300 WT and
fphE::Tn strains labeled with Nile Red (10 yg/mL) or 10 (100 nM) during the stationary phase. Scale bar: S ym. (D) Representative single-cell
confocal images of WT S. aureus USA300 that were treated by 10 (left) and Nile Red (right). Scale bar: 1 ym. (E) Quantified fluorescence intensity
distribution across the cell. Microscopy images of cells were analyzed by implementing an agile script. The image was converted to a binary format,
cells were identified, and the major axis length along with the mean intensity of each cell was calculated. The mean intensity was plotted against the
major axis length for each identified cell in the images. Bars represent means =+ standard deviation (n = 6). (F) Confocal micrographs of S. aureus
USA300-GFP cells labeled with 10 (100 nM) during the stationary phase. Panel 1: bright-field (BF); panel 2: GFP imaging; panel 3: TAMRA
imaging; panel 4: overlay of panels GFP and TAMRA. Scale bar: 5 ym.
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observation that functionalizing the alkyne handle with the
BODIPY-TMR dye led to increased selectivity toward FphE.”®

Since FphE is a nonessential protein*”*® and probe 10
shows highly selective labeling of FphE, we anticipated that it
would not be toxic to S. aureus. This hypothesis was confirmed
by an antimicrobial activity assay, which revealed that probe 10
does not inhibit bacterial growth even at concentrations as
high as 8 ug/mL (9.4 uM; Figure S6). This contrasts with the

previously published oxadiazolone compound 3, which was
shown to have a potent MRSA killing activity.”® We believe
that this lack of toxicity of 10 is due to increased selectivity for
FphE with a loss of potency toward essential targets such as
FabH. Because probe 10 is not cytotoxic, it is suitable for use
in live cell fluorescence imaging experiments. We first tested if
the probe was selective enough to measure FphE activity in live
cells using a plate reader-based assay. In fact, we were able to
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Figure 6. FphE as a target for S. aureus imaging. (A) SDS-PAGE analysis of indicated Gram-positive and Gram-negative bacterial pathogens labeled
with fluorophosphonate tetramethylrhodamine (FP-TMR; left gel) or JJ-OX-007 (10; right gel). S. aureus (S.a) USA300 WT and transposon
mutant (fphE::Tn), Sp: Streptococcus pyogenes, S.ep: S. epidermidis, L.m: Listeria monocytogenes, P.a: Pseudomonas aeruginosa, K.a: Klebsiella
aerogenes, S.en: Salmonella enterica, E.c: Escherichia coli (E. coli), and C.a: Candida albicans. Total proteins (5 ug per lane) were used, and the protein
loading was assessed by Coomassie staining (Figure S3D). (B) Confocal micrographs of mixed samples of S. aureus USA300-GFP with the listed
Gram-positive and Gram-negative bacterial pathogens labeled by 10. Scale bar: 10 ym. (C) Schematic representation of imaging experiments using
probe 10 to visualize the S. aureus infection site in mice. (D) Total efficiency of fluorescence detected in the infected thigh (magenta) or uninfected
(saline injected) thigh (gray) over time in hours postinjection of 10 (n = 4). (E) Total efficiency of fluorescence detected in the S. aureus-infected
(magenta) or E. coli-infected thigh (gray) over time in hours postinjection of 10 (n = 3). The probe was injected retro-orbitally 2 h after the
inoculation. Bars represent means =+ standard deviation. P values were determined using unpaired two-tailed Student’s t-tests. *P < 0.05, **P <
0.01, and ***P < 0.001.

measure a statistically significant increase in the time- observed in the WT S. aureus cells (Figure SC, rightmost
dependent fluorescence signal in the WT S. aureus cells column). Interestingly, the labeling pattern of Nile Red in the
compared to the fphE transposon mutant (fphE::Tn) using a WT S. aureus strain differs significantly from that of 10 (Figure
standard plate reader (Figure S7). SC, upper panel), with the Nile Red signal enriched on the cell

We next assessed the applicability of 10 for imaging of the
FphE activity in live cells using confocal microscopy. We
labeled WT and fphE::Tn S. aureus with the membrane dye
Nile Red and probe 10 and then imaged the cells (Figure SC).
Since the two dyes have relatively close excitation wavelengths,
we performed labeling studies using separate samples. In
general, the fluorescent signal from Nile Red in the fphE::Tn

membrane and division septum and 10 showing broad and
diffuse staining consistent with intracellular localization
(Figure SD,E). To further confirm the subcellular localization
of FphE, we used a strain of USA300 expressing an intracellular
GFP reporter. The labeling pattern of probe 10 again showed a
central diffuse localization that overlapped with the GFP signal

strain exhibited a similar intensity and location to that of the (Figure SF). Pretreating USA300-GFP S. aureus with alkyne
wild-type cells (Figure SC, second column). In contrast, probe probe 9 significantly reduced the intensity of the fluorescent
10 produced a diffuse intracellular signal, which was only signal emitted by probe 10 (Figure S8), indicating that
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fluorescence imaging of S. aureus is attributable to covalent
binding of 10 to FphE.

FphE as a Target for Specific Imaging of S. aureus.
Given the high degree of selectivity of probe 10 for FphE,
which is a target that is expressed only in S. aureus, we wanted
to determine if the probe could be used to selectively label S.
aureus cells in the context of an in vivo infection. We first
determined if probe 10 could specifically label S. aureus in the
presence of other microbial species including pathogenic
Gram-positive and Gram-negative bacteria, as well as the
representative pathogenic yeast Candida albicans. Labeling of
each of the microbes with probe 10 and the general serine
protease probe FP-TMR followed by analysis of total cell
lysates by SDS-PAGE (Figure 6A) confirmed that while
multiple serine hydrolases were labeled by the FP-TMR probe
in all tested microorganisms (Figure 6A, left gel), probe 10
predominantly labeled FphE in S. aureus (Figure 6A, right gel).
To further confirm the specificity of probe 10 in live cells, we
directly labeled a mixed culture of the microbes used for the
gel labeling studies (including a GFP-expressing USA300 S.
aureus strain in place of the corresponding unlabeled strain)
and then performed confocal microscopy. This analysis
revealed that within the mixed population of bacteria, only S.
aureus cells were selectively labeled by probe 10 as confirmed
by its colocalization only with the GFP-positive S. aureus cells
(Figure 6B). These results suggest that our probe should
enable specific detection of S. aureus infections with
discrimination over most other common human pathogenic
bacteria and yeast.

To confirm that our probe has the potential to be used in in
vivo imaging studies, we tested for possible off-targets of the
probe in mammalian cells. We therefore conducted labeling
studies in intact and cell lysates derived from human
embryonic kidney 293T (HEK293T) cells (Figure S9). Only
a small number of proteins in the HEK293T lysate proteome
were weakly labeled by 100 nM 10; however, this labeling was
dramatically reduced in the presence of recombinant FphE
(Figure S9A, lanes 2 and S). Even at probe concentrations up
to 10 uM, no distinct labeling of proteins was observed in
HEK293T cells, with only supplemented rFphE predominantly
labeled (Figure S9A, lanes 3, 4, 6, and 7). Furthermore, we
observed no off-target labeling when probe 10 was used with
intact HEK293T cells (Figure S9B). Taken together, these
results suggest that 10 is highly selective for FphE over other
possible off-targets in human cells. In contrast to previously
reported fluorescent probes that achieved selectivity through
the conjugation of vancomycin or maltodextrin,'”'® 10
demonstrated the ability to selectively label the S. aureus-
specific serine hydrolase, FphE. This highlights the potential
advantage of our probe to enable species-specific identification
in the context of in vivo imaging.

Finally, we wanted to determine if probe 10 could be used to
image S. aureus infections in vivo using optical imaging
methods. We used a model of infection where mice were
subcutaneously injected with S. aureus in the left hind thigh,
and either normal saline or E. coli was administered into the
opposite thigh. We injected probe 10 retro-orbitally 2 h after
initial infection and then imaged the live mice using a
fluorescence imaging system (Figure 6C). These results
showed selective localization of probe 10 only at the S. aureus
infection sites compared to the saline injection or E. coli
infection control (Figures S10 and S11). Quantification of the
total fluorescence (Figure 6D) and its ratio between the

infected site and the noninfected site (Table S5) showed that
probe 10 exhibited significantly higher signal at the injection
site. with the highest fluorescence ratio of 2.31-fold at 4 h
postinjection. Probe 10 also demonstrated selectivity for S.
aureus compared to E. coli, with the highest signal ratio of 3.09-
fold at the 4 h time point (Figure 6E and Table S6), which is
comparable to the ratio observed in the saline control. This
contrast over the saline or E. coli infection control remained
relatively consistent at approximately 2—3-fold from 2 to 8 h,
demonstrating the potential value of this probe for S. aureus-
specific imaging.

B CONCLUSIONS

In summary, our study successfully characterized FphE as a
highly specific serine hydrolase expressed in S. aureus, setting it
apart from other pathogenic microorganisms or human cells.
Our rational design of FphE-targeting ABPs led to the
development of JJ-OX-004 (9), an oxadiazolone-based
irreversible covalent alkyne probe of FphE. Further structural
analysis confirmed the binding mechanism of the oxadiazolone
warhead and the covalent modification of FphE by 9. This
probe also provided evidence through ABPP combined with a
protease protection assay that FphE is an intracellular serine
hydrolase. The subsequent development of the fluorescent
probe JJ-OX-007 (10) enhanced selectivity for FphE in live S.
aureus cells, providing a potential new imaging probe for S.
aureus-specific detection. Our in vivo studies demonstrated the
rapid and selective localization of probe 10 at the sites of S.
aureus infections. Overall, our findings suggest that the
oxidazolone electrophile can be chemically tuned to generate
covalent probes that specifically target serine hydrolases in vivo.
Taken together, these results suggest that FphE is a promising
target for the development of S. aureus-specific imaging probes,
and probe 10 has great potential for clinical applications for
both early diagnosis and subsequent therapy monitoring.
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