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Graphical Abstract

The advances in bioorthogonal chemical reporters have afforded new tools to explore the targets 

and functions of specific metabolites in diverse microbes. Here we summarize the development 

and application of metabolite chemical reporters to study fundamental pathways in bacteria as well 

as microbiota mechanisms in health and disease.
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INTRODUCTION

Microbes mediate fundamental processes of life on the planet and interact directly with 

humans to regulate health and disease. The interactions between microbes with the 

environment and their hosts are often mediated by small molecules or metabolites (Fig. 1). 

Understanding the chemical dialogue of microbes is therefore crucial for maintaining 

healthy ecosystems and modulating their interactions with plants, insects, animals and 

humans. Given the remarkable diversity of microbes on the planet and their unique 

metabolic pathways, they encode an enormous capacity to generate unique small molecules 

that are important for microbial ecology and interaction with their specific hosts. New 

chemical tools are therefore continually needed to investigate the functions of specific 

microbial metabolites and biosynthetic pathways for individual microbial species as well as 

complex microbial communities. Herein, this review will survey bioorthogonal chemical 

reporters of microbial metabolites that have been developed to investigate fundamental 

microbial pathways (translational, cell wall, glycan and lipid biosynthesis as well as 

microbial communication) and then review the applications of these chemical reporters to 

explore microbiota mechanisms.

CHEMICAL REPORTERS FOR MICROBIOLOGY

The advances in chemical biology have provided new tools to explore microbiology and 

microbiota mechanisms. Notably, the development of bioorthogonal chemical reactions 

(Staudinger ligation [1], azide-alkyne cycloadditions [2, 3] and tetrazine ligations [4]) has 

provided new approaches to label biomolecules and study their functions in vitro, in cells 

and whole animals (Fig. 2a) [5–7]. In particular, the use of relatively small and uniquely 

reactive functional groups such as azides, alkynes and activated alkenes has enabled the 

modification of metabolites to visualize their direct interaction with diverse biomolecules 

(Fig. 2b) [5, 8]. These “chemical reporters” provide more sensitive alternatives to classical 

radioactive tracers and enable the imaging and biochemical labeling of metabolite-targets 

(Fig. 2b). Chemical reporters of diverse metabolites, amino acids, lipids, glycans, synthetic 

probes, and natural products, have now been generated by many research groups to study 

metabolite-interactions and trafficking in eukaryotic cells and animals [5, 9–13]. In this 

review, we focus on the development and application of chemical reporters to study 

fundamental pathways in bacteria as well as exploration of microbiota mechanisms in health 

and disease.

Amino acid reporters

The first chemical reporter for labeling bacteria was a methionine (Met) analog. Following 

the development of the Staudinger ligation by the Bertozzi group (Fig. 2a) [1], an azide 

derivative of Met (azido-homoalanine, AHA) was synthesized and demonstrated to label 

bacterial proteins (Fig. 3a) [9]. This allowed the use of AHA and an alkyne-analog, 

homopropargylalanine (HPG) [9, 14] to function as chemical reporters of protein synthesis 

by the Tirrell laboratory (Fig. 3a) [15]. After these pioneering studies demonstrated that 

azide- and alkyne-amino acids could be incorporated into bacteria, additional chemical 

reporters (Fig. 3b) and orthogonal tRNA synthetase mutants were developed for selective 
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monitoring of bacterial protein translation for intra- and inter-species interactions [16] as 

well as infection of mammalian cells [17, 18]. For example, the Tirrell and Newman 

laboratories have subsequently utilized orthogonal amino acid reporter labeling, also termed 

“bioorthogonal non-canonical amino-acid tagging (BONCAT), for selective proteomic 

analysis of Pseudomonas aeruginosa subpopulations, which revealed differential protein 

expression and antibiotic tolerance in biofilms [19]. Alternatively, our laboratory has 

employed selective amino acid reporter labeling in Salmonella to characterize the bacterial 

proteome during replication in macrophages [18]. The studies highlight the utility of amino 

acid reporters for time-resolved and cell-selective analysis of bacterial translation in 

different cellular states and multicellular interactions.

Peptidoglycan reporters

In addition to amino acid reporters for bacterial translation, chemical reporters have been 

developed to monitor peptidoglycan biosynthesis. Peptidoglycan is a crosslinked 

glycopeptide matrix that functions as the cell wall or exoskeleton of bacteria, which dictates 

their shape and tolerance to environmental stress (Fig. 4a) [20]. Gram-negative bacteria have 

an outer membrane and thinner peptidoglycan (~5 nm) [21] (Fig. 4a), whereas Gram-

positive bacteria contain thicker multilayered peptidoglycan (~20–50 nm) and only one cell 

membrane (Fig. 4b). The repeating units of N-acetylglucosamine (GlcNAc) and N-

acetylmuramic acid (MurNAc) serve as the glycan backbone of peptidoglycan, which is then 

further crosslinked by branched peptides. The peptide crosslinking varies between bacterial 

species and can be classified as diaminopimelic acid (DAP)- or lysine (Lys)-type, depending 

on the structure of stem amino acids (Fig. 4c,d).

Peptidoglycan synthesis, editing, and turnover are highly dynamic and regulated during cell 

division and in response to environmental stress. The underlying mechanisms of 

peptidoglycan biosynthesis and turnover in different bacteria species are still not completely 

understood and have been further elucidated by the development of specific chemical 

reporters. Notably, the first set of fluorescein-MurNAc pentapeptide reporters by Nishimura 

laboratory enabled fluorescent labeling of both Gram-negative and Gram-positive bacterial 

cell wall [22]. Moreover, fluorescent-D-Ala analogs from the VanNieuwenhze laboratory 

have revealed temporal regulation of peptidoglycan synthesis in diverse bacteria (Fig. 5a) 

[23] and helped demonstrating the existence of peptidoglycan in Chlamydia [24], which 

only replicates inside host cells and was previously challenging to characterize. Alkyne-, 

azide- and cyclooctyne-D-Ala reporters from the Bertozzi laboratory have also facilitated the 

analysis of peptidoglycan turnover in bacteria (Fig. 5b) [25, 26]. For example, alk-D-Ala has 

been recently used by the Galan laboratory in Salmonella Typhi to evaluate peptidoglycan 

editing by a specific L,D-transpeptidase that controls the muramidase-dependent secretion of 

typhoid toxin [27]. Since bacteria can recycle more than D-Ala, dipeptide reporters have also 

been developed to monitor the de novo biosynthesis and turnover of peptidoglycan (Fig. 5c) 

[28, 29]. In addition, dipeptide reporters have also been employed to monitor L,D-

transpeptidase-mediated peptidoglycan cross-linking [30] as well as photocrosslinking of 

lipid II-binding proteins (Fig. 5d) [31].
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In addition to amino acids and peptides, reporters of MurNAc have also been developed to 

monitor the biosynthesis and turnover of the bacterial cell wall glycan backbone (Fig. 5e). 

For E. coli and related enterobacteria as well as most Gram-positive bacteria, peptidoglycan 

turnover is carried out by MurQ pathway, in which MurNAc is transformed via GlcNAc-6P 

and GlcN-6P before transferred to peptidoglycan synthetic pathway. Alternatively, 

peptidoglycan turnover in many Gram-negative bacteria is carried out by the MurU pathway, 

in which MurNAc is converted to UDP-MurNAc for peptidoglycan synthesis via 

phosphorylation and dephosphorylation reactions [33–35]. With this in mind, the Grimes 

laboratory synthesized azide- and alkyne-reporters (Fig. 5e) and demonstrated that they can 

be incorporated into bacteria that contain AmgK and MurU enzymes for MurNAc recycling 

[32]. For bacteria without MurNAc recycling enzymes, UDP-MurNAc reporters can be used 

to bypass this pathway and label peptidoglycan for subsequent imaging studies [36]. 

Alternatively, N-acetyl cysteamine reporters can also be used to label and visualize 

peptidoglycan acylation [37]. Given that peptidoglycan biosynthetic pathways differ 

between different bacterial species, these D-amino acid, MurNAc and other chemical 

reporters should provide excellent tools to experimentally identify bacteria and specific 

enzymes involved peptidoglycan editing and recycling.

To explore peptidoglycan metabolite protein targets, our laboratory has synthesized 

photoaffinity reporters of key bacterial cell wall metabolites. In particular, we synthesized 

the alkyne- and diazirine-functionalized photoaffinity reporters ofγ-d-glutamyl-meso-

diaminopimelic acid (iE-DAP), MurNAc and muramyl-dipeptide (MDP) (Fig. 6) and 

demonstrated that they can directly crosslink their respective cognate immune receptors, 

NOD1 and NOD2, in mammalian cells [38]. Interestingly, the MDP reporter also 

crosslinked Arf GTPases and induced the formation of GTP-Arf6:NOD2 complex in 

mammalian cells, which was abrogated with loss-of-function NOD2 mutants associated with 

Crohn’s Disease [38]. Further development and application of these peptidoglycan 

metabolite reporters should reveal additional cellular factors that may be important for host 

sensing of microbes and innate immunity.

Bacterial glycan reporters

Chemical reporters have also been developed for glycans that decorate the cell surface of 

bacteria and post-translationally modify proteins. For example, glycan reporters have been 

developed for labeling lipopolysaccharides (LPS) (Fig. 7a), which are key glycolipids that 

helps maintain outer-membrane permeability and important for host-bacteria recognition 

[39]. LPS is composed of lipid A, inner core oligosaccharide, outer core oligosaccharide and 

a long-chain O-antigenic polysaccharide (O antigen) (Fig. 7a). The structures of lipid A and 

inner core oligosaccharide are relatively conserved among different bacteria although some 

species can modify these structures of LPS. Notably, 3-deoxy-D-manno-oct-2-ulosonic acid 

(Kdo) is a glycan that is selectively present in inner core of LPS and can be labeled by an 

azido-Kdo reporter (az-Kdo) (Fig. 7b) [40]. This az-Kdo reporter developed by the 

Vauzeilles laboratory labels Gram-negative bacteria such as E. coli, S. Typhimurium and 

Legionella pneumophila [40, 41], but does not label Gram-positive bacteria like B. subtilis 
or S. aureus, nor Shewanella oneidensis, which uses 8-amino-8-deoxy-Kdo instead of Kdo 

[40, 41].
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In contrast to the inner core, O antigen outer glycans of LPS are more structurally diverse 

and highly variable. For example, there are more than 180 O antigens in E. coli and 46 O 

antigens in Salmonella strains [45, 46]. To label the O-antigen of E. coli O86, a fucose 

reporter was developed in conjunction with genetic engineering developed by the Wang 

laboratory [42]. An engineered E. coli O86 strain, E. coli O86:B7Δgmd-fcl(fkp), has been 

deleted of GDP-mannose dehydratase (Gmd) and GDP-fucose synthetase (Fcl) so that the 

bacteria cannot synthesize GDP-fucose de novo. A plasmid expressing a bifunctional 

enzyme possessing both fucokinase and pyrophosphorylase activity (FKP) is introduced so 

that the bacteria can utilize fucose to make GDP-fucose. An azido-fucose (az-Fuc) reporter 

can thus label the surfaces of the engineered E. coli O86:B7Δgmd-fcl(fkp) (Fig. 7c) [42]. 

Alternatively, L. pneumophila, which is a pathogenic bacterium, presents a variety of 16 

serogroups [47]. The O-antigen of L. pneumophila serogroup 1 contains 5-N-acetimidoyl-7-

N-acetyl-legionaminic acid (Leg), while serogroup 3, 4, 5, 6 contain an isomer of Leg, 

namely 5-N-acetimidoyl-7-N-acetyl-4-epi-legionaminic acid (4eLeg) [48]. The Vauzeilles 

laboratory also generated an azide derivative of Leg precursor (6-azido-2,4-deoxy-Man-

diNAc) (Fig. 7d) and showed that it could label L. pneumophila serogroup 1, 3, 4, 5, 6 but 

not serogroup 7 or other species of Legionella, E. coli and P. aeruginosa [43].

In addition to LPS, many bacteria have capsular polysaccharides (CPS) on their surfaces 

(Fig. 4a,b). CPS are high-molecular-weight polymers with repeat units of monosaccharides 

such as GlcNAc or N-acetylgalactosamine (GalNAc), which can shield the bacteria from the 

host immune system by preventing either phagocytosis or complement-mediated lysis [49, 

50]. CPS may also function as microbe-associate molecular patterns (MAMPs) and prime 

the immune system for tolerance towards commensal bacteria [51]. The compositions of 

CPS vary in different bacteria. For example, 80 capsular serotypes have been reported for E. 
coli, and 93 capsular serotypes have been reported for Streptococcus pneumoniae [49, 50, 

52, 53]. To label CPS, the Kasper laboratory showed that an azide derivative of GalNAc 

(GalNAz) (Fig. 7e), can be used for metabolic labeling and fluorescence imaging of Gram-

negative gut anaerobes such as Bacteroides fragilis, B. ovatus, and B. vulgatus [44]. These 

studies demonstrate that chemical reporters can label bacterial glycans and target specific 

LPS/CPS positions and serotypes depending on the expression and promiscuity of 

biosynthetic pathways.

In contrast to other bacteria, mycobacteria has a unique cell envelope that contains 

peptidoglycan connected to a highly branched arabinogalactan and lipid-rich membrane of 

long-chain mycolic acids as well as trehalose glycolipids (Fig. 8a) [54]. The most abundant 

glycolipids in the mycobacterial outer membrane are trehalose monomycolate (TMM) and 

trehalose dimycolate (TDM) (Fig. 8b). To visualize mycobacteria and monitor biosynthesis 

of its cell envelope, several reporters for trehalose and its derivatives have been developed by 

the Davis [55], Bertozzi [56], Swarts [57] and Kiessling [8] laboratories. For example, 

trehalose analogs have been developed for visualization of mycobacteria cell division (Fig. 

8e) [8], visualization of antibiotic activity on mycobacterial cell wall (Fig. 8c) [58], and 

rapid detection of live Mycobacterium tuberculosis (Mtb) in sputum using solvatochromic 

dyes for clinical TB diagnosis (Fig. 8d) [59]. Azide- and alkyne-reporters of trehalose have 

also been developed for two-step labeling of mycobacteria (Fig. 8f) [60]. Moreover, a TMM 

chemical reporter has been developed for detection and identification of protein O-
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mycoloylation in Corynebacterium (Fig. 8g) [61]. In addition to hexose monosaccharide 

reporters, several azido-pentose reporters have been developed to label specific glycans in 

the mycobacterial cell wall (Fig. 8h) [62]. Moreover, arabinofuranosyl phospholipid 

derivatives have been generated by the Kiessling laboratory to label nucleotide-sugar 

labeling-resistant cell wall structures in mycobacteria [63]. Beyond individual chemical 

reporter labeling, multi-reporter labeling studies can help illuminate spatial and temporal 

features of bacterial cell division. For example, the use of orthogonal D-Ala and trehalose 

reporters by the Siegrist and Swarts laboratories enabled the discrimination of monopeptide-

marked L,D-transpeptidase remodeling and dipeptide-marked synthesis in mycobacteria 

[64]. These studies highlight the unique and structurally diverse bacterial glycan 

biosynthetic pathways and glycoconjugates that can be labeled by chemical reporters.

Glycans can also be directly attached to proteins in bacteria. Although protein glycosylation 

in bacteria shares similar biosynthetic machinery to eukaryotes, the bacteria glycans have 

unique and diverse structures (Fig. 9a) [65, 66]. To label these bacterial glycoproteins, the 

Dube laboratory synthesized several azido-monosaccharides and explored their metabolic 

incorporation in diverse bacterial species (Fig. 9b–d) [67]. For example, GlcNAz can only 

label proteins in Helicobacter pylori and Ralstonia solanacerum (Fig. 9b) [67], while azide 

analogs of bacillosamine (Bac-diNAz) and 2,4-diacetamido-2,4,6-trideoxygalactose 

(DATDG-diNAz) label proteins in H. pylori, C. jejuni, B. thailandensis and R. solanacerum 
(Fig. 9c) [67]. In contrast, FucNAz was not incorporated into any of these bacteria (Fig. 9d) 

[67]. Chemical reporters of other bacterial glycans such as pseudaminic acid by the Tanner 

[68] and Li [69] laboratories (Fig. 9e) as well as bacteria-specific UDP-monosaccharides by 

the Imperiali laboratory [70] have also been developed for labeling proteins in different 

bacterial species. These specific bacteria-specific monosaccharide reporters and others 

should provide new tools to selectively label distinct species, characterize biosynthetic 

enzymes and discover bacterial glycoproteins.

Lipid reporters

Chemical reporters of lipids can also be used to label bacteria. For the imaging of 

membranes in bacteria, styryl dyes such as FM 4–64 are often used to stain hydrophobic 

lipids [71], but no specific lipid reporters have been developed for general imaging of 

bacteria lipids. However, our laboratory has shown that alkyne reporters of long-chain fatty 

acids (Fig. 10a) [10] can be metabolically incorporated into diverse bacterial species for 

profiling lipoproteins with canonical lipobox-motifs (Fig. 10b) as well as discovery of 

unpredicted-fatty-acylated proteins [72]. Moreover, alkyne-fatty acid labeling of Gram-

positive bacteria by the Tate laboratory can reveal unique biosynthetic pathways such as the 

existence of two active signal peptidases in Clostridium difficile for lipoprotein biogenesis 

[73]. In addition to labeling lipids and proteins within bacteria, the application of these fatty 

acid reporters can reveal host regulation of secreted bacterial virulence factors as well as 

host substrates of secreted bacterial enzymes during infection [74–77]. Beyond covalent 

fatty-acylation of bacterial proteins, bi-functional fatty acid photoaffinity reporters can be 

used to crosslink and characterize non-covalent fatty acid interactions with proteins (Fig. 

10c) [78, 79]. For example, we have employed a palmitic acid photoaffinity reporter to 

characterize how long-chain fatty acids attenuates Salmonella virulence (unpublished data). 
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Our proteomic analysis revealed that long-chain fatty acids interact with many proteins in 

Salmonella and can directly bind HilD (unpublished data), a key transcriptional regulator of 

Salmonella virulence gene expression that was previously shown to be inhibited by fatty 

acids in vitro [80]. These studies showcase the utility of lipid reporters to discover and 

characterize unpredicted lipid-protein interactions in bacteria as well as during infection of 

host cells.

Activity-based reporters for microbial enzymes and metabolite targets

In addition to chemical reporters that monitor metabolite incorporation or direct binding to 

proteins, activity-based protein profiling (ABPP) probes or reporters have also been 

developed to evaluate the diverse enzymes and protein families [82, 83]. In particular, 

penicilin-binding proteins (PBPs) are key enyzmes that catalyze transglycosylation and 

transpeptidation of lipid-II subunits for peptidoglycan synthesis. In transpeptidation reaction, 

PBPs use their catalytic serine to form an acyl-enzyme intermediate with the peptide stem, 

resulting in cleavage of a D-Ala residue. A neighboring peptide stem intercepts this activated 

intermediate to yield crosslinked peptidoglycan. The β-lactam antibiotics covalently modify 

and inhibit the catalytic serine of PBPs, which the Sieber laboratory utilized to generate β-

lactam reporters of PBPs (Fig. 11a) for ABPP [84, 85]. Alternatively, the Carlson laboratory 

has developed fluorescent and biotin derivatives of cephalosporin C (Fig. 11b), which 

enables selective in vivo labeling of active PBPs [86]. The Carlson laboratory has also 

developed β-lactone based PBP-selective reporters to distinguish the localization of PBP2x 

from PBP2b in S. pneumoniae (Fig. 11c) [87]. To explore other peptidoglycan biosynthetic 

enzymes, the Sieber laboratory has generated a chemical reporter of showdomycin (Fig. 

11d) [88], a maleimide-containing uridine-based covalent inhibitor of MurA, a UDP-N-

acetylglucosamine 1-carboxyvinyltransferase that catalyzes the first step in cell wall 

biosynthesis and antibiotic drug target. In addition, chemical reporters of acylhomoserine 

lactones involved in bacterial quorum sensing have been developed by the Janda laboratory 

to identify their potential protein targets [89]. Interestingly, the analysis of these 

acylhomoserine lactone reporters in mammalian cells suggests that acylhomoserine lactones 

may also interact with host proteins and modulate cellular pathways beyond bacteria-

bacteria communication [90].

ABPP also provides new opportunities for discovering new antimicrobial agents. For 

example, the Bogyo laboratory has employed activity-based probes/reporters in combination 

with candidate inhibitor screening and discovered novel inhibitors of bacterial proteases that 

are important for the virulence of challenging and drug-resistant pathogens such as 

Clostridium difficile [92] and Staphylococcus aureus [93]. These select examples highlight 

how ABPP reporters are excellent tools for profiling of specific protein families involved 

fundamental microbial physiology as well as the discovery and development of new 

antimicrobial agents.
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EXPLORATION OF MICROBIOTA MECHANISMS WITH CHEMICAL 

REPORTERS

The microbiota of plants, insects, animals, and humans have emerged as important factors in 

host physiology, disease and response to therapeutics (Fig. 1) [94–97]. These diverse 

communities of microbes encode unique enzymes for metabolism and also generate 

metabolites that can directly modulate their interactions with the host and other microbes. 

While microbiota composition is correlated with diverse phenotypes in metabolism, 

immunity and neurological function, the mechanisms of specific microbes and their 

metabolites have been challenging to elucidate and are only beginning to emerge [96, 98, 

99]. Since the microbiota composition is influenced by host genetics and environmental 

factors such as diet, exposure to drugs and infections, new tools that can help determine their 

specific microbiota composition, spatial distribution, activities, and mechanisms with host 

cells and other microbes are needed. Chemical reporters of microbiota metabolites and their 

associated enzymes are providing new tools to address these challenges in microbiota 

research and are highlighted below.

Analysis of microbiota composition and dynamics

The advances in nucleic acid sequencing methods have provided important insight into 

microbiota composition and metagenomics in different animal models and disease states in 

humans. Understanding the dynamics of specific microbiota species, their spatial 

distribution and unique biochemical activities in vivo are key for further mechanistic studies. 

In this regard, the Kasper laboratory has employed monosaccharide chemical reporters to 

label and visualize different commensal bacteria species in vivo [44, 100]. For example, the 

Kasper laboratory has demonstrated that metabolic labeling of B. fragilis, B. ovatus, and B. 
vulgatus with GalNAz, bioorthogonal tagging with different fluorophores and recolonization 

of germ-free mice enabled the visualization of their unique spatial distribution in the gut in 
vivo [44]. They also demonstrated differential labeling of specific commensal bacteria with 

other monosaccharide reporters such as GlcNAz, ManNAz, and GalNAz [44]. Moreover, 

they showed that multi-reporter labeling of B. vulgatus with GalCCP, azido-Kdo and HADA 

and orthogonal fluorophores can simultaneously image the dynamics and distribution of 

bacteria CPS, LPS, and peptidoglycan in macrophages and the intestinal lumen of mice ex 
vivo [100]. In addition, the Chen laboratory has shown that azido-Kdo can be used for 

selective imaging, sorting, as well as 16S rRNA sequencing of Gram-negative versus Gram-

positive bacteria in microbiota samples [101]. The metabolic labeling of microbiota samples 

with chemical reporters also provide an important means to monitor metabolic activity and 

viability of specific bacterial species. Indeed, chemical reporters of protein and 

peptidoglycan synthesis have been employed to visualize specific microbiota from 

environmental samples [102].

Investigation of microbiota-metabolite mechanisms

Metabolomic studies have now shown that specific microbiota species contribute to the 

fermentation and production of key metabolites in significant levels in the gut and 

circulation. For example, short-chain fatty acids (SCFAs) such as butyrate from specific 
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microbiota (Clostridia clusters IV, XIVa, XVIII) have been shown to function as nutrients for 

colonocytes and suppress inflammatory pathways through GPCR activation [103, 104], 

inhibition of histone deacetylases (HDACs) [105] and reduction of oxidative stress [106] 

(Fig. 12a). Furthermore, these abundantly produced microbiota metabolites can also inhibit 

the expression of virulence genes in S. Typhimurium and attenuate infection, but their 

molecular target(s) in enteric pathogens were unknown (Fig. 12a). To identify the protein 

targets of SCFAs in enteric pathogens, we have employed chemical reporters of SCFA [107] 

(Fig. 12b) and discovered that several virulence-associated proteins encoded by the 

Salmonella pathogenicity island-1 (SPI-1) locus may be directly acylated (Zhang Z et al, 
Nat. Chem. Biol., in press). Subsequent mass spectrometry analysis, CRISPR-Cas9 gene 

editing and genetic code expansion revealed that site-specific modification of HilA, a 

transcriptional regulator of SPI-1 gene expression, attenuates S. Typhimurium invasion of 

epithelial cells and dissemination in vivo. Through site-specific incorporation of a stable 

butyryl-lysine analog that mimics gain of modification, our results showed that chemical 

acylation of a key residue (K90) in the DNA-binding domain of HilA may enable butyrate-

producing microbiota to inhibit pathogen virulence (Fig. 12c). These results demonstrate 

how classical site-directed mutagenesis to canonical amino acids may not reveal how site-

specific metabolite-modifications regulate protein function in cells. Moreover, our data 

suggests that S. Typhimurium may not only utilize butyrate as a nutrient source from the 

microbiota [108] but also sense high concentrations of SCFAs in the gut through HilA-

acylation and other SPI-1 effectors to limit bacterial invasion of host cells. Interestingly, our 

analysis of medicinal plant extracts also revealed that anti-infective metabolites can 

covalently label and inactivate SPI-1 effector proteins in S. Typhimurium [109]. These 

studies showcase how chemical proteomic methods can be used to characterize unpredicted 

metabolite targets in pathogens, which provides new opportunities to identify and 

functionally characterize the molecular targets of other dietary and microbiota metabolites in 

the future.

Beyond SCFAs, specific microbiota species have now been implicated in the production of 

other more complex bioactive metabolites [110]. For example, microbiota can modify long-

chain fatty acids (LCFA) derived from diet, or synthesize them de novo [111]. In particular, 

the abundance of Lactobacillus in the gut microbiota is associated with different unsaturated 

and branched LCFAs in the gut and the serum of the host [112, 113]. Oral administration of 

a strain of Lactobacillus reuteri increases polyunsaturated LCFA serum concentration in 

piglets [112]. Fatty acid biosynthesis (Fab) genes are largely identified from the genera 

Prevotella, Lactobacillus, and Alistipes, and the excess of intracolonic saturated LCFA 

contributes to enhanced bowel motility in rats [113]. LCFA also directly regulates virulence 

of gut pathogens. For example, LCFAs have been reported to non-covalently interact with 

transcription regulator ToxT in Vibro cholerae [114] and HilD in Salmonella Typhimurium 

[80], impairing their DNA-binding ability in vitro. In addition, LCFA may act as signaling 

molecules through PhoP/Q two-component system to regulate SPI-1 activity in Salmonella 
[115]. Alternatively, other species of microbiota such as Clostridium scindens has been 

shown to generate secondary bile acids that may directly affect the colonization of pathogens 

such as C. difficile [116] or vancomycin-resistant Enterococcus faecium [117]. Moreover, 

the production of aromatic acids by Clostridium sporogenes has been suggested to modulate 
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host immunity [118]. Furthermore, targeted screening of specific microbiota species and 

their metabolites with different protein families such as GPCRs have revealed new 

commensal bacteria and metabolite interactions [119–121]. These exciting studies suggest 

specific microbiota species may generate unique metabolites to alter host immunity or 

infection, but the protein targets and mechanism(s) of action for these microbiota-derived 

metabolites in host cells and/or microbes have not been fully characterized, thus may benefit 

from future studies with chemical reporters. Indeed, photoaffinity reporters have been 

previously generated for fatty acids (Fig. 10c) [78], cholesterol [122] and bile acids [81] 

(Fig. 10d) and could be readily developed for other microbiota-associated metabolites.

In addition to characterizing the direct targets of microbiota metabolites, elucidating their 

transporters, processing enzymes and protein targets is crucial. In this regard, ABPP using 

functionalized metabolites is a powerful approach for the discovery of microbial metabolite 

processing enzymes and their associated microbiota [83]. For example, the Wright 

laboratory has generated a vitamin B12-based chemical reporter that enables discovery of a 

light-sensing B12-binding transcription regulator that controls folate and ubiquinone 

biosynthesis [123]. The Wright laboratory has also generated fluorophore-modified 

mechanism-based probe of β-glucuronidases to label and identify specific microbiota 

species that contain this activity [124]. Alternatively, the Chang laboratory has generated an 

azide-functionalized bile salt hydrolase (BSH) reporter (Fig. 11e) to identify these enzymes 

from specific cultured microbiota species as well as from fecal and tissue samples [91]. For 

newly discovered microbiota-metabolites such as pyrazinones and dihydropyrazinones by 

the Fischbach laboratory, the application of activity-based probes helped determine 

cathepsin cysteine proteases as key host targets for these cryptic peptidic aldehydes from the 

microbiota [125]. These examples showcase how activity-based probes/reporters can capture 

microbiota-metabolite protein interactions that may not be readily apparent by the analysis 

of metagenomic or transcriptome datasets and will be important tools for future microbiota 

studies.

CONCLUDING REMARKS

Understand the chemistry of microbes is crucial for ecology and human health. This review 

highlights in the innovations in chemical biology, with a focus on how small molecule/

metabolite reporters and bioorthogonal chemistry has helped characterize key processes in 

microbiology and can now be applied to more complex microbiota studies. The examples 

summarized above showcase the utilty of existing metabolite reporters. Nontheless, the 

labeling other classes of biomolecules (e.j. nucleic acids and others) in bacteria still 

remaining challenge and should benefit from new innovations in metabolite reporters. 

Furthermore, the ABPPs for other classes of proteins and synthetic fragment-based reporters 

could help characterize unannotated proteins bacteria and reveal new targets for 

antimicrobial development.

Beyond individual bacterial species, the complex microbial communities in host microbiota 

are now appreciated as a ‘second endocrine system’, as it produces a great variety of 

secondary metabolites that impact host physiology and diseases. As metagenomics and 

metabolomics are beginning to reveal specific composition microbiota and metabolites that 
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are associated with health and disease, the application of chemical biology methods 

described above should further facilitate the mechanistic dissection of microbe-microbe and 

microbe-host interactions that are major challenges in microbiota studies. Given the 

significant associations of the microbiota with major physiological pathways in animals and 

humans, understanding the molecular mechanisms of microbes may provide important new 

targets and therapeutic leads for a variety of diseases.
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Figure 1. 
Metabolites from host metabolism or the environment (diet and microbiota) can interact with 

microbes and the host to regulate physiology and disease. Representative metabolites: 

butyrate, deoxycholic acid and muramyl dipeptide.
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Figure 2. 
Chemical strategy for exploring metabolite trafficking and protein interactions in bacteria. 

(a) Representative bioorthogonal labeling reactions; Staudinger ligation [1], click chemistry 

(copper(I)-catalyzed azide-alkyne cycloaddition) [2, 3] and tetrazine ligation [4], enable 

selective labeling of azide, alkyne and activated-alkene modified metabolites, respectively. 

(b) These advances in bioorthogonal labeling have inspired the development of diverse 

azide, alkyne and activated-alkene functionalized metabolites as chemical reporters. 

Chemical reporter-labeled targets can then be reacted with complementary-functionalized 

fluorescent dye or affinity tag for imaging and/or proteomic applications. For non-covalent 

metabolite-protein interactions, chemical reporters can be further modified with diazirines 

for photocrosslinking.
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Figure 3. 
Amino acid chemical reporters for monitoring protein synthesis. (a) AHA and HPG [9, 14]. 

(b) Orthogonal amino acid reporters for bacteria-specific labeling using mutant tRNA 

synthetases [17, 18].
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Figure 4. 
Bacterial cell surface architecture and peptidoglycan composition. (a) Schematic illustration 

of cell membranes and peptidoglycan of Gram-negative bacteria. LPS, lipopolysaccharides; 

CPS, capsular polysaccharides; PG, peptidoglycan. (b) Schematic illustration of cell 

membrane and peptidoglycan of Gram-positive bacteria. CPS, capsular polysaccharides; PG, 

peptidoglycan. (c) Structure of DAP-type peptidoglycan. (d) Structure of Lys-type 

peptidoglycan.
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Figure 5. 
Chemical reporters for metabolic labeling of peptidoglycan. (a) D-Ala fluorophore analog 

(HADA) [23]. (b) D-Ala reporters [25]. (c) Dipeptide reporters [28, 29]. (d) Dipeptide 

photoaffinity reporters [31]. (e) MurNAc reporters [32].
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Figure 6. 
Peptidoglycan metabolite photoaffinity reporters. (a) iE-DAP photoaffinity reporter [38]. (b) 
MurNAc photoaffinity reporter [38]. (c) MDP photoaffinity reporter [38].
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Figure 7. 
Chemical reporters for metabolic labeling of bacterial surface glycans. (a) Structure of LPS 

core and lipid A. (b) az-Kdo [40]. (c) az-Fuc and its target, E. coli O-antigen [42]. (d) az-

Man-di-2,4-NAc and its target, L. pneumophila serogroup 1 O-antigen [43]. (e) GalNAz and 

its labeling of CPS [44].
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Figure 8. 
Chemical reporters for metabolic labeling of the mycobacterial cell envelope. (a) Schematic 

illustration of mycobacterial cell envelope. (b) Structures of trehalose, TMM and TDM and 

their interconversion by Ag85. (c) 6-FITC-Tre [58]. (d) DMN-Tre [59]. (e) QTF [8]. (f) 2-

az-Tre and 6-az-Tre [60]. (g) O-Alk-TMM [61]. (h) Azido-ribose and arabinose reporters 

[62].

Zhang et al. Page 25

Chembiochem. Author manuscript; available in PMC 2021 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Chemical reporters for labeling bacterial glycoproteins. (a) Structures of representative 

bacterial protein glycosylations. (b) Ac4GlcNAz and Ac3-6-az-GlcNAc [67]. (c) Ac2-Bac-

diNAz and Ac2-DATDG-diNAz [67]. (d) Ac3FucNAz [67]. (e) Pseudaminic acid reporters 

Ac2-Alt-4NAz and Ac2-Alt-2NAz [68, 69].
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Figure 10. 
Lipid-based reporters. (a) Alkyne long-chain fatty acid reporter [10, 72]. (b) Representative 

bacterial lipoprotein structure. (c) Fatty acid photoaffinity reporter [78]. (d) Bile acid 

photoaffinity reporters [81].
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Figure 11. 
Activity-based probes/reporters for microbial enzymes. (a) β-lactam-based reporters for 

PBPs [84, 85]. (b) Cephalosporin-based reporters for PBPs [86]. (c) β-lactone-based 

reporters for PBPs [87]. (d) Showdomycin-based reporter for MurA1/2 [88]. (e) BSH 

activity-based reporter, Ch-AOMK [91].
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Figure 12. 
Microbiota-derived butyrate inhibits enteric pathogen virulence through site-specific protein 

acylation. (a) Microbiota-derived butyrate is a nutrient source and suppresses host 

inflammatory pathways as well as inhibits infection by enteric pathogens. (b) Chemical 

proteomic analysis of butyrate-modified proteins in S. Typhimurium. (c) Site-specific K90-

butyrylation of HilA inhibits the expression of S. Typhimurium virulence genes (SPI-1), 

infection of epithelial cells and mice in vivo (Zhang Z et al, Nat. Chem. Biol., in press).
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