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Approximately 2.8 million people worldwide are infected with bacteria that are deemed
resistant to clinically relevant antibiotics. This accounts for 700,000 deaths every year and
represents a major public health threat that has been on the rise for the past two decades.
In contrast, the pace of antibiotic discovery to treat these resistant pathogens has
significantly decreased. Most antibiotics are complex natural products that were
isolated from soil microorganisms during the golden era of antibiotic discovery (1940s
to 1960s) employing the “Waksman platform”. After the collapse of this discovery
platform, other strategies and approaches emerged, including phenotype- or target-
based screenings of large synthetic compound libraries. However, these methods have
not resulted in the discovery and/or development of new drugs for clinical use in over 30
years. A better understanding of the structure and function of the molecular components
that constitute the bacterial system is of paramount importance to design new strategies
to tackle drug-resistant pathogens. Herein, we review the traditional approaches as well
as novel strategies to facilitate antibiotic discovery that are chemical biology-focused.
These include the design and application of chemical probes that can undergo
bioorthogonal reactions, such as copper (I)-catalyzed azide-alkyne cycloadditions
(CuAAC). By specifically interacting with bacterial proteins or being incorporated in the
microorganism’s metabolism, chemical probes are powerful tools in drug discovery that
can help uncover new drug targets and investigate the mechanisms of action and
resistance of new antibacterial leads.

Keywords: antibiotic discovery, antimicrobial resistance, resistant pathogens, chemical biology, click chemistry,
bioorthogonal probes
INTRODUCTION

Antibiotic resistance is rapidly increasing on a global scale. A recent study predicts that, by 2050,
antibiotic-resistant infections will cause more deaths yearly when compared to the deaths caused by
cancer (1). At the same time, the discovery rate of antibiotics belonging to novel chemical classes
and with new mechanisms of action (MoAs) is declining. This is largely due to a combination of
scientific, economic and policies challenges that include a lack of innovation in antibacterial drug
ersin.org March 2022 | Volume 3 | Article 8454691
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discovery methods and low economic incentives from both the
public and private sectors (2). Another reason for the lack of
success in the discovery of new antibiotics is the poor
understanding of the bacterial cell system as a whole, despite
advances in bacterial genomics and drug discovery platforms (3).
TRADITIONAL APPROACHES USED IN
ANTIMICROBIAL DRUG DISCOVERY

The vast majority of antibiotics currently used in the clinics were
discovered during the few decades after World War II, a period
often referred to as the golden age of antibiotic discovery. At that
time, the traditional approach for antibiotic discovery consisted
of screening for compounds produced by soil-derived microbes
that inhibited the growth of pathogenic bacteria in vitro.
Through this method, also known as the “Waksman platform”,
scientists discovered several natural product-derived antibiotics
that are still in use today, including: streptomycin, vancomycin,
tetracycline, and rifampicin (4) (Table 1). After about two
decades using this platform, scientists began to encounter
difficulties, with known compounds being repeatedly
discovered and their efforts consistently yielding diminishing
returns (3, 5). Following the collapse of the Waksman platform,
the efforts to find new antibiotics shifted from isolating natural
products to synthesizing new compounds and creating slightly
modified analogs of existing drugs. These approaches resulted
both in new medicines of the quinolone, oxazolidinone, and sulfa
classes, for example, and in optimized drugs of preceding
antibiotic chemical classes, which were very useful in the
clinics but still susceptible to resistance (6, 7).

Rapid advances in genomics, bioinformatics, and medicinal
chemistry in the 1990s gave rise to high-throughput screening
(HTS) and, with it, target-based screening was introduced into
antibiotic discovery programs in addition to the traditional
phenotype-based screens (4, 8) (Table 1). While the latter
involves selecting antibacterial compounds according to a
Abbreviations: CuAAC, copper (I)-catalyzed azide-alkyne cycloaddition; MoA(s),
mechanism(s) of action; HTS, high-throughput screening; FDA, Food and Drug
Administration; BamA, component A of the b-barrel assembly machinery
complex; DBO, diazabicyclooctane; SPRR, structure-porin permeation
relationships; ESKAPE, Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species; JNK, c-Jun N-terminal kinase; NRP(s), non-ribosomal
peptide(s); antiSMASH, antibiotics and secondary metabolite analysis shell;
BGC(s), biosynthetic gene cluster(s) (BGC); NRPS(s), non-ribosomal peptide
synthetase(s); NMR, nuclear magnetic resonance; IC50, half maximal inhibitory
concentration; ABP(s), activity-based probe(s); ABPP, activity-based probe
profiling; PG, peptidoglycans; LPS, lipopolysaccharides; CPS, capsular
polysaccharides; VRSA, vancomycin-resistant S. aureus; VSSA, vancomycin-
sensitive S. aureus; SA, staphyloferrin A; BONCAT, bioorthogonal noncanonical
amino acid tagging; DiZPK, ((3-(3-methyl-3H-diazirin-3-yl)propamino)
carbonyl)-Nϵ-L-lysine; ACPK, N

ϵ-((((1R,2R)-2-azidocyclopentyl)oxy)carbonyl)-

L-lysine; IBD, inflammatory bowel disease; FDAA, fluorescent D-amino acid;
TAMRA, tetramethylrhodamine azide; TADA, TAMRA-amino-D-alanine;
Cy5ADA, Cyanine 5-amino-D-alanine; GlcNAc, N-acetylglucosamine; GalNAz,
azido-labeled N-acetylglucosamine; sulfo-NHS, sulfo-N-hydroxysuccinimide;
BioGlyCMK, biotin-glycine-chloromethylketone; BSH, bile salt hydrolase.
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specific phenotype they exhibit (Figure 1A), such as inhibition
of bacterial growth, in the former method, compound libraries
are screened against a pre-determined protein target for
inhibition of its biological function (Figure 1B). Target
identification and validation are crucial in both approaches to
elucidate and better understand the inhibitor’s MoA. In
phenotypic assays, however, this is usually determined much
later in the discovery process and, in many cases, even after
approval for clinical use. Conversely, despite knowing the drug
target from the start in target-based approaches, these in vitro
screens often identify lead inhibitors that fail to penetrate the
bacterial cell wall and wind up being biologically inactive (4, 5).

The evolution of multi-drug resistant bacteria has been
surpassing the rate of antibiotic discovery for many decades.
Although the number of antibiotics to reach the clinics has
increased in the past few years, it still represents a minor
percentage (< 10%) of the total drugs approved by the Food
and Drug Administration (FDA). For instance, in the period of
2018 and 2019, only 9 antibacterial agents were approved by the
FDA, including: plazomicin; eravacycline; sarecycline;
omadacycline; rifamycin; a combination therapy comprising of
imipenem, cilastatin, and relebactam; pretomanid; lefamulin;
and cefiderocol (9, 10). From this list, only pretomanid
represents a first-in-class drug, while the others are either
derivatives of existing compounds, such as tetracycline, or new
combinations of existing drugs (10). The absence of new
antibiotic classes with efficacy against Gram-negative
pathogens is of particular concern. Consequently, the
development of new strategies for antibiotic discovery with
lower costs and increased success rates is fundamental to
invert this dire scenario. Given the urgent need, recent
research efforts have been devoted into antibiotic discovery
and resulted in novel promising strategies and therapeutic leads.

Despite being underexplored for a period of time, natural
product discovery has undergone a revival in the past few years.
Scientists are now looking into unexploited and more diverse
sources of antimicrobials, such as uncultured bacteria,
invertebrates, and plants (11). For instance, the natural
product teixobactin has been isolated and identified from the
extracts of uncultured soil microbes (12). This compound was
shown to inhibit bacterial cell wall synthesis in Gram-positive
bacteria, such as Staphylococcus aureus and Mycobacterium
tuberculosis, without detectable resistance. Another recently
reported natural product, darobactin, was discovered from
extracts of the gut microbiome of nematodes (13). Darobactin
showed activity, both in vitro and in vivo, against Gram-negative
pathogens; however, resistance was detected viamutations on its
target protein, the b-barrel, outer membrane protein periplasmic
chaperone (BamA) (13). Marine invertebrates have also been
explored for antimicrobial natural products, and a variety of
compounds from different chemical classes such as
oxazolidinones and guanidinium alkaloids have been reported
in recent literature (14).

Although no antibiotics discovered through HTS methods
have made it to the clinics so far, recent improvements in the
antibiotic discovery pipeline have resulted in promising new
therapeutic leads (4). A combination of HTS with rational design
March 2022 | Volume 3 | Article 845469
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holds great promise in producing new scaffolds to overcome
resistance and expand pathogen scope given the advances in
synthetic chemistry and an increased knowledge on the desired
pharmacokinetic properties of antibiotics (3, 14, 15). Moreover, a
switch from reductionist genes-to-drugs studies to more
comprehensive systems-level approaches in antibacterial drug
Frontiers in Tropical Diseases | www.frontiersin.org 3
discovery has proven fundamental to identify antibiotics with
novel MoAs and less prone to resistance (3). For example, the
compound N3-Cyclopropyl-7-[[4-(1-methylethyl) phenyl]
methy l ] -7H -pyr ro lo [3 ,2- f ]qu inazo l ine-1 ,3 -d iamine
dihydrochloride, referred to as SCH-79797, was recently
identified in a library screen of approximately 33,000 unique
TABLE 1 | Summary of the traditional approaches used in antimicrobial drug discovery.

Waksman platform Phenotypic-based Target-based

Format/
characteristics

• Screening of soil-derived microbes for
compounds with antibiotic activity

• Compound screening through biological
assays

• Measurement of biological effects on cells,
tissues, or organism

• High-throughput compound library
screening against a pre-determined protein
target

• Purified recombinant proteins or cells
overexpressing the target protein

Advantages/
successes

• Systematic, deliberate screening approach
• Discovery of several natural-product

derived antibiotics that are still in use
today: vancomycin, streptomycin,
tetracycline, rifampicin

• Screen hits are identified based on
biological activity

• Screen conditions are better translatable to
clinical conditions

• Screening of multiple compounds at once
• Target and possibly mechanism of action

known since the start

Disadvantages/
failures

• Continuous rediscovery of known
compounds

• Resistance detected for many antibiotics
identified through this platform

• Mechanism of action usually not known or
determined much later, often after FDA
approval

• Very low success rate

• Poor penetration through bacterial cell wall
resulting in the inability to translate in vitro
to in situ/in vivo activity

• No new antibiotics for clinical use have
resulted from this platform
A B

FIGURE 1 | Traditional approaches to antibiotic discovery: (A) phenotypic-based and (B) target-based screens. Both methods follow similar steps later in the
cascade: hit compounds evaluation, lead compound validation and optimization, and preclinical and clinical development.
March 2022 | Volume 3 | Article 845469
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small molecules (16). It demonstrated broad-spectrum
bactericidal activity, both in vitro and in vivo , with
undetectably low resistance frequencies. By using a
combination of quantitative imaging, proteomics, genetics,
metabolomics, and whole-cell assays, the authors identified a
dual-targeting MoA for SCH-79797. Finally, medicinal
chemistry efforts resulted in a derivative of SCH-79797,
Irresistin-16, with higher potency and reduced mammalian
toxicity that demonstrated efficacy in treating a Neisseria
gonorrhoeae animal infection model. Overall, this study
showed that combining multiple targeting moieties and MoAs
onto the same small molecule is a novel powerful method to
tackle drug-resistant pathogens.

Another recent rational design study reported the discovery
of antibiotics from the diazabicyclooctane (DBO) chemical class
that showed activity against Gram-negative bacteria without
detectable resistance (17). Initial modifications to the structure
of avibactam, a known DBO b-lactamase inhibitor, resulted in a
first lead compound that showed bactericidal activity against
antibiotic-resistant pathogens in vitro, as well as potent in vivo
efficacy against a Pseudomonas aeruginosa infection model.
Additional structure optimization was necessary, however, to
improve the compound’s permeation across bacterial outer
membranes. After noticing that chemical features that
enhanced target potency were also responsible for preventing
compound uptake, the authors established an optimization
strategy involving structure-porin permeation relationships
(SPPR) that led to the design of the compound (4R,7S)-7-(N-
h y d r o x y -N ’ -m e t h y l c a r b am im i d o y l ) - 1 -m e t h y l - 4 -
(sulfooxyamino)-5,7-dihydro-4H-pyrazolo[3,4-c]pyridine-6-
carboxylic acid, referred to as ETX0462. This compound
demonstrated enhanced bacterial uptake with potent target
inhibition in vitro, as well as in vivo activity against difficult-
Frontiers in Tropical Diseases | www.frontiersin.org 4
to-treat bacteria, such as the ESKAPE pathogens (Enterococcus
faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, P. aeruginosa, and Enterobacter species), in
addition to Stenotrophomonas maltophilia, and other pathogens.
EMERGING APPROACHES
AND TOOLS USED IN ANTIMICROBIAL
DRUG DISCOVERY

Machine Learning-Based Approaches:
Using Deep Neural Networks to Predict
Antibiotic Activity
There has been a rising interest in developing and applying
computational prediction algorithms in drug discovery over the
past few years, and these approaches can be particularly
advantageous for antibacterial drug discovery. They have the
potential to decrease the costs of lead compound identification
while simultaneously decreasing the time and labor needed to
find ideal molecules and increasing the rate to identify
structurally novel antibiotics (Table 2). In a recent study, a
machine/deep learning approach was used to predict
antibacterial molecules in silico from multiple structurally
diverse chemical libraries (7). First, a small library composed
of known antibiotic drugs served as a training set to teach a deep
neural network to predict growth inhibition of E. coli (Figure 2,
1). After optimization, their model was applied to several
chemical libraries to identify potential lead compounds with
the desired phenotype (Figure 2, 2-4). Finally, the most
promising candidates were chosen for empirical tests based on
high prediction scores, chemical structure (distant from known
antibiotics), availability, and low predicted toxicity.
TABLE 2 | Summary of the emerging approaches used in antimicrobial drug discovery.

Machine learning-based Chemical biology-based

Format/
characteristics

• Use of a training set (existing drugs with a known phenotype) to train
deep neural networks to predict antibiotic activity

• In silico screening of large compound libraries (from thousands to
millions of compounds)

• Hit compounds are selected based on pre-determined characteristics
(chemical structure, availability, toxicity)

• Use of functionalized molecules (usually a drug or metabolite)
• Chemical reporters: reporter tag added to main scaffold
• Activity-based probes (ABPs): recognition element, reactive group,

and reporter tag
• Use of whole cells or cell lysates for assays

Advantages/
successes

• Faster and cheaper than traditional screening methods
• Potential to increase the success rate to identify structurally novel

antibiotics
• Deliberate choice of compound libraries (drug repurposing hub, for

example) and the prediction parameters (low toxicity, diverse
chemical structures) can greatly facilitate the translation from in silico
to biological activity

• Potential to discover new targets for antimicrobial drug development
• Bioorthogonal reactions allow for the specific labeling of target

proteins (target identification)
• Biological activity can be directly attributed to the protein being

labeled (mechanism of action/resistance elucidation)
• Different reporters can be used with the same probe, resulting in a

variety of outputs: visualization of live cell events (fluorophores),
enrichment and pull-down and mass-spectrometry identification
(biotin)

• Chemical probes can be coupled to the existing drug discovery
platforms

Disadvantages/
failures

• Empirical tests are still needed to confirm the biological activity, target
and mechanism of action of hit compounds

• In silico predicted antimicrobial activity may not translate to in vitro/in
situ/in vivo activity

• Hit compounds may not be cell permeable

• Chemical synthesis of probes can be challenging (time-consuming,
cost and stability issues)

• Addition of functional groups to existing drugs or metabolites can
jeopardize their biological activities

• Potential background noise from off-target probe labeling
March 2022 | Volume 3 | Article 845469
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A small-molecule inhibitor of the c-Jun N-terminal kinase
(JNK), named halicin, was discovered from the Drug
Repurposing Hub as a compound with broad-spectrum in vitro
and in vivo bactericidal activity using a deep learning approach
(7). While halicin was identified from an initial test involving
2,300 candidates, a much larger library comprising more than
107 million molecules was screened and resulted in 23 hits that
were further tested to confirm their activities. From this, eight
antibacterial compounds with diverse chemical structures were
identified, and two, in particular, displayed broad-spectrum
activity even against resistant E. coli strains. Overall, the deep
learning approach was to show the feasibility and plausibility
of this approach, hence proving a model to facilitate
antibiotic discovery.

For specific structural classes of well-known antibiotic
compounds such as non-ribosomal peptides (NRPs), automated
discovery from natural sources has been enabled by
computational methods (18). The authors of this study created
the NRPminer, an algorithm that uses the antibiotics and
secondary metabolite analysis shell (antiSMASH) genome
mining tool (19) to identify biosynthetic gene clusters (BGCs)
in the genomes of organisms that encode for NRP synthetases
(NRPS). They utilized this algorithm to search for post-assembly
modified NRPs from large (meta)genomic and mass spectrometry
databases. NRPminer discovered NRPs from different bacterial
samples, including soil-associated microbes and the human
microbiota. Furthermore, the authors validated two of the
previously unreported NRP families predicted by the algorithm
using nuclear magnetic resonance (NMR) and demonstrated their
anti-parasite activities, although modest (IC50 value in the low
millimolar range), against Trypanosoma brucei, the unicellular
Frontiers in Tropical Diseases | www.frontiersin.org 5
flagellated parasite that is the causative agent of the fatal tropical
disease named sleeping sickness.

The success of machine/deep learning and other methods
described here for antibiotic discovery is deeply connected to the
number of tools and data available, as well as appropriate
experimental designs. For this, understanding bacterial cell
systems and the related chemistry is of paramount importance.
Advances in bacterial genome sequencing and proteomic
technologies have significantly enhanced our knowledge of
microbial biochemistry by providing valuable insight on
biochemical functions and mechanisms, as well as novel
enzymes and metabolites (20). This information alone,
however, is not sufficient to produce a comprehensive picture
of how drug candidates interact with bacterial systems at the
molecular level to uncover novel antibacterial leads and their
mechanisms of action. In this context, the use of chemical tools
to probe biology is a powerful strategy to investigate the targets
and functions of antimicrobial drug candidates (3).

Chemical Biology-Based Approaches:
Using Chemical Probes as Tools in
Antibiotic Discovery
Chemical probes usually consist of a drug or metabolite
functionalized with a reporter tag, such as a fluorescent dye or
affinity tag, for imaging and/or proteomic applications
(Figure 3A and Table 2). Similar to chemical probes, activity-
based probes (ABPs) consist of three elements: (i) a recognition
element, which promotes selectivity toward the target of interest;
(ii) a reactive group (electrophilic or photoreactive) that
covalently binds to the interacting protein(s); and (iii) a
reporter tag that enables detection, enrichment, identification
FIGURE 2 | Novel approaches to antibiotic discovery. Machine/deep learning applied to antibiotic discovery affords rapid and inexpensive screening of compounds
with potential antimicrobial activity. A small set of known antibiotics is used to train a deep neural network (1) to predict compounds that produce a specific
phenotype, such bacterial growth inhibition (2). After optimization, the resulting model is applied to multiple chemical libraries (3) to identify potential lead compounds
with antibiotic activity (4). Finally, promising candidates are chosen based on desired properties, such as chemical structure diversity, synthetic availability, and low
predicted toxicity (5).
March 2022 | Volume 3 | Article 845469
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and/or visualization of the probe-labeled protein(s) (Figure 3A
and Table 2) (21). Most bioorthogonal probes contain alkyne
and azide groups for copper(I)-catalyzed azide-alkyne
cycloadditions (CuAAC), but click reactions are versatile and
can be performed between various pairs of compatible
bioorthogonal reactive groups, such as triarylphosphines and
azides (Staudinger ligation), amines and aldehydes or ketones
(carbonyl condensation), among others (Figures 3A, B) (21). All
of these elements should be carefully studied and considered
when designing chemical reporters and ABPs so that they do not
interfere with the probes’ ability to bind to potential
targets (Table 2).

Chemical probes can be introduced to whole cells or lysates to
specifically label the biomolecules they interact with via either
affinity binding alone (chemical reporters; one-step labeling
strategy; Figure 3C, 1) or affinity binding combined with
bioorthogonal (or “click”) reactions (activity-based probes;
two-step labeling strategy; Figure 3C, 2). ABP profiling
(ABPP) facilitates the investigation of microbiota-metabolite
interactions, microbiome composition, and microbiome
dynamics (22). Advances in chemoproteomic techniques have
greatly facilitated the detection of covalent probe-tagged proteins
following ABPP routine in the last few years (23). A number of
chemical reporters and ABPs have been developed and applied to
study various classes of microbes, including Gram-negative,
Frontiers in Tropical Diseases | www.frontiersin.org 6
Gram-positive, mycobacteria, and even more complex
microbiota communities (Figure 4). Among bacterial
molecules tagged by chemical reporters are surface glycans,
peptidoglycans (PG), lipopolysaccharides (LPS), capsular
polysaccharides (CPS), glycoproteins, amino acids, lipids, and
secondary bile acids (produced by the microbial transformation
of host bile acids) (22).

Chemical reporters are useful tools to visualize global events
happening in a bacterial cell. For example, fluorescent probes
have been employed to study PG biosynthesis, an important
crosslinked glycopeptide polymer involved in maintaining cell
shape and integrity in bacteria (24). Vancomycin and
ramoplanin, two antibiotics known to bind PG precursors,
were attached to fluorescent dyes to help determine the genes
that regulate PG biosynthesis. By comparing the staining
patterns of these probes in B. subtilis, the authors observed a
concentration-dependent activity, suggesting that high
concentrations of the antibiotics perturbed PG synthesis.
Moreover, their data indicated that the cytoskeletal protein
Mbl did not play an essential role in directing the localization
of the PG biosynthetic machinery, contradicting their initial
hypothesis. A recent study employed fluorescent probes to
selectively target and differentiate vancomycin-resistant S.
aureus (VRSA) from vancomycin-sensitive S. aureus (VSSA)
strains (25). A dual-probe labeling protocol was described in
A B

C

FIGURE 3 | Chemical biology strategies for investigating biological processes in bacteria. (A) Chemical probes can be of two types: chemical reporters or activity-
based probes (ABPs). The first ones consist of a drug or metabolite functionalized with a reporter tag, while the latter comprise a bioorthogonal group (1) that is
complementary to a second bioorthogonal group (2) bearing a reporter tag. (B) Examples of the different elements that compose a chemical probe. (C) Chemical
labeling of proteins in live bacterial cells or lysates can occur via 1) a one-step chemical modification with a functionalized probe that allows for the visualization of the
reporter-labeled targets; or 2) a two-step bioorthogonal chemical ligation, by which the resulting covalent complex formed between the probe and its target proteins
can be visualized, identified, and quantified using various methods.
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which the siderophore staphyloferrin A (SA) was chosen as a
specific ligand to target S. aureus, and vancomycin (Van) was
used as the ligand to detect resistance. As a result, the SA-based
probes labeled both VRSA and VSSA S. aureus strains while
sparing bacteria from different species, such as B. subtilis, E.
faecalis, and E. coli, and the Van-based probes showed selective
labeling of VSSA over VRSA. An optimized dual-probe protocol
was then utilized in diagnostic experiments in complex bacterial
mixtures and proved successful in detecting VRSA in the
presence of both VSSA and other bacterial species.

Amino acid chemical reporters have shown useful to monitor
bacterial protein translation. Bioorthogonal noncanonical amino
acid tagging (BONCAT) uses alkyne- and azide-modified amino
acids and their respective mutant tRNA synthetases for selective
proteomic analysis of bacterial translation. Such noncanonical
amino acids, for example, have been used to study protein
expression and antibiotic resistance profiles in biofilms of
P. aeruginosa subpopulations (26). Unnatural amino acids
Frontiers in Tropical Diseases | www.frontiersin.org 7
bearing a photoactive diazirin group and an azide handle,
DiZPK and ACPK respectively (Figure 4), were successfully
incorporated into proteins in enteric bacteria from a mouse
model of Inflammatory Bowel Disease (IBD) (27). Additionally,
tracking newly synthesized proteins in situ inside complex gut
microbial communities has been achieved by feeding the
community with azide-bearing amino acids, which can then be
converted into fluorescent probes in vivo via bioorthogonal
chemistry (28). Another study reported the use of two
fluorescent D-amino acid (FDAA) probes, TAMRA-amino-D-
alanine (TADA) and Cy5-amino-D-alanine (Cy5ADA), for the
live monitoring of bacterial growth and division patterns in the
mouse gut (29). The same FDAA probes were employed to assess
the viability of bacteria in fecal transplants (30). The use of
bioorthogonal probes has greatly facilitated the analysis of fecal
samples, which are notoriously difficult to study via conventional
methods without prior sample treatment. In this case, bacteria
were treated with one probe before the transplant and the
FIGURE 4 | Examples of chemical reporters and probes that have been used to study various classes of microbes, including amino acid-, lipid, and sugar-based
reporters, as well as activity-based probes (ABPs).
March 2022 | Volume 3 | Article 845469
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recipient mice was fed a different probe subsequently. If the
bacteria survived the transplantation process, they showed
emission for both probes and could thereby be confirmed as
viable. Other alanine-derived probes, modified with either alkyne
or cyclooctyne reporters, have also been applied to investigate
PG turnover in bacteria (31, 32).

Glycan chemical reporters have been employed to monitor
sugar-containing macromolecules that decorate the bacterial cell
surface, such as LPS and CPS, as well as post-translationally
modified proteins. Azide-modified sugar units that are LPS
building blocks have been developed to label its inner core
structure via click reaction with an alkyne-bearing fluorophore
(33). CPS are also present in the cell surface of many bacteria.
Repeating units of monosaccharides such as N-acetylglucosamine
(GlcNAc) and N-acetylgalactosamine (GalNAc) compose its
structure, which vary greatly among different bacteria. In this
context, azide-labeled GalNAc (named GalNAz, Figure 4) was
employed to image anaerobic commensal CPS present in gut
microbes in live mice (34). Using alkyne-containing fluorophores
with distinct colors, the authors achieved differential labeling and
tracking of three Bacteroides species, enabling the visualization of
real-time interactions between the gut microbes and the host
immune system.

A recent work described a multifunctional and structurally
unique chemoselective probe that was developed to analyze
femtomolar levels of metabolic amines in fecal samples (35).
The probe contains both a previously unreported bioorthogonal
cleavage site (p-nitrocinnamyloxycarbonyl) and a selective, amine-
reactive “warhead” made up of a sulfo-N-hydroxysuccinimide
(sulfo-NHS) group. The probe was also functionalized with
magnetic beads in one end to allow for the direct extraction of
metabolites from human fecal samples that could be detected via
mass spectrometry analysis. Similarly, chemoselective probes have
also made possible to determine the sources of certain metabolites
in the gut microbiome. For example, sphinganines are bioactive
components found in foods, but they are also produced by the
resident gut microbiota. Thereby, creating alkyne-tagged
sphinganines enabled the identification of the bacterial genus
Bacteroides as the nearly exclusive source of the microbial
sphinganines based on labeling followed by cell-sorting (36).
Other lipid-based chemical reporters, such as fatty acid
derivatives (Figure 4), have also been used to image membranes
in bacteria (37), identify lipid-modified proteins (38), or even
study bacterial-secreted virulence factors (39–42).

ABPs have been able to reveal specific interactions between
probe-modified proteins and their client proteins via
bioorthogonal reactions. For instance, these molecules can help
to identify the protein targets involved in bacterial pathogenesis
or acid-stress defense mechanisms in situ, which otherwise has
been challenging to achieve using conventional methods. An
ABP composed of a chloromethylketone linked to glycine and a
biotin tag (BioGlyCMK, Figure 4) is a cysteine-reactive probe
that showed labeling of several proteases and hydrolases in mice.
This approach permitted the differentiation between humanized
mice models harboring either a “healthy” or an IBD-affected
human microbiome, since the proteins were tagged only in the
Frontiers in Tropical Diseases | www.frontiersin.org 8
IBD model and not in the “healthy” one (43). A versatile set of
chemical probes for detecting bile salt hydrolase (BSH) activity
was based on the bioluminescence of luciferin and has been
employed to detect BSH activity in purified enzymes, bacterial
cells and fecal slurries (44). They were also used to non-
invasively detect BSH activity in mice and humans in the same
study. When BSH activity was present, luciferin was released
from the conjugated bile acid and assayed using luciferase. These
bile acid-luciferin probes were used to both demonstrate that
prebiotics stimulate BSH activity and facilitate the non-invasive
detection of clinical IBD status in patients.
CONCLUSIONS AND PERSPECTIVES

The rise in antibiotic resistant bacteria coupled with a decrease
in the discovery and development of novel antibiotics is a global
threat. Innovation in drug discovery methods and platforms are
necessary to uncover novel chemical classes of antibiotics with
novel MoAs that are able to effectively treat diseases caused by
resistant pathogens and/or emerging pathogens. Additionally,
new chemical tools and approaches are in constant need for
development to examine the functions and/or roles of
understudied microbial enzymes and biochemical pathways
that are involved in anabolizing compounds that have
bactericidal/bacteriostatic activities, and those that are attractive
targets for inhibition from individual bacterial species and
complex microbial communities. Advances in chemical and
computational biology have enhanced current tools and our
understanding to probe microorganisms and study biochemical
pathways and enzymatic mechanisms via bioorthogonal small-
molecule-protein interactions. The variety of chemical reactions
these probes can undergo, combined with the remarkable
diversity in disease-causing microbes (unique enzymes,
pathways, metabolites), results in innumerous possibilities to
create new tools to investigate understudied metabolic pathways
and proteins in bacteria, therefore, revealing new targets for
antibiotic discovery and development. Importantly, these tools
allow for the generation of unique small molecules to specifically
interact with protein targets in bacteria. This could help to better
understand how bacterial cells react to or resist chemical
perturbation, providing invaluable information on antimicrobial
resistance mechanisms.

Some of the challenges involving the use of chemical probes,
however, are worth mentioning. First, the chemical synthesis of
probes can be difficult, time-consuming, and expensive due to the
complexity and low stability of metabolites and natural-product
derived antibiotics. Second, the addition of functional groups to
drug/metabolite scaffolds can not only make the synthesis even
more challenging but also jeopardize their biological activities by
disrupting interactions with the target protein. Third, although
chemical probes undergo selective bioorthogonal reactions in
biological settings, off-target probe labeling that results in
background noise is a possibility that should be considered.
Nevertheless, chemical probes are versatile and tunable tools
that could still be instrumental additions to drug discovery
March 2022 | Volume 3 | Article 845469
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platforms already in use by researchers in both academia and
industry. One potential application would be their incorporation
into phenotypic screens (Figure 1A) to enrich for and identify the
specific biological targets that drug candidates are interacting with
to cause a pre-determined phenotype. Other applications would
be to help elucidate and validate the protein target of interest, as
well as evaluate target engagement, occupancy, and mechanisms
of action and resistance, which are crucial steps in the preclinical
stage of the drug discovery process.
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