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An activity-based probe library for identifying promiscuous
amide hydrolases

A fluorogenic substrate library was developed to visualize amide
hydrolase activity in soil-derived chitin-degrading bacteria.
Lead compounds were converted into activity-based probes
for chemoproteomic enrichment, enabling identification

of hydrolases with potential substrate promiscuity and
applications in enzymatic depolymerization of synthetic

and natural polyamides.
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A fluorogenic substrate library was developed to detect amide
hydrolase activity in soil-derived chitin-degrading bacteria. Hit
compounds were converted into pull-down probes for chemopro-
teomic enrichment, identifying previously unannotated proteins
now linked to putative hydrolases. This approach prioritizes candi-
date hydrolases for further experimental validation with potential
applications in the environment, biomanufacturing, and medicine.

Cell phenotype is the result of the complex outward expression
of many underlying proteins, whose activity is influenced by
abundance, post-translational modifications, co-factors and
other regulatory mechanisms. While transcriptomics or proteo-
mics provide insight into abundance, they often fail to distin-
guish active proteins from inactive ones. Thus, there is a need
for complementary methods to understand their functional
contribution to phenotype.”” Furthermore, incomplete geno-
mic annotation poses challenges in linking proteins to specific
cellular processes or phenotypes.

Chemical probes are perfectly suited to bridge some of these
gaps.’ Fluorogenic synthetic substrates have been used to report
on biochemical functions, even in cases where the underlying
biochemistry is poorly understood.* For example, a library of
fluorogenic ester substrates with varying fatty acid side chains
was used to explore the lipidomic diversity> and global substrate
specificity of the key amide hydrolase of M. tuberculosis.® Amide-
based probes with either natural or unnatural amino acids were
used to fingerprint aminopeptidases”® and peptide-based’
fluorogenic libraries have also been used to fingerprint amino-
peptidase activity in Plasmodium. Similarly, a recently created
library based on natural and unnatural amino acids was used to
distinguish early-stage pancreatic tumors based on activity
profiles.'"” A library-based approach has also been used to
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discover novel biomarkers for tumor cells'' and IBD'* based on
aminopeptidase and protease activity. Inspired by this approach,
we sought to apply a larger library of amide-based probes to
characterize amino peptidases involved in nitrogen and carbon
utilization pathways in soil microbes.

As with the other approaches referenced above, we drew
inspiration from substrate activity screening (SAS), a mechanism-
based method that uses non-natural fluorogenic substrates to
identify novel enzyme acitivity.”> SAS centers on an enzymatic
cleavage reaction, such as amide bond hydrolysis,"* and employs a
library of small molecules that release a fluorescent product after
enzymatic cleavage. These libraries can be screened against biolo-
gical samples to uncover unique biochemical processes. SAS has
been successfully applied to proteases,'*'> phosphatases,'® and
kinases,'” and holds potential to discover enzymes relevant to
energy, biofuels and materials, and environmental and host-
associated microbial processes, including hydrolases, lipases,
DNases, RNases, and oxidases."®

SAS has several advantages over conventional high through-
put screening approaches. Since a positive result requires a
functionally active enzyme, false positives cannot arise from
common screening artifacts such as compound aggregation, pro-
tein precipitation, or non-specific ligand binding. It is particularly
effective for detecting weak-binding hits because the assay signal
accumulates as a result of continuous enzyme activity. SAS’s one-
step synthesis greatly simplifies the generation of diverse libraries
to maximize coverage of the chemical space. Furthermore, we can
convert selective substrates identified through SAS into activity
based probes (ABPs),"> enabling identification of the proteins
linked to the observed enzyme activity.

For the initial demonstration of the capability of SAS, we
explored amide hydrolysis activity in soil-derived bacteria as
they live in complex environments with diverse chemical expo-
sure and release enzymes that can break down a wide range of
compounds (Fig. S1). These microbes employ a broad spectrum
of amide hydrolases, such as proteases, hydrolases and carboxy-
peptidases, that are relevant to nutrient cycling,'® nitrogen
access from complex plant substrates,?® and waste recycling.>*

This journal is © The Royal Society of Chemistry 2025
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The genomic profiles of soil-derived bacteria strains Sinorhizo-
bium meliloti (SRB) and Sphingopyxis fribergensis (SPX) have
identified numerous uncharacterized amidase-like domains,
including chitin metabolism genes, and the majority of these
genes such as, chitinase, N-acetylhexaminidase and deacetylase,
belong to the hydrolase enzyme class.>” They have been studied
for their unique catalytic potential>*** and identified as a key
community member of model soil consortia in recalcitrant
biomass degradation. Thus, we specifically interrogated enzy-
matic activity from SRB and SPX, which are capable of hydro-
lyzing chitin/N-acetylglucosamine (NAG) to glucosamine.*” We
hypothesized that amide hydrolases associated with the chitin/
NAG-degrading phenotype would show greater activity with NAG
as the sole carbon source than with glucose.

To test our hypothesis, we used a SAS strategy to design a
non-natural fluorogenic substrate library to investigate non-
canonical amidase activity across structurally diverse carboxylic
acid substrates (Fig. 1). The library was composed of a set of
carboxylic acids purchased from ChemBridge, amino acids, and
various other readily accessible carboxylic acids. To strategically
capture proteases—as they are known to react with amino acid-
based substrates—and set a baseline, substrates based on catio-
nic and lipophilic amino acids were included. The anionic amino
acids were excluded as they were not amenable for one-step
amide coupling. The amide coupling of the library with rhoda-
mine resulted in primarily di-amides and occasionally mono-
amides. In total, there were 99 di-amides and 22 mono-amides
and both subsets included aliphatic and aromatic substrates
(Fig. 1A and B). The library has a molecular weight range of
444-1277, with a mean molecular weight of 789 + 182 (Fig. 1C).
Lipophilicity varied greatly for the library, with clogP values
ranging from 0.2-14.6, with a mean value of 7.3 + 2.8 (Fig. 1D
and E). The amino acid subset clustered as more polar, the
organic subset as less polar, and the ChemBridge set was more
varied. We first tested our library through co-incubation with the
selected SRB and SPX strains with a glucose carbon source and
compared fluorescence evolution relative to buffer controls. In
SRB, we observed an appreciable spread of activity for each of the
three designated substrate classes (Fig. 2A), whereas most SAS
probes with high turnover for the SPX strain were primarily
amino acid conjugates (Fig. 2B). We further examined structural
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Fig. 1 Calculated properties for the substrate activity screening library. (A)
Total count for each general category. (B) Count for each category by
amide type. (C) Jitter plot for molecular weights for all compounds. (D)
Jitter plot for clogP of all compounds. (E) Jitter plot for the calculated TPSA
for all compounds.
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Fig. 2 Global evaluation of amidase activity for SRB (A, C, E) and SPX
strains (B, D, F) by assigned substrate class and aliphatic/aromatic class.
The axes are fold change of RFU SRB (or SPX)/RFU buffer. The colours
indicate substrate sub-group; Blue-ChemBridge library, Red-Amino acids,
Green-organic.

features that might influence activity, and found a broad range of
activity for aliphatic substrates, but did not find any activity with
aromatic substrates (Fig. 2C and D) for both strains, suggesting
that the strains will not yield any interesting candidates for aramid
degradation. Next, we tested whether there would be any shifts in
activity for the respective strains upon shifting from Glu-media to
NAG-media, and no major changes in substrate activity were
observed for either strain (Fig. 2E and F). There were no examples
where there was activity in NAG-media, but not in Glu-media.
Furthermore, there were many instances in both strains of lower
activity when switching from Glu-media to NAG-media. Perhaps
unsurprisingly, for both strains in either media condition, the
most active substrate was an amino acid derivative (Arg).

To identify structural trends, the library was analysed by
focusing on amino acid-related compounds similar to the active
SAS22 substrate (Fig. 3 and Fig. S2). A basic group alone did not
guarantee robust activity, as lysine derivative SAS19 exhibited very
low activity, and the des-amino counterpart SAS49 was completely
inactive. However, the glycine-based substrate SAS44 demon-
strated good activity. The loss of activity in SAS51 after acetylation
of the glycine amine suggests that basicity is crucial for this
compound. Additionally, increasing the side chain bulk (SAS43
and SAS48) appears to reduce activity.

Several compounds structurally similar to the highly active
SAS46, a phenylalanine derivative (Fig. 3 and Fig. S3), demon-
strated activity. The hydroxylated substrate (tyrosine derivative
SAS47) retained 80% activity, while the des-amino compound
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SAS17 maintained 5% activity despite the removal of the amino
group. Adding a methylene group to the aliphatic linker of
SAS17, as in SAS18, partially restored the activity (Fig. S4).
Phenyl compounds with a p-hydroxy (SAS13) or p-methoxy
(SAS16) substituent showed slight increases in activity. Remark-
ably, SAS16, which does not mimic any natural amino acid,
retained nearly 30% of the activity of the most active natural
amino acid substrates. Further analysis revealed that the phenyl
ring of SAS18 could be replaced with a saturated cyclohexane
ring (SAS11) without losing activity, and three heterocycles at
this position (SAS10, SAS12, SAS14) also displayed modest
activity (Fig. 3 and Fig. S4). Modifications to the linker region
of the heterocycle compounds (SAS101, SAS59) reduced activity,
while sulfonamide-containing linker compounds (SAS116,
SAS117) retained modest activity (Fig. 3 and Fig. S4). Observing
activity across such diverse and unconventional substrates high-
lights the library’s potential to uncover unexpected functional
capabilities, opening new avenues for exploration. To identify
unique probe substrates specific to the strain, the activities of
all probes were compared between the two strains. Three non-
canonical amidase substrates (SAS121, SAS122, and SAS126)
showed a much higher preference to be turned over by SRB
than SPX, regardless of the media conditions (Fig. S5). The
enzymes in SRB displaying distinct activity were investigated as
potential markers to differentiate this strain from SPX.

To identify enzymes responsible for activity in SRB, we
converted initial substrate hits into activity-based probes (ABPs)
for activity-based protein profiling (ABPP). ABPP is a powerful
technique for studying enzyme activities in complex biological
systems using ABPs—chemically designed molecules that selec-
tively target and label enzymes based on their catalytic activity.>®
ABPs consist of a reactive group that covalently modifies an
enzyme’s active site and a reporter moiety for detection and
identification.

We selected SAS122 based on its strong activity in SRB and
minimal activity in SPX (73.0- and 1.1-fold increase relative to
buffer controls, respectively). SAS35 was chosen as a comparison
substrate because it exhibited consistently low activity in both
strains (3-fold increase relative to buffer controls), serving as a
control for non-specific background labelling. ABPP probes were
synthesized by replacing the rhodamine fluorophore in each
substrate with a chloroisocoumarin warhead. This covalent war-
head binds by allowing a nucleophilic residue in the enzyme’s
active site to attack the carbonyl group of the isocoumarin,
eliminating chloride and forming quinone methide, which can
trap a second nucleophilic residue or solvent molecule in the
active site. The chloroisocoumarin warhead was synthesized
using previously reported methods,® and methyl valeric acid
was conjugated to it via peptide coupling with HATU, yielding
ABP-35 (Fig. 4). For ABP-122, carboxylic acid synthesis involved
refluxing 5-chloro-2-methoxyaniline with succinic anhydride at
80 °C, followed by peptide coupling with HATU (Fig. 4A). To
identify probe targets, proteins modified by ABP-122 and ABP-35
were characterized using liquid chromatography-tandem mass
spectrometry (LC-MS/MS). SRB cell lysates grown in NAG media
were treated with each probe or vehicle (DMSO), followed by
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View Article Online

Communication

SN

Recognizing groups from ABP 35 and 122
] ABP35 R=

¥ 9 Warhead activation site
) Iy (Y
SO = e hi

<N/ H
/§>0 o NN A }E
P I X ABP122 R= A
L~ 5= Y

aminoacid reactive site

Cl

8 : ABP-122

-log(p-value)

* -log(p-value)

T L s m—

1T
2 4 62 [ 2 4 6

.
oda

~

ABP-122

ABP-35
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using the ABP-35 probe. (A) Conversion of screen hits to activity-based
probes (left-35ABP, right-122ABP). (B) Probe-labeled proteins compared
across SRB cell lysates grown on NAG media. (C) 48 and 58 proteins
showed preferential enrichment for ABP-35 and ABP-122, respectively, in
NAG-media. (C) EC number analysis of preferentially enriched proteins. Pie
charts show the functional classifications of enriched proteins identified
using ABP-35 (left) and ABP-122 B (right).

conjugation to a biotin-azide reporter tag, streptavidin-based
enrichment, and proteomic analysis. Direct enrichment of
probe-labeled proteins was performed with ABP-122 and ABP-35
separately, compared to DMSO-treated lysates. NAG media was
selected due to higher labeling observed in fluorescence gels
(Fig. S6). Proteins preferentially enriched by the probes were
identified based on two criteria: (1) statistically significant differ-
ences (p < 0.05) between probe-labeled samples and negative
controls, and (2) at least 3-fold higher abundance in probe-
labeled samples compared to controls. Proteins meeting both
criteria were defined as engaging in a covalent interaction
(Fig. 4B). A total of 77 proteins showed activity-based enrichment
with ABP-122 in NAG media compared to the no-probe control
(Table S1), while 67 proteins were enriched with ABP-35 (Table
S2). Among these, 19 proteins were commonly enriched by both
probes, whereas 48 and 58 proteins were specifically enriched by
ABP-35 and ABP-122, respectively (Fig. 4B). Enzyme commission
(EC) number analysis of the identified proteins for both probes
revealed preferential enrichment under defined criteria (Fig. 4C
and Fig. S7). The identified proteins encompassed all functional
enzyme classes, with transferases, hydrolases, oxidoreductases,
lyases, and ligases being predominant. Because the warhead is
activated by cleavage of the ester linkage (Fig. 4A)—whether
through a catalytic residue, water mediation, or reductive
cleavage—it is not surprising that broader classes of enzymes
are enriched. Notably, the probes captured enzymes acting on
amide bonds, including N-acetylglucosamine-6-phosphate dea-
cetylase, as well as 15 unannotated proteins (Tables S1 and S2)
that represent candidates for further investigation.

To understand the cellular functions associated with enriched
proteins, we performed KEGG pathway analysis (Fig. S8). Compar-
ing the representation of the enriched proteins identified using

This journal is © The Royal Society of Chemistry 2025
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both probes to the total predicted proteins in the SRB genome
showed a significant enrichment in metabolic pathways. The
overrepresentation of metabolic proteins suggests that there may
be niche differences in metabolism that enable SRB to hydrolyze
probes 35 and 122. Notably, amide hydrolases, which are involved
in pathways such as amino acid metabolism, the urea cycle, and
amino group metabolism, may be central to this metabolic
activity.”” Thus, ABP-122 has identified a distinct functional profile
of amide hydrolases specific to SRB. Biosynthesis of secondary
metabolites and amino sugars terms were enriched, which are
terms associated with complex carbon nitrogen source utilization
and processing of chitin and chitosan break down, respectively.

In summary, the SAS approach identified a unique function
distinguishing two microbial species working in a consortium
to degrade chitin. The probe library facilitated high-throughput
identification of amide hydrolase activity in the SRB strain.
Compounds 122 and 35 were identified as functional hits from
the library and synthetically converted into ABPP probes, which
were used in chemoproteomics to identify proteins associated
with hydrolases and transferases, known for amide bond
hydrolysis. KEGG pathway analysis confirmed that the probe-
enriched proteins are involved in metabolic pathways. The
chemoproteomics findings demonstrate the utility of the
approach in prioritizing candidate proteins for further investi-
gation of their broader hydrolase functions, which will have use
in the upcycling of polyamides such as nylon.>®
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