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Fluorescent Triazole Urea Activity-Based Probes for the Single-Cell
Phenotypic Characterization of Staphylococcus aureus
Linhai Chen, Laura J. Keller, Edward Cordasco, Matthew Bogyo,* and Christian S. Lentz*

Abstract: Phenotypically distinct cellular (sub)populations are
clinically relevant for the virulence and antibiotic resistance of
a bacterial pathogen, but functionally different cells are usually
indistinguishable from each other. Herein, we introduce
fluorescent activity-based probes as chemical tools for the
single-cell phenotypic characterization of enzyme activity
levels in Staphylococcus aureus. We screened a 1,2,3-triazole
urea library to identify selective inhibitors of fluorophospho-
nate-binding serine hydrolases and lipases in S. aureus and
synthesized target-selective activity-based probes. Molecular
imaging and activity-based protein profiling studies with these
probes revealed a dynamic network within this enzyme family
involving compensatory regulation of specific family members
and exposed single-cell phenotypic heterogeneity. We propose
the labeling of enzymatic activities by chemical probes as
a generalizable method for the phenotyping of bacterial cells at
the population and single-cell level.

A phenotype describes the sum of observable traits of
a biological specimen such as a bacterial cell. Although
individual cells of an isogenic bacterial population are usually
indistinguishable from each other, cells are known to func-
tionally respond to their environment, for example, through
the expression of virulence factors, and functionally distinct
cellular subsets have been described. The latter phenomenon,
known as phenotypic heterogeneity, becomes apparent and
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clinically relevant in the formation of surface-associated
bacterial communities known as biofilms,/! the presence of
persister cells,? or in antimicrobial heteroresistance, that is,
the presence of cellular subpopulations with different sus-
ceptibilities to antibiotics.”) However, many functional char-
acteristics and responses of these cells remain hidden as non-
observable traits unless they involve morphological changes
or are visualized by some experimental method. Important
insights into the phenotypic responses of bacterial pathogens
to host factors or other stress or culture conditions have been
gained through transcriptomic or proteomic methods." Such
studies are commonly performed at the level of entire cell
populations, providing a phenotypic snapshot of the “aver-
aged” cell and are thus unable to detect patterns of
phenotypic heterogeneity within a population.

Activity-based probes (ABPs) are functionalized active-
site-directed irreversible enzyme inhibitors that have been
used in a range of diverse applications from chemoproteomic
profiling and identification of enzymatic targets® to non-
invasive invivo imaging in living animals.”) As molecular
imaging with fluorescent ABPs can be used to visualize the
localization and distribution of an enzymatic target in its
physiological environment with single-cell and subcellular
resolution,” we reasoned that this class of chemical tools may
be exploited for the phenotypic characterization of native
bacterial populations.

We have recently performed a cell-based chemical
proteomics study in the Gram-positive opportunistic bacterial
pathogen Staphylococcus aureus that identified 12 active
serine hydrolase targets, including lipase 1 and 2 (SALI,
SAL2) as well as 10 largely uncharacterized hydrolases that
we termed fluorophosphonate-binding hydrolases (Fph) A-
J.U The secreted S. aureus lipases SAL1/2 are encoded as pre-
pro-proteins by the gehA and gehB genes!®! Both have
recently been ascribed roles in bacterial virulence by promot-
ing biofilm formation and host cell invasion.’! Our prelimi-
nary functional characterization of Fph enzymes focused on
the 34 kDa FphB. We described FphB as a virulence factor,
the activity of which is regulated at the host—pathogen
interface.™ In a systemic mouse infection model, we also
found a mild contribution to liver pathogenicity for the
31 kDa hydrolase FphE." The catalytic activities and func-
tional relevance of the other 8 Fph enzymes remain unex-
plored. Competitive activity-based protein profiling of
fluorophosphonate(FP)-labeling in S. aureus using our in-
house library of circa 500 serine-reactive compounds (based
on chloroisocoumarin, sulfonyl fluoride, or diphenyl phos-
phonate electrophiles) identified a chloroisocoumarin hit that
we developed into an FphB-selective fluorescent ABP. This
probe provided important insight into the localization of
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