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Review article 

Dismantling the bacterial glycocalyx: Chemical tools to probe, perturb, and 
image bacterial glycans 

Phuong Luong, Danielle H. Dube * 

Department of Chemistry & Biochemistry, Bowdoin College, 6600 College Station, Brunswick, ME 04011, USA   
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A B S T R A C T   

The bacterial glycocalyx is a quintessential drug target comprised of structurally distinct glycans. Bacterial 
glycans bear unusual monosaccharide building blocks whose proper construction is critical for bacterial fitness, 
survival, and colonization in the human host. Despite their appeal as therapeutic targets, bacterial glycans are 
difficult to study due to the presence of rare bacterial monosaccharides that are linked and modified in atypical 
manners. Their structural complexity ultimately hampers their analytical characterization. This review highlights 
recent advances in bacterial chemical glycobiology and focuses on the development of chemical tools to probe, 
perturb, and image bacterial glycans and their biosynthesis. Current technologies have enabled the study of 
bacterial glycosylation machinery even in the absence of detailed structural information.   

1. Introduction 

Bacterial glycans are attractive therapeutic targets. These macro
molecules cover the cell wall of bacteria to form a sugar coat, termed the 
glycocalyx, that modulates host-pathogen interactions.1,2 The glycans 
found in the bacterial glycocalyx range from lipid-linked structures such 
as lipopolysaccharide (LPS), to polysaccharides including capsular 
polysaccharide, to peptide cross-linked hybrids like peptidoglycan, to 
glycosylated proteins (Fig. 1). Critically, the component glycans of these 
structures bear rare bacterial monosaccharide building blocks which 
vary between bacterial species and are absent from eukaryotic cells.1,2 

Bacterial glycans are comprised of over 100 monosaccharides,3 as 
opposed to just nine monosaccharides commonly used in mammalian 
glycans. Exclusively bacterial monosaccharides include muramic acid, 
heptose, rhamnose, pseudaminic acid, bacillosamine, and countless 
others (Fig. 1). Beyond their structural diversity, glycans are compelling 
targets due to their evident association with virulence in priority path
ogens. For example, lipopolysaccharide modification is key to immune 
system evasion in Pseudomonas aeruginosa4 and Salmonella enterica5; 
capsular polysaccharides contribute to biofilm formation and host cell 
adhesion in Streptococcus pneumoniae6 and Klebsiella pneumoniae7; and 
protein glycosylation enables flagellation and motility in Camplyobacter 
jejuni8 and Helicobacter pylori.9 Therefore, probing bacterial glycans and 
their biosynthesis can potentially reveal attractive drug targets for the 
development of pathogen-specific antibiotics. 

Despite their critical roles in host-pathogen interactions and their 
intrigue as molecular targets, the systematic study of bacterial glycans 
lags behind that of their eukaryotic counterparts. Since traditional ap
proaches to study glycans were designed for eukaryotic building blocks, 
bacterial glycans are often refractory to analysis with established tools 
due to the presence of unusual monosaccharides.10 For example, in 
many instances, glycan-degrading enzymes (e.g. glycosidases) do not 
recognize bacterial glycans as substrates,11 and automated glycan 
analysis software (e.g. mass spectrometry) does not detect prokaryotic 
building blocks.12 While there are rigorous biochemical and analytical 
approaches to characterize bacterial glycan structures and their 
biosynthetic pathways,13–19 these studies are time-consuming and not 
readily generalizable. These approaches are inherently limited by 
analytical challenges associated with isolation and structural assign
ment of complex, branched, heterogeneous glycans composed of myriad 
building blocks, many of which are isomers with identical masses. 
Further, the diversity of glycan structures across different bacterial 
isolates and strains makes information gleaned in one species often not 
translatable to another, and even from one strain to another in the same 
species. As a result, there is a need for accessible chemical tools to 
accelerate the study and inhibition of bacterial glycan biosynthesis. 

In this review, we present current chemical probes to study bacterial 
glycobiology. We begin with a brief overview of the evolution of the 
toolkit since the discovery of protein glycosylation in bacteria. Then, we 
highlight recently developed technologies, categorizing them into 
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chemical tools that (1) probe, (2) perturb, and (3) image bacterial gly
cans. Finally, we discuss current gaps in the toolkit and potential future 
directions, with inspiration from successful methods used to study gly
cans in mammalian systems. 

2. Evolution of the chemical toolkit to study bacterial glycans 

The study of bacterial glycans was pioneered with rigorous analytical 
approaches to determine their molecular structures and unveil their 
biosynthetic pathways. Though these approaches have been highly 
successful, they are time-consuming and the results are not readily 
transferable as the structures elucidated differ among classes of bacterial 
glycans and across bacterial strains. Recently, these traditional ap
proaches have been complemented with new technologies that uncover 
important functional information about bacterial glycans and their 
biosynthesis. 

2.1. Traditional approaches 

Traditionally, intensive biochemical and genetic tools have been 
deployed to probe bacterial glycans. An early study by Barreteau and 
colleagues20 deconstructed peptidoglycan biosynthesis in Escherichia 
coli into cytoplasmic steps using extensive gel filtration and reverse- 
phase high pressure liquid chromatography techniques. Similarly, 
Hartley et al.19 characterized the O-linked glycosylation pathway in 
Neisseria gonorrhoeae via a multi-step strategy that involved the prepa
ration of genetic constructs, protein purification, and enzymatic assays. 
Kido and Kobayashi21 revealed the genes required in structure deter
mination of E. coli polysaccharides by performing site-directed 

mutagenesis and immunoblot analyses. Additional examples have 
been thoroughly reviewed by Cooper,22 Silhavy, Kahn, Walker and 
others23. These efforts form the bedrock of our current understanding of 
glycans in the bacterial cell envelope. 

In addition, conventional approaches have relied heavily on chemi
cal tools that illuminate the molecular fingerprints of bacterial glycans. 
For example, mass spectrometry (MS) and nuclear magnetic resonance 
(NMR) spectroscopy have permitted detailed structural characterization 
of diverse bacterial glycans.24–26 MS approaches rely on fragmentation 
strategies to partition complex, unusual glycan structures into smaller 
analyzable components. For these studies, the use of enzymatic degra
dation with glycosidases3 and chemical degradation (e.g. partial acid 
hydrolysis, beta elimination, and Smith degradation27) to cleave com
plex glycoconjugates into simpler fragments has been critical to 
deconvolute and assign structures. Meanwhile, NMR techniques involve 
heavy computation to decipher carbohydrate couplings in complex 
glycans.28 

While these studies have led to robust characterization of glycans in 
model bacterial species, specific insights are not necessarily translatable 
among bacteria. For example, in seminal work by Koomey, Imperiali, 
and coworkers, specific enzyme activity assays were employed to 
analyze and assign the biochemical function of glycosyltransferases 
encoded by protein glycosylation genes in Neisseria spp.19–21 This 
strategy required prior knowledge of target glycans’ structures and thus 
is non-trivial to apply to species whose glycan structures remain un
known. Likewise, analysis of LPS structures via MS and NMR studies 
yielded critical information about LPS biosynthesis in multiple Gram- 
negative bacteria,26,30 yet this approach involved time- and labor- 
intensive purification and enrichment of target glycans. Structural 

Figure 1. Structures of common bacterial glycans. Exclusively bacterial monosaccharides are highlighted in color, with known species distribution in parentheses. 
Abbreviations: heptose = L-glycero-D-mannoheptose; KDO = 3-deoxy-D-manno-oct-2-ulosonic acid; AAT = 2-acetamido-4-amino-2,4,6-trideoxyhexose; galf = gal
actofuranose; MurNAc = muramic acid; Pse = pseudaminic acid; FucNAc = N-acetylfucosamine; Leg = legionaminic acid; Bac = bacillosamine. 
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variability of the LPS O-antigen among Gram-negative bacteria makes 
information gleaned about LPS biosynthesis in E. coli29 not readily 
transferable to LPS biosynthesis in other Gram-negative bacteria, for 
example, or even across bacterial isolates of the same species. Taken 
together, these strategies yield invaluable insights yet are not always 
feasible for timely probing of unknown structures in priority and 
emerging antibiotic-resistant bacteria. 

2.2. Emerging approaches 

Over the last few decades, chemical tools have been developed to 
probe bacterial glycan biosynthesis via complementary approaches to 
those described above. Metabolic oligosaccharide engineering (MOE) is 
a chemical approach pioneered by Bertozzi,30,31 Reutter,32,33 and co
workers to study glycans in eukaryotic systems34 and more recently to 
study bacterial glycans (Fig. 2). In this two-step chemical approach, cells 
are treated with an unnatural sugar adorned with a bioorthogonal 
functional group, termed a “chemical handle” (e.g. azide), that is pro
cessed by permissive glycosyltransferases to yield cellular glycans 
bearing the modified sugar. Then, cells are incubated with an exquisitely 
selective reaction partner (e.g. alkyne) that reacts with the chemical 
handle-containing glycan via a bioorthogonal reaction35,36 to form a 
covalent adduct. Using this two-step approach, metabolically labeled 
cellular glycans can be elaborated with a reporter of choice (e.g. fluo
rophore, biochemical epitope tag) to ease their detection and study. 

A suite of bioorthogonal reactions has been developed to probe 
glycans in living systems.37 For example, “click chemistry” between 
azides and alkynes,38 Staudinger ligation between azides and triar
ylphosphines,39 and inverse electron demand Diels-Alder between 
cyclopropenes and tetrazines40 are three popular bioorthogonal re
actions that have been deployed to study bacterial glycans. As described 
in more detail below, this approach enables the delivery of reagents 
which facilitate the visualization and perturbation of bacterial glycans 
and their biosynthesis. While initial reports of MOE in bacteria focused 
on unnatural versions of ubiquitous monosaccharides, the chemical 
toolkit for the study of bacterial glycosylation has expanded consider
ably in recent years. A variety of metabolic reporters, crafted from an
alogs of monosaccharides, D-amino acids, and fatty acids, has emerged to 
probe, perturb and image bacterial glycan biosynthesis. Critically, 
because all that is required in MOE is an unnatural substrate bearing a 
chemical handle, this approach offers the opportunity to study bacterial 
glycoconjugates even without full knowledge of their structures. 

Lectin-based assays and microarrays have also emerged as comple
mentary approaches to study bacterial glycans. Lectins make up a class 
of proteins that bind chiefly to sugars. Early precedents in bacterial 
glycobiology relied on plant-derived lectins to discover protein glyco
sylation in model bacteria such as C. jejuni.12 These initial successes 
helped to spur important developments in this arena by Mahal,41 Gil
dersleeve,42 Paulson,43 and others,44 who pioneered and popularized 

the use of glycan-binding agents to examine the bacterial glycocalyx. As 
described in more detail below, lectin-based approaches enable the in
spection of glycan interactions on the surface of bacterial cells to illu
minate key host-pathogen dynamics. Similar to MOE, lectin-based 
studies and microarray platforms offer high-throughput parallel ap
proaches to yield important insights into bacterial glycans and their 
biosynthesis. 

In the following sections, we describe contemporary tools in cate
gories based on their objectives: (1) probing, (2) perturbing, and (3) 
imaging bacterial glycans. These technologies reveal important func
tions of glycans that, in combination with traditional structural analysis, 
accelerate the construction of glycosylation pathways and determina
tion of key drug targets in medically significant pathogens. 

3. Probing bacterial glycans 

Recent advances in chemical biology have introduced tools to yield 
insights into glycans and their biosynthesis in the absence of detailed 
structural information. Here we highlight the development and appli
cation of novel metabolic labeling methods, lectins, and microarray 
technologies to probe bacterial glycans. 

3.1. Metabolic labeling 

Bacteria containing suitably promiscuous metabolic pathways can 
uptake unnatural substrates bearing chemical reporters and incorporate 
them into their cellular glycans. This observation was first exploited by 
Nishimura and coworkers45 when they incorporated a ketone-bearing 
substrate into E. coli’s peptidoglycan. Since that foundational demon
stration, metabolic labeling of bacterial glycans has been deployed to 
understand the steps and key players involved in bacterial glycan 
biosynthesis. A wide range of metabolic precursors bearing chemical 
reporters has been developed to study bacterial glycans.46 In this sec
tion, we describe representative metabolic labeling strategies and key 
information these probes have yielded about bacterial glycosylation. 

Bacterial monosaccharide analogs have emerged as excellent meta
bolic reporters of bacterial glycans. Initially, unnatural azide-containing 
sugar analogs of common monosaccharides such as N-acetylgalactos
amine (GalNAc),47 N-acetylglucosamine (GlcNAc),48,49 fucose (Fuc),50 

and sialic acid (Sia)51 facilitated the detection of glycans in bacterial 
systems. However, these substrates have a relatively narrow incorpo
ration efficiency across bacterial species. For example, Clark et al.52 

demonstrated that an azide-containing variant of GlcNAc, peracetylated 
N-azidoacetylglucosamine (GlcNAz), was robustly incorporated into 
glycoproteins in the gastric pathogen H. pylori, yet was not appreciably 
incorporated into glycoproteins produced by C. jejuni, M. smegmatis, 
B. fragilis, Pseudomonas aeruginosa, nor Burkholderia thailandensis. In 
response to this observation, Dube, Kulkarni and coworkers53 developed 
azide-containing analogs of the rare bacterial deoxy amino D-sugars 

Figure 2. General schematic of metabolic oligosaccharide engineering (MOE). First, a sugar modified with a chemical handle is metabolically incorporated via 
permissive glycosyltransferases (GTs) into cellular glycans. Second, an exquisitely selective partner undergoes bioorthogonal reaction with the chemical handle to 
yield a detectable covalent adduct bearing a reporter. 
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bacillosamine, DATDG, and FucNAc to label glycoproteins in a larger 
array of Gram-negative species (Fig. 3A). The authors reported that 
several pathogenic bacteria robustly incorporated rare monosaccharide 
analogs into their glycans, while symbiotic bacteria and mammalian 
cells did not incorporate a detectable amount of these analogs onto their 
cell surfaces. This observation indicates the potential of atypical bacte
rial sugars to be pathogen-selective probes in complex microbial com
munities such as the gut microbiome. 

These findings set the stage for deploying a broad array of rare 
monosaccharide analogs, including MurNAc, AltdiNAc, and trehalose 
derivatives, to probe bacterial glycosylation (Fig. 3A). These analogs 
have yielded incisive insights into bacterial glycan biosynthesis. For 
example, Andolina and coworkers54 reported that the modified hexose 
probe 2-acetamido-4-azidoacetamido-2,4,6-trideoxy-L-altrose was 
metabolically converted in situ to pseudaminic acid (Pse) and led to 
installation of an azide in pseudaminic acid-containing glycans. Using 
this strategy, the authors validated the presence of Pse biosynthesis in a 
series of pathogenic bacteria that appeared, based on bioinformatics 
studies, to have Pse biosynthesis enzymes. Given the role of Pse in host- 
pathogen interactions of Gram-negative bacteria,55 access to this infor
mation could underpin glycan interference strategies. In another 
example, Moulton and colleagues56 utilized GlcNAz in an MOE-based 
screen to identify H. pylori’s O-linked protein glycosylation genes. By 
tracking glycoprotein biosynthesis in wildtype H. pylori versus glyco
sylation mutants, the authors were able to develop a model of 

glycoprotein biosynthesis and gain insights into the functional conse
quences of disrupting glycoprotein biosynthesis in this system. 

In addition to monosaccharide-based probes, D-amino acids (DAAs) 
are versatile probes for metabolic labeling of bacterial peptidoglycan 
(PG) (Fig. 3B). Previously, Pires,57 VanNieuwenhze,58–61 Walker,62 

Bertozzi63 and others64–68 established the uptake of unnatural DAAs into 
bacteria with PG. More recently, VanNieuwenhze and coworkers69 

explored the mechanism of DAA incorporation into bacterial PG. The 
authors revealed that bacteria processed synthetic DAAs via two 
extracytoplasmic pathways, through D,D-transpeptidases and L,D-trans
peptidases, rather than via cytoplasmic incorporation. This mechanistic 
finding prompted the development of a new fluorescent DAA probe for 
metabolic labeling of subcellular muropeptides,69 enabling the study of 
PG biosynthesis from not only the cell surface but also the cytoplasm. In 
another example, the Siegrist group70 reported the use of monopeptide 
DAA probes as PG precursors in mycobacterial cell wall synthesis 
(Fig. 3B). Through this strategy, Siegrist and colleagues tracked the 
remodelling of M. tuberculosis’s sidewall. They discovered the patho
gen’s ability to relocate peptidoglycan assembly to repair the cell wall in 
response to damage caused by antibiotics. Thus, DAA probes have pro
duced medically significant insights that could inform PG interference 
strategies. 

Mycolate and trehalose analogs can be harnessed for selective 
metabolic labeling of mycobacterial glycans (Fig. 3C). Mycobacteria are 
unique for their mycomembrane, an outer membrane comprised 

Figure 3. Metabolic labeling of bacterial glycans with a variety of unnatural substrates. Shown here is a panel of substrate analogs accessed from A) rare and 
common sugar building blocks, B) D-amino acids, and C) glycolipids. For each scaffold, chemical modification is permissible at positions with R groups and known 
metabolic fate indicated in parentheses. Abbreviations: MurNAc = muramic acid; KDO = 3-deoxy-D-manno-oct-2-ulosonic acid; AltdiNAc = 2,4-diacetamido-2,4,6- 
trideoxy-L-altrose; D-FucNAc = N-acetyl-D-fucosamine; DATDG = 2,4-diacetamido-2,4,6-trideoxyhexose; Bac-diNAc = N,N’-diacetylbacillosamine; GalNAc = N- 
acetylgalactosamine; GlcNAc = N-acetylglucosamine; AlkTMM = alkylated trehalose monomycolate. 
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primarily of trehalose-linked lipids, namely mycolic acids.71 Although 
many anti-tuberculosis drugs target the mycomembrane, its biosynthesis 
and host-interaction mechanisms are not fully understood.72 For 
example, mycolate-interacting proteins are important biomolecules 
involved in mycomembrane metabolism and host interactions, yet are 
currently underexplored. To fill this gap, the Swarts group recently re
ported the application of photoactivatable trehalose monomycolate 
analogs bearing diazirines and alkynes for in vivo targeting and analysis 
of mycolate-interacting proteins in M. smegmatis (Fig. 3C).73 Once 
metabolically incorporated into the mycomembrane, the glycolipid 
probes underwent photo-crosslinking with target proteins and subse
quent click-chemistry-mediated purification and characterization. This 
approach enriched over 100 mycolate-interacting proteins involved in 
mycobacterial modulation of host interactions and enabled their struc
tural and functional characterization. The strategy featured here is an 
example of proximity labeling, a method pioneered by Ting,74 Burke,75 

and others to enrich neighboring proteins with biotin using engineered 
enzymes.76 Proximity labeling has been extended for in vivo tagging 
using a heterobifunctional probe with a photoactivatable moiety and 
biotin.77 Since this technology is well-established in proteomic studies, 
its recent application in mycobacterial glycobiology by the Swarts group 
is a novel advance. Moreover, this strategy should be generalizable to 
any unnatural substrates that are processed into bacterial glycans, thus 
setting the stage for studies beyond mycobacterial species. 

Unnatural glycolipid-based substrates are powerful probes to label 
glycans that are recalcitrant to metabolic labeling with unnatural 
monosaccharides. Recent work by Calabretta and colleagues78 featured 
the use of synthetic arabinofuranosyl phospholipids to probe cell wall 
glycans in Corynebacterium glutamicum and M. smegmatis, models of 
M. tuberculosis (Fig. 3C). In the study, a glycolipid probe based on a late- 
stage biosynthetic intermediate was developed. This lipid-linked glycan 
restored cell wall arabinan in a C. glutamicum arabinan mutant and 
rescued wild-type cells treated with a cell wall synthesis inhibitor, 
leading to the full recovery of the cell envelope in both cases. Moreover, 
the incorporation of a 13C label into the arabinofuranosyl moiety on the 
probes facilitated NMR characterization of cell wall glycans. These 
findings highlight the ability of unnatural glycolipids to serve as track
able biosynthetic intermediates of cell wall synthesis in mycobacteria. 
Further, they offer an important alternative if analogs based on early 
biosynthetic intermediates (e.g. monosaccharides) fail. Taken together, 
these recent reports provide illustrative examples of how metabolic la
beling can be used to probe bacterial glycan biosynthesis and function. 

3.2. Lectins 

Over the last decade, new applications of lectins in probing bacterial 
glycans have emerged. Early examples in bacterial glycobiology relied 
on plant-derived lectins, which continue to advance the field. Beyond 
the important role plant lectins have played in detecting and facilitating 
the study of different classes of bacterial glycans, novel applications are 
still unfolding. For example, Kalograiaki et al.79 recently demonstrated 
the use of plant lectins for bacteria typing. In their report, the group 
determined that two galactose-specific plant lectins, Ricinus communis 
agglutinin (RCA) and Viscum album agglutinin (VAA), bound differen
tially to non-capsulated Haemophilus influenzae in clinical samples. The 
specific display of cell surface glycans had differential effects on RCA 
and VAA binding to H. influenzae. In particular, RCA bound to 
H. influenzae strains displaying truncated lipooligosaccharides, whereas 
VAA only recognized fully elaborated lipooligosaccharides. This study 
affirms the utility of bacteria-binding plant lectins and reinforces plants 
as important sources of biological probes crucial to the advancement of 
bacterial glycobiology. Future studies can examine the potential of using 
RCA and VAA to detect and differentiate strains of H. influenzae in 
infection models. 

Beyond plant lectins, advances in the field have also relied on 
mammalian lectins produced by the innate immune system to 

interrogate cell surface glycans that distinguish host cells from foreign 
pathogens.80 The three main classes of human innate immune- 
associated lectins are S-type lectins (galectins), siglecs, and C-type lec
tins.81 However, since these lectins recognize and bind to pathogenic 
glycan epitopes in a density-dependent manner,82 they have had limited 
utility for profiling isolated bacterial glycans. Specifically, innate im
mune lectin binding depends on the density and number of glycan epi
topes present on the cell surface rather than just the affinity of single 
epitopes. As a result of multivalent binding, these lectins bind with low 
affinity and high avidity to abundant glycans rather than rare epitopes of 
interest. In response to these limitations, current efforts in this area seek 
to identify new lectins capable of specific recognition to facilitate precise 
bacterial glycan analyses. 

Bacteria-focused lectins allow the inspection of bacterial glycans and 
their dynamics. One novel class of lectins that binds specifically to mi
crobes is X-type lectins, or intelectins.83 Intelectins were recently 
demonstrated to play an important role in the human immune system.84 

Lee and coworkers85 identified two types of intelectins, human 
intelectin-1 (hIntL-1) and human intelectin-2 (hIntL-2), encoded by the 
human genome. Subsequently, Kiessling and coworkers86 discovered 
that hIntL-1 bound exclusively to a diverse array of microbial glycan 
epitopes, including D-Galf- and KDO-presenting epitopes, not present on 
human cells. Later studies by Wangkanont87 and Chen et al.88 revealed 
that the mechanism of intelectins in recognizing bacterial glycans is 
conserved from Xenopus laevis to zebrafish to humans. This observation 
presents intelectins as naturally occurring bacteria-focused lectins that 
can act as selective probes for scrutinizing the bacterial glycocalyx. 
Thus, intelectins are potentially useful for analyzing the bacterial gly
coform, unveiling key glycan-mediated mechanisms of infection, and 
tracking glycan-binding interactions crucial to pathogenesis. For more 
information, Wesenser and colleagues86 published an excellent review 
on soluble human lectins that have the potential to be harnessed for 
detection and characterization of bacterial glycans. 

Additionally, microbial lectins are complementary probes for iden
tifying epitopes on the host cell surface responsible for bacterial adhe
sion and colonization. In a recent example, Sykorova and colleagues89 

discovered two novel lectins, BP39L and CV39L, from the pathogens 
Burkholderia pseudomallei and Chromobacterium violaceum, respectively. 
Functional assays verified the binding preference of BP39L for man
nosylated saccharides and CV39L for more complex β-L-fucose-present
ing polysaccharides. These data imply that host cells presenting 
identified epitopes are likely vulnerable to B. pseudomallei and 
C. violaceum infections. Moreover, determining potential binding part
ners of bacterial lectins facilitates the development of therapeutics that 
prevent infection by blocking bacterial adhesion to host cells. As a proof- 
of-concept study, Le and coworkers90 recently examined the binding 
preferences of fucose-specific lectins, namely LecB, BC2L-C, and AFL, 
produced by cystic fibrosis-causing pathogens. The authors designed a 
panel of multivalent α-L-fucoside-containing glycoclusters and screened 
for potential inhibitors of fucose-specific lectins. Notably, they demon
strated that a tetravalent, α-L-fucose-presenting glycocluster inhibited 
P. aeruginosa adhesion to human epithelial bronchial cells in vitro. This 
study sets the stage for anti-adhesive inhibitors, highlighted in section 
4.2, which impede key glycan-binding interactions to block bacterial 
entry to the host and reduce infection as a result. 

3.3. Microarrays 

Microarrays allow the high-throughput analysis of multiple bio
molecular interactions simultaneously using small and concentrated 
amounts of sample.91 Microarrays are assembled by tethering the probes 
of interest (e.g. lectins, glycans, bacteria) to a surface (e.g. glass slides). 
Once assembled, the binding of targets to the arrays is assessed, typically 
via a fluorescent mechanism. The immobilized probes range from DNA, 
proteins, and more recently, to glycans. Respectively, these probes 
enable massive parallel analyses to query the presence of genes, 
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proteins, and glycans of interest in samples, as well as their binding 
profiles. Although carbohydrate microarrays were originally developed 
to study glycan-mediated interactions in mammalian models,92 this 
technology has extended its reach to bacterial systems. In this section, 
we highlight the use of different microarrays to probe glycan expression 
and binding preferences in bacteria. 

Lectin microarrays are effective in exposing differential bacterial 
glycosignatures (Fig. 4A). Recent work by the Drickamer group93 

employed mammalian lectin arrays to screen for bacteria-specific re
ceptors. Using cow C-type lectins as probes, they discovered distinct 
binding preferences across pathogens including E. coli, K. pneumoniae, 
Staphylococcus aureus, and Mycobacterium bovis. In addition to providing 
an unbiased search for lectins that bound to a particular microbe, these 
microarrays revealed previously unknown binding events, indicating 
novel glycan compositions on some of the studied bacteria. This assay 
can be adapted for myriad purposes: probing glycan structure by 
assaying the binding of different lectins to one bacterial species, 
comparing binding specificity of potential receptors across bacterial 

species, assessing binding to different host lectins across pathogens, and 
more. In all applications, lectin microarrays have the potential to shed 
light on the diversity of bacterial glycoforms. Elucidating these glyco
patterns can facilitate the development of functional assays that explore 
the role of distinctive bacterial glycan coatings in modulating the dy
namics between bacteria, host cells, and the environment. 

Microarrays incorporating mammalian and bacterial carbohydrates 
have been recently applied to characterize bacterial glycans and their 
binding interactions (Fig. 4B). One use of these microarrays is deter
mining structures of the bacterial glycome responsible for key host- 
pathogen interactions. For example, Dupin and coworkers94 used a 
human glycocluster microarray to identify binding partners of LecB, a 
lectin produced by P. aeruginosa to facilitate adhesion to host cells. The 
microarray consisted of oligosaccharides and polysaccharides collected 
from bacterial fermentation and immobilized on a DNA chip, where 
their interaction with LecB was monitored. The authors ultimately un
covered carbohydrate residues responsible for multivalent binding to 
LecB. In another study, Wang and colleagues95 demonstrated the use of a 
PG microarray for the high-throughput screening of peptidoglycan 
binding proteins. The authors discovered PG fragments that served as 
ligands for human peptidoglycan recognition proteins. 

Additionally, glycan microarrays can unveil bacterial glycan epi
topes that are potential vaccine candidates.96–98 In one seminal 
example, the Seeberger group99 developed a glycoconjugate vaccine 
against S. pneumoniae using a combination of automated glycan as
sembly and glycan microarray-based screening. First, the authors 
generated synthetic glycans from S. pneumoniae capsular poly
saccharides via automated glycan assembly100,101 and identified 
immunogenic glycan epitopes using a glycan-microarray platform. With 
iterative output from this assay, they crafted and refined a glyco
conjugate vaccine that elicited a robust antibacterial immune response 
in rabbits. This study is an excellent example of applying glycan 
microarrays to discover and enhance glycoconjugate therapeutics 
against priority pathogens. 

As an alternative to probing pure glycans and their fragments, whole 
bacteria microarrays can facilitate the characterization of intact bacte
rial glycans in context (Fig. 4C). In a pioneering study, Solis and co
workers102 printed K. pneumoniae on a nitrocellulose-coated glass slide. 
After validating this approach by detecting the binding of bacterial cells 
to anti-K. pneumoniae antibodies, the authors examined bacterial 
glycosylation patterns and screened for inhibitors of host-pathogens 
interactions. Glycosylation patterns were derived from the binding 
behavior of bacteria microarrays to a panel of plant lectins with and 
without the presence of competing carbohydrates. The authors observed 
that specific carbohydrates reduced the ability of lectins to bind to 
bacterial cells via competitive interference. This result confirms these 
carbohydrates as potential inhibitors of host-pathogen interactions. 
Thus, future studies can couple this assay with recently developed sugar- 
based inhibitors,53,103,104 highlighted in section 4.1., to screen for po
tential leads that impede bacterial attachment and colonization of the 
host. In more recent work, Solis and colleagues105 used bacterial 
microarrays to detect the presence of target glycan structures on the 
surface of nontypeable H. influenzae. In addition to detecting 
H. influenzae glycans, they observed strain-selective binding of innate 
immune lectins to nontypeable clinical isolates. Thus, bacterial micro
arrays enable typing and pattern recognition of bacterial glycans 
without relying on intensive glycan synthesis and purification. 

3.4. Summary 

Above, we featured a series of complementary tools for probing 
bacterial glycans in the absence of complete structural information. 
Metabolic labeling is one of the most versatile techniques available to 
probe glycosylation in all classes of bacteria, and is accessible through a 
wide range of precursors, from monosaccharides, to D-amino acids, to 
lipid substrate analogs. While metabolic labeling allows the tailoring of 

Figure 4. Microarray assays probe glycan-binding events pertinent to host- 
pathogen interactions. A) Lectin microarrays differentiate bacteria based on 
distinct binding patterns. B) Glycan microarrays elucidate glycan epitopes key 
to host adhesion and identify novel immunogenic targets. C) Bacteria micro
arrays reveal intact glycan-binding interactions on bacterial surfaces. 
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substrates to study glycans of interest, lectins offer a complementary 
approach to study bacterial glycans. Recent discoveries have revealed 
several lectins that bind exclusively to bacterial glycans, allowing 
further scrutiny of the bacterial glycocalyx. In addition, microbial lectins 
elucidate host glycan epitopes key to bacterial adhesion and infection. 
Finally, microarrays extend on the use of lectins to allow high- 
throughput screening of glycan-binding interactions. This technology 
has been adapted to directly utilize bacterial glycans or whole bacterial 
cells for capturing native glycosignatures and binding events. Taken 

together, these approaches comprise an enabling toolkit that can un
cover medically important glycosylation pathways and targets in pri
ority pathogens. 

4. Perturbing bacterial glycans 

New tools to study bacterial glycosylation are capable of manipu
lating glycans and their biosynthesis in real-time. Here we feature the 
advancements in methods to perturb bacterial glycans, including 

Figure 5. Mechanisms of action of bacterial glycosylation inhibitors and representative structures of each class of inhibitors. A) Small molecule inhibitors compete 
with natural substrates in the active site of the target glycosyltransferase (GT), leading to the reduction of glycan production in the associated glycan biosynthetic 
pathway. B) Structures of representative small molecule inhibitors accessed from thienopyrimidine-6-carboxylate core-based analogs.113C) Phosphoglycosyl trans
ferases (PGTs) initiate glycan biosynthesis on a lipid carrier by catalyzing the transfer of a nucleoside sugar to a polyprenyl phosphate. Uridine analogs inhibit PGT 
activity and block addition of monosaccharides onto the lipid carrier. D) Structures of representative nucleoside inhibitors accessed from uridine analogs.115 E) 
Metabolic inhibitors consist of two classes: fluorosugars (chain terminators) and benzyl glycosides (substrate decoys). Fluorosugars terminate glycan elongation, 
while benzyl glycosides mimic endogenous glycan acceptors and divert glycan biosynthesis onto decoy substrates. F) Structures of representative metabolic inhibitors 
accessed from rare deoxy amino sugars, featuring chain terminators and substrate decoys.53 Abbreviations: Bac = bacillosamine (blue hexagon); DAT = 2,4-diac
etamido-2,4,6-trideoxygalactose; FucNAc = N-acetylfucosamine. 
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glycosylation inhibitors and molecules that block glycan binding in
teractions, and the consequences of these glycan-perturbing agents. 

4.1. Perturbation approach: Inhibit glycan biosynthesis 

Bacterial glycans are crucial to bacterial fitness and pathogenesis. 
Indeed, genetic and small molecule inhibition of glycocalyx construction 
leads to bacteria with reduced viability.106–111 Additionally, pathogenic 
bacteria coat themselves with unique glycans key to host cell binding 
and colonization.4 These characteristics, coupled to the long history of 
using antibiotics to disrupt glycan biosynthesis, suggest bacterial gly
cans are attractive targets for therapeutic intervention. 

Traditional small molecule inhibitors are potent in obstructing bac
terial glycan biosynthesis (Fig. 5A). Recent work by Naclerio et al.112 

identified novel compounds that suppressed lipoteichoic acid biosyn
thesis in methicillin-resistant S. aureus (MRSA). Lipoteichoic acid (LTA) 
is crucial to survival and pathogenicity in Gram-positive bacteria. In the 
study, the authors discovered small molecule inhibitors containing the 
1,3,4-oxadiazolyl core that interrupted S. aureus LTA biosynthesis and 
caused dramatic bactericidal effects in vivo. These compounds exhibited 
inhibition potency from 4 to 8-fold greater than blockbuster antibiotics 
against MRSA such as vancomycin and linezolid. Similarly, a study by 
Imperiali and coworkers113 employed a fragment-based screening 
approach for the high-throughput identification of small molecule in
hibitors of PgID, a key enzyme in C. jejuni bacillosamine biosynthesis 
(Fig. 5B). Optimized compounds effectively inhibited the target enzyme 
in the nanomolar range, yet they did not impact in vivo glycosylation of 
cell surface proteins. Thus, further structural optimization will be 
required to enhance the antibacterial potency of these compounds. 
Though these efforts are at different stages, they are incredibly impor
tant steps in the process of teasing out the impacts of small molecule 
inhibitors on glycan biosynthesis and validating different targets. 

Nucleoside inhibitors can also impede key players in target bacterial 
glycosylation pathways (Fig. 5C). Recent work by Imperiali and co
workers114 explored a modular design based on the scaffold of potent 
nucleoside antibiotics to yield inhibitors of bacterial phosphoglycosyl
transferases (PGTs). PGTs are essential enzymes for bacterial glycan 
assembly; they add the first phosphorylated monosaccharide onto a 
lipid-carrier to create a lipid-linked oligosaccharide, which is further 
elaborated by the sequential action of glycosyltransferases to yield 
higher-order glycans for glycoprotein, glycolipid, and polysaccharide 
biosynthesis. Their strategy yielded potent inhibitors that disrupted PGT 
activity in the micromolar range, suggesting nucleoside-based small 
molecules are novel anti-PGT agents that can impede early-stage glycan 
biosynthesis. In another study exploring nucleoside-based inhibitors, 
Madec and colleagues115 reported a library of uridinyl nucleoside ana
logs that exhibited inhibition of bacterial sugar-modifying enzymes 
(Fig. 5D). Then, they screened the inhibitors for their efficacy in inter
rupting the functions of glycosyltransferases from representative Gram- 
negative and -positive bacteria. Uridine analogs inhibited UDP-sugar 
processing enzymes in an enzyme-specific fashion in the micromolar 
range. These studies establish nucleoside inhibitors as potential leads 
that target bacterial glycosyltransferases of therapeutic interest. 

Recently, novel metabolic inhibitors were developed to interrupt 
bacterial glycan biosynthesis via different mechanisms (Fig. 5E). Dube, 
Kulkarni, and coworkers53 designed and synthesized two classes of 
metabolic inhibitors based on the rare bacterial monosaccharides 
bacillosamine, DATDG, and FucNAc (Fig. 5F). One class of inhibitors, 
termed chain terminators, relied on fluorosugars that were thought to be 
incorporated into the growing bacterial glycan but terminated further 
elongation, ultimately yielding truncated cellular glycans by serving as 
dead-end substrates. In the other class of inhibitors, termed substrate 
decoys, bacterial glycan biosynthesis was diverted onto benzyl glyco
sides to outcompete endogenous substrates and yield truncated cellular 
glycans. The authors demonstrated that both classes of metabolic in
hibitors led to glycoprotein biosynthesis defects in H. pylori. Moreover, 

disrupting H. pylori’s glycocalyx precipitated downstream functional 
defects in growth, motility, and biofilm formation. Not only did the 
inhibitors alter H. pylori’s protein glycosylation, but they acted in a 
bacteria-selective fashion. These inhibitors pave the way for the sys
tematic study and targeting of pathogen-specific glycosylation 
machinery. 

Metabolic inhibitors have also been developed to selectively inter
fere with the mycobacterial glycocalyx. Sucheck and colleagues103 uti
lized non-hydrolyzable derivatives of trehalose to inhibit mycobacterial 
trehalose biosynthesis. The modified trehalose derivatives inhibited 
trehalose 6-phosphate phosphatase in the micromolar range. However, 
further investigation of the functional effects of these inhibitors in cells 
is necessary to validate this strategy. In conceptually related work, 
Wolber and coworkers104 inhibited biofilm formation in M. smegmatis 
using 2-, 5-, and 6-position-substituted trehalose analogs. In addition to 
impacting biofilm formation, these compounds moderately inhibited in 
vitro growth in the micromolar range. Hence, metabolic inhibitors offer 
a generalizable approach to disarming the glycocalyx in a variety of 
pathogenic bacteria. 

4.2. Perturbation approach: Block glycan binding 

One key function of bacterial glycans is modulating host-pathogen 
interactions via specific glycan-binding events. Bacteria adhere to host 
cells by presenting surface glycans that are exquisitely selective to target 
molecules on the host cell surface.116 Further, bacterial adhesins can 
bind to host surface glycans in a lock and key fashion, facilitating bac
terial entry and colonization of the host. Blocking host-pathogen glycan- 
binding interactions poses one approach to interfere with the infection 
cycle (Fig. 6A). Toward this end, anti-adhesive agents that bind and 
block glycans or glycan-binding proteins offer great promise for pre
venting infections. 

New advances in chemical biology have produced novel anti- 
adhesives of host-pathogen glycan-binding events. Machida and co
workers117 recently reported the use of nucleic acid-based oligomeric 
assemblies with peptide nucleic acid-fucose conjugates to disrupt the 
binding of Burkholderia ambifaria’s lectins to host epithelial cells 
(Fig. 6B). The peptide nucleic acid-fucose conjugates bound with high 
affinity to the fucose-binding lectin BambL of B. ambifaria, forming 
unstable assemblies that reduced bacterial adhesion to host cells 
(Fig. 6C). These assemblies fully blocked the pathogen’s host cellular 
entry, demonstrating synthetic agents have the potential to interfere 
with bacterial glycan-binding interactions. 

Natural products are an important source of bioactive compounds 
that can exhibit anti-adhesive properties. Fu and colleagues118 discov
ered a rhamnose binding protein that inhibited the biofilm of 
P. aeruginosa. The authors identified a hemolymph plasma lectin cloned 
from a horseshoe crab that exhibited selective binding to rhamnose- 
containing moieties on P. aeruginosa’s biofilm. Subsequent experi
ments revealed the lectin’s ability to impede biofilm formation and 
disperse mature biofilms, leading to the reduction of P. aeruginosa 
cytotoxicity to human lung cells and zebrafish embryos in vivo. These 
results suggest that horseshoe lectins are potent anti-adhesives of host- 
pathogen interactions. In another study, Gottesman and colleagues119 

targeted the BabA receptor of H. pylori using rhamnogalacturonans from 
the plant Abelmoschus esculentus. The authors observed that highly 
branched and esterified rhamnogalacturonans effectively blocked the 
BabA-Lewis B interaction responsible for H. pylori adhesion to human 
gastric epithelial cells. Moreover, they discovered pectins from apple 
fruits could similarly hinder H. pylori binding to human galectin-3. Since 
designing anti-adhesive agents is inherently challenging, primarily due 
to the ability of any cell to rearrange its glycan coat via phase varia
tion,120 natural products bearing anti-adhesive properties significantly 
ease the development of anti-adhesive drugs against pathogenic 
bacteria. 
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4.3. Consequence of perturbation: Potentiate antibiotics 

Bacterial glycans are both intriguing targets of antibiotics and the 
cell’s first line of defense against antibiotics. Altering the bacterial cell 
wall thus has the potential to hypersensitize bacteria to antibiotics by 
removing their first line of defense. Indeed, genetic knockouts of 
glycosylation genes in antibiotic-resistant bacteria have potentiated 
existing antibiotics in Streptomyces coelicolor,121 Mycobacterium absces
sus,122 and Enterococcus faecium.123 Similarly, small molecule-induced 
remodelling of the bacterial cell wall has rendered bacteria more 
vulnerable to antibiotics,124,125 as described in more detail in this 
section. 

Small molecules that impede biofilm formation can sensitize bacteria 
to antibiotics (Fig. 7A). The bacterial biofilm is an extracellular matrix 
composed of polysaccharides, proteins, and nucleic acids that serves as a 
physical barrier for bacterial cells against environmental insults.126 

Biofilm formation is a key mechanism of antibiotic resistance in path
ogenic bacteria, suggesting that biofilm inhibition can recover bacterial 
susceptibility to antibiotics.127 Recent work by Yoshii and colleagues128 

demonstrated the recovery of methicillin-resistant S. aureus (MRSA) 
sensitivity to β-lactam antibiotics using norgestimate as a biofilm in
hibitor. The authors revealed that norgestimate, an acetylated progestin, 
disrupted staphylococcal biofilm formation by supressing production of 
polysaccharide intercellular adhesins and extracellular proteins. More
over, norgestimate induced abnormal features in cell wall morphology, 
including increased thickness and rippled septa. These characteristics 

were correlated with MRSA-heightened sensitivity to β-lactams and 
point to the promise of biofilm disruption strategies based on glycan 
biosynthesis. In another study, Su and coworkers129 explored the ability 
of synthetic antibiofilm agents to resensitize MRSA and Acinetobacter 
baumannii to the antibiotic oxacillin. The authors synthesized a library of 
4,5-disubstituted-2-aminoimidazole-triazole conjugates and confirmed 
their potency in dispersing MRSA and A. baumannii biofilms at low- 
micromolar concentrations. Lead compounds were reported to in
crease bacteria sensitivity to oxacillin by 2–4 fold. 

Chemical agents that compromise the bacterial membrane can also 
potentiate antibiotics (Fig. 7B). Si et al.130 developed a glycosylated 
cationic block β-peptide that reversed antibiotic resistance in Gram- 
negative bacteria. The peptide inhibited the integrity of the bacterial 
outer membrane and dissipated the transmembrane electrochemical 
potential. These effects led to the resensitization of carbapenem- and 
colistin-resistant Gram-negative bacteria to antibiotics in vitro and in 
vivo. Likewise, Lyu and colleagues131 recently reported using amphi
philic tobramycin-lysine conjugates to potentiate antibiotics in 
multidrug-resistant Gram-negative bacteria. The authors revealed that 
the novel tobramycin-lysine conjugates penetrated the outer membrane 
and synergized rifampicin and minocycline against multidrug- and 
extensively drug-resistant P. aeruginosa isolates. Thus, perturbing the 
outer-membrane glycan coating can render bacteria more vulnerable to 
antibiotics. 

Figure 6. Blocking glycan binding events key to pathogenesis. A) Bacterial 
adhesion to host cells often depends on host-pathogen interactions. Anti- 
adhesive agents that bind to either bacterial adhesins or host receptors can 
block these glycan-mediated binding events, resulting in reduced infection. B) 
Structure of representative synthetic anti-adhesive compounds, featuring pep
tide nucleic acid-fucose conjugates. C) Peptide nucleic acid-fucose conjugates 
can form assemblies that bind to bacterial adhesins in a multivalent fashion and 
block bacterial entry to the host. Images B and C are inspired by Figure 2 from 
Machida et al.117 

Figure 7. Approaches to potentiate antibiotics against resistant bacteria. A) 
Inhibiting polysaccharide production during biofilm formation sensitizes bac
teria to antibiotics by removing their protective barrier. B) Membrane-altering 
agents weaken the bacterial glycan coat and render bacteria vulnerable to 
antibiotics. 
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4.4. Consequence of perturbation: Engage immune system 

Bacterial pathogens are notorious for their ability to evade attack by 
the host’s immune system. To escape immune detection, bacteria 
employ tactics including modifying cell surfaces, expressing proteins 
that block host immune factors, and mimicking host antigens.132 Gly
coimmunotherapy approaches engage the host immune system to treat 
cancer, yet these strategies are less developed for treatment of bacterial 
disease. The tremendous success of carbohydrate-based vaccines to 
prevent bacterial infection suggests that immune-based strategies to 
treat bacterial disease hold great promise. Here we highlight the recent 
development of glycoconjugates that flag bacterial cells for immune- 
mediated clearance (Fig. 8A). 

Pires and coworkers pioneered a glycoimmunotherapy approach 
against bacterial pathogens. In one study, Fura et al.133 established a D- 
amino acid-based antibody recruitment therapy to promote clearance of 
planktonic Gram-positive bacteria by host immune cells. This strategy 
exploited substrate promiscuity in biosynthetic enzymes to incorporate 
unnatural D-amino acids bearing immunogenic 2,4-dinitrophenyl (DNP) 
into cell surface peptidoglycan (Fig. 8B). As a result, bacteria synthe
sized peptidoglycan displaying DNP, which recruited anti-DNP anti
bodies and elicited a host immune response. In a subsequent study, 
Feigman et al.134 designed a class of polymyxin B molecules conjugated 
to antigenic epitopes. These conjugates facilitated binding to surface 
glycans on Gram-negative bacteria and subsequent detection by human 
serum antibodies. Conjugates elicited specific killing of bacteria by im
mune cells in the presence of human serum, demonstrating the potency 
of immunotherapeutic agents in aiding the elimination of foreign 
pathogens. 

4.5. Summary 

Glycan biosynthesis inhibitors derived from antibacterial scaffolds, 
nucleoside-based analogs, and rare bacterial monosaccharides represent 
three complementary approaches to inactivate or divert bacterial 
glycosylation enzymes, in some cases in a bacteria-selective manner. 
Perturbation of bacterial glycan biosynthesis precipitates important 
functional consequences. Altering the bacterial glycan coat is one 
approach to block host-pathogen glycan-binding interactions and stop 
bacterial entry into host cells. Further, perturbed glycan biosynthesis 
provides a mechanism to hypersensitive or resensitize bacteria to anti
biotics. Finally, alterations in glycan architecture offer a means to 
engage the immune system with unmasked or novel immune-recruiting 
epitopes. Newly invented probes allow the directed manipulation of the 
bacterial glycocalyx and yield important insights into possible thera
peutic targets in bacterial pathogens. 

5. Imaging bacterial glycans 

The emergence of novel imaging probes has facilitated the tracking 
of bacterial glycans in physiologically relevant contexts. Here we 
describe the development and application of these tools, highlighting 
the bioorthogonal imaging of unnatural sugars, the development of 
direct fluorescent metabolic probes and fluorescent antibiotics, and the 
application of tagged isoprenoids to track bacterial glycan biosynthesis 
in vitro and in vivo. 

5.1. Bioorthogonal imaging to track unnatural sugars 

As discussed in section 3.1., chemically modified sugars are effective 
metabolic reporters of bacterial glycans and their biosynthesis. By 
attaching a bioorthogonal handle to an unnatural sugar, the handle can 
selectively recruit an agent of choice, such as a fluorescent tag, to illu
minate labeled glycans. This approach enables rapid access to functional 
information without requisite structural details. 

In studies of specific bacterial species, sugar analogs serve as excel
lent bioorthogonal imaging agents (Fig. 9A). For example, DeMeester 
et al.135 developed a library of functionalized uridine diphosphate N- 
acetyl muramic acid (UDP-NAM) analogs. Click chemistry with azido 
UDP-NAM derivatives allowed the fluorescent imaging of the peptido
glycan in both Gram-negative and Gram-positive bacteria, specifically 
E. coli and Lactobacillus acidophilus (Fig. 9B). Using a similar approach, 
Taylor et al.136 revealed key proteins defining cell wall growth in 
H. pylori via imaging with a bioorthogonal NAM analog. After verifying 
that alkyne-containing NAM was incorporated into the cell wall, the 
authors conjugated the sugar with an azido fluorescent dye via click 
chemistry. Bacterial cells were imaged in 3D and analyzed to construct 
cell wall growth patterns. A protein crucial to forming H. pylori’s helical 
shape was identified, uncovering a potentially compelling drug target. 

Using a different unnatural sugar in a separate model system, Swarts 
and colleagues137 employed azide-containing trehalose (TreAz) analogs 
to label glycans in mycobacterial trehalose metabolic pathways. TreAz 
was incorporated into cell surface glycolipids and subsequently under
went bioorthogonal ligation with alkyne-modified probes to illuminate 
the mycobacterial glycoform. The authors also demonstrated the di
versity in the labeling routes of TreAz analogs, suggesting this approach 
could uncover multiple pathways important to mycobacterial trehalome 
biosynthesis. Similarly, Foley et al.138 used trehalose monomycolates 
bearing terminal alkynes to tag arabinogalactan mycolates and trehalose 
dimycolates, major constituents of the mycomembrane. Alkyne-labeled 
mycolates were visualized in situ via click chemistry with azido fluo
rophores. This technique allowed the imaging of intact mycomembrane 
components and facilitated the investigation of mycobacterial physi
ology and pathogenicity. 

In addition to viewing bacterial glycans in monocultures of bacteria, 
sugar analogs enable live imaging of bacterial glycopatterns in complex 

Figure 8. Perturbing the bacterial glycocalyx to recruit immune responses. A) 
Bacteria typically evade host immune detection by modifying surface glycans to 
block immune factors or mimic host antigens. Unnatural substrates bearing 
immune stimulants can exploit permissive metabolic pathways to become 
expressed on bacterial surfaces, ultimately recruiting macrophages to seek and 
destroy pathogens. B) Structures of representative immunogenic agents 
accessed from unnatural D-amino acids bearing 2.4-dinitrophenyl (DNP), which 
can be incorporated into the peptidoglycan and recruit anti-DNP antibodies.133 
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microflora. Wang and coworkers139 presented an approach to selectively 
classify Gram-negative and Gram-positive bacteria in the mouse gut 
based on metabolic labeling and subsequent bioorthogonal chemistry 
(Fig. 9C). The authors utilized the azide-modified monosaccharide 8- 

azido-8-deoxy-Kdo (8AzKdo) to label and visualize lipopolysaccha
rides in Gram-negative species. On the other hand, Gram-positive bac
teria were tagged by fluorophore-conjugated vancomycin. This strategy 
allowed multicomponent imaging of both types of bacteria in complex 
gut microbiotas (Fig. 9D). Additionally, Geva-Zatorsky and colleagues48 

reported the in vivo imaging of commensal bacteria in the intestine using 
metabolic oligosaccharide engineering. Azido analogs of the naturally 
abundant sugar N-acetyl-galactosamine were incorporated into capsular 
polysaccharide A of B. fragilis and nine other anaerobic bacteria. Click 
chemistry enabled visualization of gut host-microbe interactions and 
elucidation of the fate of labeled glycans in a murine infection model. 
Since not all gut anaerobes are amenable to cultivation or genetic 
manipulation in vitro, in vivo labeling is critical to study the microbiome. 

In a similar study, Hudak and coworkers140 demonstrated the live 
visualization of distinctive glycan components of endogenous anaerobic 
bacteria in the intestine. The authors confirmed the unnatural sugars 
GalNAz, KdoAz, and D-amino acids were metabolically incorporated into 
capsular polysaccharide (CPS), lipopolysaccharide (LPS), and peptido
glycan (PG) in intestinal microbes, respectively. Coupled to click 
chemistry with fluorescent reporters, this approach enabled the simul
taneous tracking of CPS, LPS, and PG on the surface of live bacteria as 
they moved into specific intestinal immune cells in the living host. The 
localization of these bacterial glycans shed light on the progression of 
intestinal diseases, particularly by revealing how, when and which cell 
types encounter them, and whether differences in their accumulation 
correlate with disease. Thus, these illustrative examples of multicom
ponent imaging in mixed bacterial populations will open the door to 
understanding interspecies and glycan dynamics in complex systems. 
This information ultimately facilitates the development of therapeutics 
targeting key glycan-mediated host-pathogen interactions. 

5.2. Fluorescent metabolic probes 

One recent advance in imaging the bacterial glycocalyx involves the 
use of small molecule fluorophores that are metabolically incorporated 
into target glycans (Fig. 10). By exploiting promiscuous bacterial 
metabolic pathways, modified glycoconjugate building blocks, such as 
sugars and D-amino acids, are accepted. Fluorophore-containing probes 
enable the real-time visualization of native glycans with minimal dis
ruptions. This efficient method has been widely implemented to reveal 
important functions and mechanistic information about bacterial 
glycosylation. 

Fluorescent sugar analogs represent a useful class of metabolic im
aging agents. Zlitni et al.141 developed a fluorescent derivative of the 
dietary sugar maltotriose to monitor bacterial infections. The probe was 
taken up by Gram-negative and Gram-positive bacteria in vivo in a 
wound murine model, allowing the detection of infection, analysis of 
infection burden, and illumination of antibiotic effectiveness. In addi
tion, the maltotriose scaffold exhibited stable pharmacokinetics, 
demonstrating its suitability for imaging in live models. Thus, fluores
cent maltotriose analogs can facilitate the real-time visualization of 
bacterial sugar uptake. This example illustrates the potential to track 
uptake of fluorescent sugars that are required for the construction of 
higher order bacterial glycans. 

Recent work by Rodriguez-Rivera and colleagues142 reported the use 
of fluorescein-trehalose analogs to study mycomembrane dynamics in 
live cells (Fig. 10A). Trehalose-fluorophore molecules were metaboli
cally incorporated into trehalose mycolates of mycobacterial species, 
enabling the live observation of labeled glycolipid mobility. Through 
this technique, the authors revealed the diversity in mycomembrane 
fluidity across species and the effect of anti-tuberculosis drugs on 
mycomembrane dynamics. In a related study, Swarts and coworkers143 

developed a two-step chemoenzymatic synthesis of trehalosamine, an 
aminoglycoside antibiotic against mycobacteria and an essential inter
mediate in syntheses of trehalose-based imaging probes. The authors 
observed that trehalose-fluorophore conjugates elaborated from 

Figure 9. Imaging strategies using bioorthogonal probes. A) Sugar analogs 
bearing bioorthogonal groups illuminate bacterial glycans on target species. 
The sugars GlcNAc and MurNAc are depicted by blue squares and purple 
hexagons, respectively. B) Clickable muramic acid derivatives fluorescently 
labeled the peptidoglycan in Lactobacillus acidophilus. Reproduced with 
permission from DeMeester et al.135 C) Labeling bacteria via bioorthogonal 
probes alongside fluorescent antibiotics allows the differential imaging of 
Gram-negative and Gram-positive bacteria in vivo. D) Selective labeling of 
Gram-negative bacteria by 8-azido-8-deoxy-Kdo (8AzKdo, yellow hexagon) and 
Gram-positive bacteria by fluorescent vancomycin in the gut microbiome. 
Reproduced with permission from Wang et al.139 
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trehalosamine labeled distinctive trehalose metabolism pathways. Thus, 
future investigations can employ fluorescent trehalosamine derivatives 
to explore the antimicrobial activities of trehalosamine-based antibiotics 
in a pathway-specific manner. In more recent work, the Swarts group144 

demonstrated that the 18F-modified trehalose analogue 2-deoxy-2-[18F] 
fluoro-D-trehalose was metabolized by M. smegmatis but not by various 
mammalian cell lines. This observation suggests that 18F-modified 
trehalose analogues can be coupled with positron emission tomography 

(PET) for in vivo selective imaging of infections caused by trehalose- 
processing pathogens such as M. tuberculosis. Since PET imaging using 
18F-labeled sugar probes is a clinically established method,145,146 future 
studies can explore the application of 18F analogs of metabolic reporters, 
such as those featured in section 3.1., in illuminating the bacterial 
glycocalyx. 

Quencher-fluorophore probes based on sugars have been developed 
as “smart” imaging agents of bacterial cell wall biosynthesis (Fig. 10C). 
A study by Hodges and coworkers147 demonstrated the visualization of 
mycolic acid membrane synthesis using a quencher-trehalose- 
fluorophore as a mycolyltransferase substrate analog. The mock sub
strate turned fluorescent upon mycolyltransferase-mediated hydrolysis 
and allowed the real-time tracking of mycolyltransferase activity during 
cell wall biosynthesis. In a similar study, Holmes and colleagues148 

designed a fluorescence-quenched analog of trehalose dimycolate. The 
compound became fluorescent as a result of hydrolysis by trehalose 
dimycolate hydrolase and mycomembrane trehalose degrading en
zymes. These studies indicate the potency of quencher fluorophore 
probes in tracking the activity of cell wall synthesis enzymes and 
elucidating glycoassembly machinery. 

Fluorescent D-amino acids are versatile imaging agents of bacterial 
peptidoglycan biosynthesis (Fig. 10B). Recently, Hsu et al.149 introduced 
a family of fluorescent D-amino acids used for the non-invasive imaging 
of bacterial peptidoglycan. These probes were accepted by endogenous 
bacterial transpeptidases and covalently appended onto PG, overcoming 
toxicity and permeability issues. Their high bioorthogonality and PG 
specificity enabled the real-time visualization of PG synthesis in live 
cells. Similarly, Boersma and coworkers150 reported the fluorescent D- 
amino acid-aided imaging of PG dynamics in wildtype versus PG hy
drolase mutants of S. pneumoniae. The authors were able to detect re
gions of new PG turnover during live cell division and revealed the 
bacteria’s mechanism of PG remodelling during pathogenesis. In an 
important advance, VanNieuwenhze and colleagues68 presented rotor- 
fluorogenic D-amino acids for the continuous imaging of trans
peptidation reactions in vitro and in vivo. Rotor-fluorogenic D-amino 
acids are “smart” probes that turn fluorescent only when incorporated 
into bacterial PG, where bond rotation is restricted, allowing the tem
poral screening of PG biosynthesis in live cells. Ultimately, these studies 
highlight fluorescent D-amino acids as powerful tools to uncover 
important functions and antibiotic targets of the bacterial peptidoglycan 
in biologically relevant contexts. 

5.3. Fluorescent glycan-binding antibiotics 

Antibiotics are key to eradicating bacterial infections and, as 
demonstrated recently, yield incisive information about bacterial path
ogenesis. To this end, fluorescent antibiotics have been developed to 
track drug-bacteria interactions within organelles, whole cells, and live 
animals. Common cell wall-targeting antibiotics provide a rich source of 
fluorescent probes for imaging bacterial glycans.151–155 In this section, 
we feature a number of recent advancements in applying fluorescent 
antibiotics to visualize bacterial glycosylation. For a more extensive 
description of fluorescent antibiotics, we refer readers to a compre
hensive review by Stone and colleagues.156 

Fluorescent antibiotics illuminate important functions and pathways 
within bacterial glycan biosynthesis. Recent work by McInerney and 
colleagues157 utilized a fluorescent polymyxin analog to label lipo
polysaccharides (LPS) in Gram-negative bacteria. The probe enabled the 
high-throughput quantitation of polymyxin-LPS affinities and revealed 
novel drug targets in the outer-membrane of Gram-negative pathogens. 
Likewise, Akram et al.158 accomplished real-time imaging of Gram- 
negative bacteria in distal human lungs using a fluorescent antimicro
bial peptide that targeted lipid A, an essential component of LPS. The 
authors validated the probe’s ability to generate safe and rapid pulmo
nary molecular detection of Gram-negative pathogens in humans. In a 
similar study, Mao and coworkers159 developed a fluorescent β-lactam 

Figure 10. Mechanisms of action of metabolic imaging probes. A) Fluorescent 
sugar analogs are metabolically incorporated into endogenous glycans to enable 
their detection and tracking via fluorescence. Trehalose is depicted by two 
linked blue circles. B) Fluorescent and rotor-fluorogenic D-amino acids are 
metabolically incorporated into peptidoglycan and facilitate the real-time im
aging of peptidoglycan biosynthesis. Rotor-fluorogenic D-amino acids turn 
fluorescent once incorporated into cellular peptidoglycan. C) Fluorophore- 
quencher probes accessed from sugar analogs become fluorescent upon spe
cific enzyme-catalyzed reactions and allow the direct visualization of enzyme 
activity during cell wall biosynthesis. 
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analog to selectively visualize β-lactamase activity in extended-spectrum 
antibiotic-resistant bacteria. This probe bears a ratiometric fluorescent 
sensor, which allowed the measurement of fluorescent signals inde
pendent of their intensities and environmental conditions. As a result, 
the probe sensitively detected β-lactamase activity in bacterial patho
gens and rapidly distinguished extended-spectrum antibiotic-resistant 
bacteria from other pathogens. These studies exemplify the utility of 
fluorescent antibiotics in yielding key information about bacterial 
pathogenesis and uncovering novel therapeutic targets. 

5.4. Polyisoprenoids to track glycan biosynthesis 

Polysaccharides are major building blocks of the bacterial cell en
velope that facilitate bacterial infection and colonization of host cells. 
Bacterial polysaccharides are often assembled on a lipid polyisoprenoid 
carrier. Briefly, glycosyltransferases act in succession to transfer 
monosaccharides onto a lipid carrier to yield a polysaccharide 
(Fig. 11A). Fluorescent polyisoprenoids are versatile scaffolds for char
acterizing polysaccharide biosynthesis, tracking their assembly in real 
time, and understanding of their role as it relates to bacterial patho
genesis (Fig. 11). 

Recent advancements in the development of fluorescent poly
isoprenoids have yielded important insights into bacterial glycosylation 
machinery. Troutman and colleagues160 took advantage of undecap
repyl pyrophosphate synthase’s substrate promiscuity to incorporate a 
fluorescent isoprenoid unit into bacterial polyisoprenoids in vitro. Tag
ged isoprenoids allowed substrate and product tracking and quantifi
cation by reverse-phase high performance liquid chromatography 
(HPLC). Using this general strategy, they traced the enzymatic biosyn
thesis of B. fragilis capsular polysaccharide A tetrasaccharide repeating 
unit onto a fluorescent polyisoprenoid in a sequential, one-pot reaction. 
The authors uncovered the first evidence of a pyruvate acetal modifi
cation of galactose in the polysaccharide biosynthesis pathway. This 
process revealed the pyruvyltransferase WcfO to be a novel drug target 
due to its crucial role in producing functional repeating tetrasaccharide 
units of the capsular polysaccharide. 

Similarly, Scott et al.161 employed a fluorescent polyisoprenoid to 
identify six key proteins involved in the biosynthesis of colanic acid, a 
polysaccharide secreted by E. coli to protect it from harsh conditions 
(Fig. 11B). As a starting substrate, the polyisoprenoid probe (Fig. 11C) 
enabled the coupled fluorescence HPLC-mass spectrometry analyses of 
subsequent monosaccharide additions onto colanic acid repeating units 
by each of the six enzymes in this pathway. This approach illuminated 
the enzymes’ activities in colanic acid production in vitro. This knowl
edge is significant for understanding bacterial glycan biosynthesis, 
assigning functional roles to glycosyltransferases, and ultimately 
developing effective therapeutic interventions for targeting bacterial 
pathogens that utilize polyisoprenoids. Future in vivo applications of 
these probes will validate the ability of this strategy to shed light on 
bacterial glycoassembly pathways in the context of live cells. 

5.5. Summary 

We have highlighted a suite of emergent chemical tools to image 
bacterial glycans and examples of their most recent applications. One 
novel approach entails the application of bioorthogonal chemistry for 
two-step labeling and tracking of target glycans. In addition, single-step 
labeling with fluorescent-metabolic probes derived from widely avail
able glycoconjugate building blocks, namely sugars and amino acids, are 
powerful imaging agents that allow the real-time visualization of bac
terial glycosylation activities in vitro and in vivo. Similarly, fluorescent 
glycan-related antibiotics are efficient reporters of the bacterial surface 
glycocalyx, particularly its interactions with drugs and host cells. 
Finally, fluorescent polyisoprenoids represent a versatile class of mo
lecular imaging tools to track and characterize polysaccharide biosyn
thesis. Ultimately, these probes yield valuable insights into the bacterial 

glycosylation apparatus and uncover new drug targets key to fighting 
antibiotic resistance. For further reviews on small molecule imaging 
reporters of the bacterial glycoform, we recommend two excellent reads 
by Kocaoglu and Carlson162 and Parker et al.163 

6. Current gaps and future directions 

Recent advances in bacterial chemical glycobiology have shed light 
on the roles and functions of bacterial glycans and indicated potential 

Figure 11. Imaging bacterial glycans via fluorescent polyisoprenoids. A) Bac
terial polyisoprenoids act as lipid carriers upon which glycosyltransferases 
(GTs) construct higher order glycans, including polysaccharides. They are 
critical for biosynthesis of a number of glycans. B) A fluorescent reporter can be 
metabolically incorporated into bacterial polyisoprenoids to monitor glycan 
assembly steps and characterize glycosyltransferase activities. Glycans at 
different stages during biosynthesis can be imaged. C) Example of an imaging 
probe which consists of the fluorescent reporter 2-nitrileaniline appended to 
bactoprenyl phosphate. Figure adapted from Scott et al.161 Abbreviations: Ac =
acetyl; Pyr = pyruvyl; 2CNA-B(nZ)P = 2-nitrileanilinobactoprenyl phosphate. 
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therapeutic targets. Nevertheless, before identifying leads to ultimately 
develop new narrow-spectrum antibiotics, paramount challenges 
remain unaddressed. In this section, we highlight the present knowledge 
gaps in studies of bacterial glycans and the need for novel tools to 
answer fundamental questions about these biomolecules. 

6.1. Characterizing the structures of bacterial glycans 

While the current toolkit has yielded high-level information about 
the importance of bacterial glycans to function and pathogenesis, mo
lecular details of these glycans in many instances are still unknown. One 
common approach to elucidating glycan structure employs mass spec
trometry. However, this strategy has several major limitations: (1) low 
instrumental sensitivity to heterogeneous glycoforms, (2) lack of data
base search algorithms to identify the components of bacterial glycans, 
(3) poor differentiation of monosaccharides that are structural isomers 
with the exact same mass, and (4) challenges with purification of these 
complex biomolecules.164 The first limitation requires the enrichment of 
specific glycan subtypes, which has been achieved by several chemical 
tagging methods.165–168 On the other hand, the second limitation re
quires the truncation of glycans to produce sample pools with predict
able masses, which complicates the analysis of whole glycan structures. 
The third limitation is unavoidable. Finally, efforts have been made to 
facilitate in line chromatographic separation prior to mass spectrometry 
analysis.169 

To overcome some of these constraints, Woo and colleaeges164 

developed a mass-independent methodology termed Isotope-Targeted 
Glycoproteomics (IsoTaG). In brief, this approach consists of meta
bolic labeling of cellular glycans, enrichment of labeled species using an 
isotopic recoding affinity probe, and analysis of enriched glycans via 
tandem mass spectrometry. Since the initial development, IsoTaG has 
been used to identify over 1375 N- and 2159 O-linked glycoproteins in 
human cells.170 This novel method is effective for characterizing whole 
glycan structures, yet it has only been utilized to study glycoproteomes 
in mammalian systems.171,172 Given the key components of this strategy 
are not species-specific, IsoTaG is potentially generalizable to studies of 
glycans in bacterial systems. 

6.2. Metabolic labeling of glycans in complex microbial communities 

We have featured several applications of metabolic probes for the 
study of bacterial glycan biosynthesis (section 3.1). However, these 
probes have only been employed to investigate a small number of bac
terial species rather than complex microbial communities. A few recent 
studies offer notable exceptions. In one study, Wang and coworkers139 

explored the ability of murine gut microbes to incorporate 8-azido-8- 
deoxy-Kdo into lipopolysaccharides. The authors elaborated azide- 
labeled glycans in these complex communities with a fluorescent 
probe, then enriched and identified fluorescently-labeled Gram-negative 
bacteria via 16S rRNA sequencing. This study indicates the feasibility of 
labeling glycans on select bacteria in complex microbial communities. 
As another proof-of-concept study, more recent work by Wolan et al.173 

reported the metabolic labeling of sialic acid-expressing microbes in a 
human fecal microbiome. By culturing the fecal microbiome with an 
azide-containing sialic acid analog, the authors were able to label sialic 
acid-presenting microbes and identify a new strain of E. coli that 
incorporated sialic acids onto its surface to evade host immune detec
tion. Moreover, they found that levels of sialic acids present on gut 
bacteria was regulated by commensal microbes present within the 
samples. These findings illustrate that the bacterial glycocalyx is tailored 
by the microbial community. Thus, studying bacterial glycans in context 
is of paramount importance. 

Taken together, these novel findings demonstrate the necessity of 
examining bacterial glycopatterns in complex microbial communities. 
In particular, this strategy allows the characterization of bacterial glycan 
biosynthesis in a high-throughput manner, since a variety of sugar 

analogs can be introduced and assessed for patterns of uptake. Ulti
mately, this approach provides an unbiased means to explore the role of 
glycans in modulating microbiome dynamics as it relates to human 
health and disease. 

6.3. Expanding the panel of metabolic probes 

Although bacteria utilize over 100 monosaccharides in glycan 
biosynthesis, only a small percentage of these sugars have been chemi
cally modified into metabolic probes (Fig. 3A). Thus, extending the 
panel of bacterial sugar analogs would facilitate the identification of 
elusive glycan structures and distinctive glycan coats across bacterial 
species. To this end, the Kulkarni group174 presented an expedient 
synthetic route to access rare deoxy amino L-sugar building blocks. This 
work, and many others,175 set the stage for the determination of key 
building blocks that differentiate glycans from one bacterial species to 
another. Beyond monosaccharide building blocks, unusual oligosac
charides amenable to chemical modifications are crucial to decoding the 
bacterial glycocalyx. While expeditious and high-throughput syntheses 
of oligosaccharides have been demonstrated,176,177 these strategies are 
biased toward accessing mammalian and structurally defined molecules. 
Thus, future studies can extend on precedented work to produce atyp
ical, bacterial oligosaccharides as probes for specific epitope labeling. 
Ultimately, the expanded set of metabolic probes can pave the way to 
understanding bacterial glycan biosynthesis and identifying potential 
therapeutic targets. 

7. Conclusion 

The growing problem of antibiotic resistance suggests the ineffec
tiveness of our current antibiotic arsenal and the need for new antibiotic 
targets. Bacterial glycans are compelling molecular targets that can be 
harnessed to develop both broad-spectrum and narrow-spectrum anti
biotics. Despite having critical roles in bacterial function and patho
genesis, glycans are difficult to study due to the sheer diversity of 
building blocks present in their complex structures. Fortunately, recent 
advances in chemical biology have expedited the study of bacterial 
glycans despite these challenges. By exploiting promiscuous metabolic 
pathways in bacteria, chemical reporters can be incorporated into 
cellular glycans to facilitate the study of biosynthetic intermediates and 
their end products, along with their critical binding interactions, in 
physiologically relevant contexts. In particular, we have highlighted a 
suite of chemical tools to probe, perturb, and image bacterial glycans. 
These probes have been applied to investigate the role of glycans in a 
wide range of priority pathogens, as well as commensal species, in both 
in vitro and in vivo studies. Thus, these tools set the stage for under
standing the fundamental functions of these biomolecules and poten
tially revealing novel pathogen-specific drug targets. 

Additional steps are still needed to fill the gaps in the current toolkit 
to study bacterial glycans. One persistent shortcoming of the toolkit is 
the lack of rapid and accessible methods to characterize the full struc
tures of bacterial glycans. This knowledge is critical for identifying 
druggable molecular targets. In addition, less attention has been given to 
understanding the role of glycans in modulating mixed microbial dy
namics. Applying chemical tools to probe complex microbial glyco
patterns in a physiologically relevant context is thus an important next 
step. Finally, there is a need for more available sugar analogs of bacterial 
monosaccharides and unusual oligosaccharides representative of bac
terial rare glycan epitopes. Given these atypical molecules are major 
constituents of bacterial glycans, an extended panel of probes crafted 
from these scaffolds will enable a wider search for unknown glycans as 
well as species-specific incorporation of different sugars. Ultimately, 
these steps will reveal crucial information about bacterial glycosylation 
as it relates to human health and disease. 
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