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Abstract

Among the four major building blocks of life, glycans play essential roles in numerous

physiological and pathological processes. Due to their non-templated biosynthesis, advances

towards elucidating the molecular details of glycan functions are relatively slow compared with

the pace of protein and nucleic acid research. Over the past 30 years, chemical tools have emerged

as powerful allies to genetics and molecular biology in the study of glycans in their native

environment. This tutorial review will provide an overview of the recent technological

developments in the field, as well as the progress in the application of these techniques to probe

glycans in cells and organisms.

Introduction

Over the past thirty years, revolutionary advances in biosciences have produced a variety of

tools for the visualization and manipulation of nucleic acids and proteins in living systems.

For example, RNA and DNA can be tracked in vivo through hybridization with a

complementary sequence functionalized with probes for fluorogenic or colorimetric

detection. Likewise, proteins can be studied in vivo by fusion to fluorescent proteins to

visualize them or photoactivatable domains to control their functions.1 The invention of

these technologies has been enabled through the use of sophisticated biochemical and

genetic manipulations. However, glycans, until recently, remained an elusive target for

modern imaging techniques. Unlike proteins and nucleic acids that are genetically encoded,

glycosylation is a posttranslational modification in which glycans are assembled in a

stepwise fashion. Thus, techniques developed to label nucleic acids and proteins are not

directly transferable to label glycans.

Glycans mediate diverse biological processes in a cellular context by interacting with

glycan-binding proteins called lectins.2 Glycan-lectin interactions regulate many aspects of

cellular functions ranging from signal transduction to cell adherence and cell-cell

communications. Accordingly, aberrant glycan expression and glycan-lectin interactions are

a hallmark of malignancies including cancer and autoimmune diseases. For these reasons, to
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determine the molecular function and regulation of glycans, tools for perturbing and

detecting these biomolecules in their native environments are required.

The classical methods for probing glycans in cells and organisms involve the use of lectins

and antibodies. Many lectins are commercially available as fluorescently labeled conjugates

that recognize diverse glycan structures from monosaccharides, the simplest building blocks

of glycans, to polysaccharides, oligomers built from monosaccharides. However, most

lectins originate from plants and are toxic to the cells they are probing. Binding to their

target glycans with only a millimolar affinity, the specificity of lectins is usually low.

Similarly, antibody-based detection methods have been developed to target specific glycan

structures such as Lewis X, Sialyl Lewis X and heparan among many others. These

antibodies are tissue impermeant, and as a result, their applications in vivo are limited.

Recently, Bülow and coworkers showed that a GFP-tagged single chain variable fragment

antibody, when expressed in Caenorhabditis elegans, allows direct visualization of specific

heparan sulfate patterns.3 However, the endogenous glycan functions may be blocked by

transgenically introduced antibodies, urging further validation of the generality of this

approach in living organisms. Glycans, when released from protein or lipid anchors, can be

analyzed using nuclear magnetic resonance (NMR), mass spectrometry (MS) and high

performance liquid chromatography (HPLC). However, these techniques can only be used in

vitro and are not applicable in cells and living organisms. In this review, we will provide a

brief overview of the recent technological developments that have enabled the chemical

probing of glycans in living systems, including cultured bacteria, yeast, mammalian cells, C.

elegans, zebrafish and mice.

Glycan remodeling via metabolic oligosaccharide engineering

First developed in the early 80’s, metabolic oligosaccharide engineering (MOE) is a method

to perform structure-activity-relationship (SAR) studies to explore glycan functions in living

systems. This method involves chemically synthesizing a monosaccharide analog, supplying

cells with the unnatural monosaccharide, and following up with the cellular outcome. As an

early example, N-acetyl mannosamine (ManNAc) analogs were synthesized with elongated

or branched hydrocarbons introduced to replace the N-acetyl side chain of the natural

metabolic precursor of sialic acid. When fed to cells, the unnatural substrate is metabolized

and incorporated into cell surface sialylated glycoconjugates by exploiting the substrate

promiscuity of CMP sialic acid synthetase and sialyltransferases, key enzymes in the sialic

acid biosynthetic pathway.4

In this early work, ManNAc analogs were administrated to cells or animals directly in the

unprotected form. The hydrophilic nature of these unnatural substrates prevents their free

diffusion into the cytoplasm compartment. In order to achieve productive labeling,

millimolar concentration was required. In the late 90’s, it was discovered that peracetylation

of monosaccharides could enhance their cellular uptake.5 Once inside the cell the acetyl

groups are rapidly hydrolyzed by nonspecific esterases, liberating the monosaccharides to

metabolic processing. These studies laid the groundwork for the future development of

MOE as a general approach to investigate glycan functions in living systems.
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The year 1997 witnessed a breakthrough in the field of MOE when Carolyn Bertozzi

demonstrated that a chemically reactive group, the ketone, could be incorporated into the N-

acyl side chain of ManNAc to allow a covalent ligation reaction on the surface of live cells.6

The covalent reaction enabled the introduction of a biophysical probe to detect the tagged

sialic acids (Scheme 1A). This pioneering work ushered in a period of active research aimed

at discovering highly specific reactions as fast chemical ligation tools in complex cellular

environments. Termed bioorthogonal chemistry, reactions that fall into this category proceed

rapidly at physiological conditions without interference with the native biological

machineries. By using a functional group that is not found in the biological system,

specificity toward the tagged targets (e.g. glycans) is ensured among a myriad of

biomacromolecules and metabolites presented in cells. These functional groups include

aldehydes, ketones, thiols, azides and alkynes, each of which can be specifically targeted

using a bioorthogonal reaction.

The coupling reaction between a carbonyl compound (i.e. aldehyde and ketone) and an N-

nucleophile (i.e. hydrazide or aminooxy) is a classical example of bioconjugate chemistry

(Scheme 1B). The reaction products (i.e. hydrazone or oxime) are relatively stable compared

to condensation products of the carbonyl with other nucleophiles commonly found in

biological systems, such as primary amines. While ketones are not present on the cell

surface, metabolites inside the cell, such as pyruvate, can react with nucleophilic probes,

limiting the use of this reaction in the cytoplasm.

Considered as “the cream of the crop” of click chemistry,8 azides and alkynes are not

present within the cell or on the cell surface, making them ideal tags to be installed

synthetically into monosaccharide building blocks without significantly disrupting their

natural functions. Indeed, the Huisgen 1,3-dipolar cycloaddition reaction between azides and

alkynes represents prototypic bioorthogonal click chemistry7 that has been used for rapid

detection of glycans in living organisms.

To react with azides at room temperature, terminal alkynes require activation by a Cu(I)

catalyst.8, 9 This reaction, discovered independently by Sharpless and coworkers and Meldal

and coworkers, is termed copper-catalyzed azide-alkyne cycloaddition (CuAAC) (Scheme

1C). In 2004, Fokin and coworkers developed polytriazoles as the first generation ligands to

accelerate this transformation in aqueous solutions (Figure 1A).10 The toxicity associated

with Cu(I) initially prevented the application of this reaction in vivo;7 nevertheless, recent

progress in ligand design has resulted in highly active catalysts that enable robust glycan

ligation in living systems, including cultured bacteria, mammalian cells, and zebrafish,

within a time-scale of minutes at non-toxic concentrations (Figure 1B).11–13 The

development of non-toxic Cu(I) catalysts opens the possibility of applying CuAAC to track

glycans in higher order mammals such as mice.

Alkynes can also be activated by raising their ground-state energies using ring strain, a

variant of azide-alkyne cycloadditions commonly known as copper-free click chemistry

(Scheme 1D). Cyclooctynes and seven-membered thiacycloalkynes are strained alkynes that

react rapidly with azides in the absence of Cu(I). The first generation strain-release-

promoted cycloaddition proceed with modest reaction rates in the order of k = 10−3 M−1s−1.
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Further development led to gem-difluoro,14 biaryl fused cyclooctynes15 and

biarylazacyclooctynones16 that exhibit considerately enhanced reactivity (rate constants ~0.1

– 1.6 M−1s−1) (Figure 2). While these rates are sufficiently fast for most applications, they

are still significantly slower than the CuAAC reaction.

The Staudinger ligation is another reaction involving the azide that utilizes a phosphine

reagent carrying an electrophilic trap (Scheme 1E). With second-order rate constant in the

range of 10−3 M−1 s−1 for alkyl azides, the Staudinger ligation proceeds much more slowly

in aqueous media compared to the reaction of azides with cyclooctynes. In addition,

phosphines are prone to air oxidation, which often necessitates the use of high micromolar

(>250 μM) concentration of these reagents and hours of reaction time. Surprisingly, this

reaction shows higher efficiency than the copper-free click chemistry in mice, presumably

due to the superior bioavailability of the phosphine probes and nonspecific reactivity of

cyclooctyne reagents towards thiol-containing biomolecules.

In the oxidative environment of the cell surface, cross-coupling reactions between thiols and

electrophiles such as maleimides to generate thioethers have been considered as

‘bioorthogonal’ (Scheme 1F). Yarema and coworkers showed that thiol-containing sialic

acids on the cell surface could be detected using a maleimide-functionalized biotin.17 This

selectivity is achieved by the positioning of the thiol label in the outer periphery of the cell

surface where the cysteine residues in membrane proteins are either oxidized to disulfides,

bound to metal ions or buried under the glycocalyx.

Besides unnatural monosaccharide building blocks harboring chemical handles for

bioorthogonal ligation, MOE also allows incorporation of monosaccharides containing

photo-crosslinkers into cellular glycans, a strategy that has been successfully used to capture

protein binding partners. Among the photo-crosslinkers available, the most popular ones that

have been applied to glycan labeling are diazirine and aryl azide.

It took over 20 years before MOE was applied to label glycans other than sialic acid. By

realizing that all mucin-type O-linked glycans share the core structure of N-

acetylgalactosamine α linked to Thr/Ser, the Bertozzi lab introduced the peracetylated N-

azidoacetylgalactosamine (Ac4GalNAz), an azido analog of GalNAc, to label mucins found

on the cell surface (Scheme 2).18 In the cytoplasm, Ac4GalNAz is deacetylated and

activated into UDP-GalNAz, which serves as the donor substrate for polypeptide N-

acetylgalactosaminyltransferases (ppGalNAcTs), a group of enzymes that initiate the O-

glycosylation of peptide backbones to produce mucins. Recently, however, it was

discovered that a large portion of UDP-GalNAz is actually converted into UDP-GlcNAz by

an enzyme called UDP-Glc/GlcNAc C4-epimerase and transferred to Thr or Ser residues of

cytosolic and nuclear proteins by another enzyme called O-linked N-acetylglucosamine (O-

GlcNAc) transferase (OGT) (Scheme 2). By exploiting this pathway, Ac4GalNAz has also

been used as a substrate to label O-GlcNAcylated proteins metabolically.19

Within a year of each other, Wong and Bertozzi discovered independently that fucose

analogs bearing an alkyne or azide tag at the C-5 position could serve as metabolic

precursors to label fucosylated glycans in cultured mammalian cells by exploiting the
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substrate promiscuity of the GDP-Fucose salvage pathway.20, 21 Vertebrates obtain the

majority of their universal fucosyl donor, GDP-Fucose, from the de novo biosynthetic

pathway that converts GDP-mannose into GDP-Fucose; therefore, the labeling efficiency

through the salvage pathway is low (Scheme 3). To increase the incorporation efficiency of

the unnatural fucose into fucosylated glycans and extend this method in vivo, our lab11 and

the Bertozzi lab22 developed a strategy to bypass the salvage pathway and use the alkyne-

bearing GDP-fucose analog directly as the metabolic substrate to label fucosylated glycans

in zebrafish embryos. Using the enzymatic approach developed in our lab,23 GDP-fucose

analogs designed for “click” ligation were synthesized in vitro and microinjected into

zebrafish embryos at one-cell stage, allowing detection by CuAAC and copper-free click

chemistry at various developmental stages starting from 2.5 hours post-fertilization (hpf).

With fucose being the most recent example, only four of the nine common mammalian

monosaccharides have been probed using MOE thus far.

So far we have discussed how to enhance cellular uptake of metabolic precursors and choose

a bioorthogonal tag for your glycan of interest. The site on a monosaccharide building block

to which reactive tags are introduced is another critical factor that glycan engineers must

take into consideration. As exemplified by ManNAc, the committed metabolic precursor of

sialic acid, only the acyl side chain and the C4-OH in this monosaccharide can be

chemically modified, permitting productive incorporation into sialylated glycans. Other

positions in ManNAc either participate in phosphorylation (C6-OH) or aldol condensation

with pyruvate (C1), catalyzed by glycan processing enzymes, or are involved in the

formation of the six-membered hemiacetal (C3-OH and C5-OH, in ManNAc and sialic acid,

respectively) (Figure 3). When administered to cells, ManNAc analogs modified at the

acetyl side chain are metabolized to sialic acid and incorporated in both N- and O-linked

glycans, as well as in glycolipids. Interestingly, when the C4-OH of ManNAc is substituted

by the azide, only the O-linked glycans are modified. Sialic acid analogs, when protected as

esters, can serve the metabolic substrates directly. Reactive groups have been successfully

introduced into the N-acyl and the C9 positions of these substrates (Scheme 1).

Chemoenzymatic methods for labeling glycans

The elongation of glycan chains naturally occurs through an ordered, enzymatic addition of

activated monosaccharides, i.e. nucleotide sugars, a process taking place in endoplasmic

reticulum and Golgi. Inspired by nature, the Hsieh-Wilson laboratory developed an

alternative method to metabolic labeling for the detection of cytosolic and nuclear proteins

modified by O-GlcNAc. This method mimics the natural process of enzymatic addition and

utilizes an engineered 1,4-galactosyltransferase to transfer a ketone-tagged UDP-N-

acetylgalactosamine analog to the GlcNAc residues in cell lysates.24 When the ketone is

replaced with an azide, this method can be extended to image O-GlcNAcylated proteins in

fixed cells;25 the azide alleviates the problem of nonspecific ketone-aminooxy condensation

in the cytoplasm.

In mammalian organisms, GlcNAc is the only glycan found on cytosolic and nuclear

proteins. Other glycans, after being processed in the secretory pathway, are transferred to the

plasma membrane or secreted as glycoproteins or glycolipids. These glycans are built from
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monosaccharides in various linkages. It is these specific linkages that confer glycans unique

properties that enable specific molecular recognition. Until recently, methods only existed

for labeling glycans that contain a particular monosaccharide motif amenable to

modification by the metabolic strategy. Due to the diversity in their structures, higher-order

glycans (i.e. di-, tri- and polysaccharides) of specific composition cannot be uniquely

labeled by hijacking their biosynthetic pathways with unnatural monosaccharide building

blocks. In 2009, our laboratory described a chemoenzymatic approach to label N-

acetyllactosamine (LacNAc, Galβ1,4GlcNAc), an ubiquitous disaccharide glycan found in

many cell surface glycoproteins.26 In this method, a chemically modified GDP-fucose

analog containing an azide- or a terminal alkyne is transferred specifically to the LacNAc

disaccharide using an α1,3 fucosyltransferase, the enzyme involved in the generation of the

Lewis X trisaccharide. The labeled LacNAc can then be detected using CuAAC or copper-

free click chemistry (Scheme 4). We showed that the modified fucose could be used to

analyze the changes of LacNAc during lymphocyte activation processes and image LacNAc

in live zebrafish embryos. Following this initial work, the Hsieh-Wilson group showed that a

combination of BgtA, bacterial homolog of the human blood group A antigen

glycosyltransferase, and UDP-GalNAz allows the labeling of cell-surface Fuc α(1–2)Gal, a

disaccharide epitope involved in many physiological and pathological processes (Scheme

4).27 To our knowledge, the works published by our laboratory and Hsieh-Wilson represent

the only chemical methods for probing polysaccharides in living systems.

Direct chemical remodeling of glycans on the cell surface

Glycans containing vicinal diols (e.g. sialic acid) can be oxidized efficiently by periodate to

generate aldehydes directly on the cell surface, allowing ligation with hydrazide and

aminooxy nucleophiles. Traditionally an acidic pH of 5.5 is required to achieve productive

reactivity.28 This condition is toxic to most cells, severely limiting the use of this technique

to label glycans in living systems. Recently, Dawson discovered that aniline catalyzes the

formation of oxime in near quantitative yield.29 Further improvement of this protocol

enabled Paulson and coworkers to label sialylated glycoproteins on the surface of live cell

with aminooxy probes upon periodate treatment under neutral conditions.30

Imaging glycans in living organisms

The debut of glycan labeling methods based on bioorthogonal chemistry paved the way for

imaging glycans in living organisms. With the success of pilot studies in cultured

mammalian cells, Bertozzi and coworkers demonstrated mucin-type O-linked glycans in

zebrafish embryos can be tagged with the azide by metabolic treatment with Ac4GalNAz.31

Covalent labeling with DIFO-conjugated fluorescent probes via the copper-free click

chemistry enabled the labeled glycans be visualized using fluorescence microscopy in

subcellular resolution. The jaw region, pectoral fins, and olfactory organs were identified as

the hotspots of O-glycan biosynthesis at 60 hpf. This study represents the first example of

visualizing dynamic glycosylation in a living organism. Following this pioneering work,

analogous approaches have been developed to follow the biosynthesis of sialylated and

fucosylated glycans in developing zebrafish (Figure 4A),31,11, 22 and the trafficking of

mucin O-glycans in C. elegans (Figure 4B).32
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Zebrafish and C. elegans are ideal models for fluorescence imaging because of their optical

clarity. To image glycans in non-transparent organisms, far-red fluorescence imaging and

single-photon-emission computed tomography (SPECT) have been applied. As

demonstrated by Brindle and coworkers, sialylated glycans in tumor-implanted nude mice

can be labeled by Ac4ManNAz introduced through intraperitoneal injection33. The

Staudinger ligation was then employed to ligate a biotinylated phosphine probe, allowing

detection of the labeled sialic acids by Neutravidin-Dylight-649 (NA649; Figure 4C) or

DOTA-111In-conjugated neutravidin (DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid). Positive signal produced by the azido-dependent labeling was primarily

located in tumors (Figure 4D). The upregulation of sialylated glycans is strongly correlated

with malignancy for many tumors; therefore, this technique has the potential to be translated

into a clinical setting to monitor the progression of cancer.

The glycans produced by Saccharomyces cerevisiae are relatively simple to engineer as

compared to vertebrate organisms due to the well-established genetic approaches to screen

for glycosylation mutants in this species. Breidenback et al. genetically modified the yeast to

disrupt the de novo synthesis of UDP-GlcNAc, introduce a GlcNAc salvage pathway, and

force the cells to scavenge the exogenously delivered GlcNAc analogs to survive. As

verified by enzymatic digestion and MS analysis, azide or alkyne-bearing GlcNAc was

incorporated into the core structure of N-linked glycoproteins, allowing labeling via CuAAC

and copper-free click chemistry and subsequent fluorescence visualization (Figure 4E).34 By

incorporating a stoichiometrically defined mixture of GlcNAc isotopologs into the same

position, this method also allows the identification of 133 N-glycosites in 58 yeast proteins,

nearly doubling the number of experimentally observed N-glycosites in the yeast

proteome.35

To date, much of the research in this field has been centered on glycans in eukaryotic

organisms, in part because prokaryotes were historically believed to be non-glycosylated

beyond their cell walls. The discovery of protein glycosylation machineries in bacteria has

inspired the development of tools to detect glycoconjugates of bacterial origin in their native

environment.36 The metabolic labeling approach coupled with the recent advances in

chemoenzymatic preparations of unnatural glycan precursors has allowed Davis and

coworkers to develop a brilliant method to detect Mycobacterium tuberculosis in infected

macrophages.37 This method employs a fluorescein-tagged trehalose analog as a metabolic

substrate to label live M. tuberculosis (Scheme 5). Trehalose is a disaccharide found on the

outer membrane of the cell envelope of the bacterium in free form or as esters of mycolic

acids. The team showed that by treating infected macrophage with the unnatural trehalose,

the fluorescently labeled disaccharide entered the host cell and was selectively integrated

into the membrane of M. tuberculosis. This method may be transformed in a new diagnostic

assay to detect and track tuberculosis through the body.

Identification of glycoproteins via bioorthogonal tagging

Protein glycosylation is the most complex and prevalent form of posttranslational

modification. Bioinformatic analyses of eukaryotic genomes have suggested that over 50%

of predicted proteins are likely to be glycosylated.38 These glycoproteins are involved in a
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variety of physiological processes, including angiogenesis, fertilization and neuronal

development. Changes in cell surface glycosylation mark the onset of cancer and

inflammation. Glycoproteins are also found in certain prokaryotes,36 including

Campylobacter jejuni, a pathogenic bacterium that causes inflammation of the

gastrointestinal tract, and human gut symbionts Bacteroides.39 Defects in protein

glycosylation not only abrogate the competitiveness of Bacteroides in colonizing

mammalian intestine, it also hinders the in vitro growth of the bacteria.40 Despite their broad

biological significance, the vast majority of glycoproteins in both eukaryotic and prokaryotic

systems have not been characterized at the molecular level, and the functions of their

glycans remain largely unknown.

Traditional methods to enrich glycoproteins for MS identification rely on lectin affinity

chromatography, a method that is often complicated by nonspecific binding to irrelevant

glycans and low affinity toward the desired glycan epitope.41 The chemical reporter strategy

based on metabolic or chemoenzymatic labeling provides a more specific and reliable

alternative to capture glycoproteins for the downstream MS analysis. By tagging the glycan

of interest with a bioorthogonal functional group as a reactive handle, a biotin probe can be

introduced in the subsequent step using the aforementioned ligation reactions, permitting

enrichment of the glycoprotein targets using immobilized streptavidin. As demonstrated by

Wong and coworkers, sialylated glycoproteins in mammalian cells labeled with

peracetylated N-(4-pentynoyl) mannosamine (Ac4ManNAl) can be efficiently enriched

using this method.42 Following on-bead trypsin digestion and PNGase-F treatment, N-linked

glycoproteins that are sialylated were selectively released and identified by liquid

chromatography coupled to tandem mass spectrometry (LC-MS2). By exploiting the fucose

transporter found on the bacterial membrane, our group developed a method that allows an

alkyne bearing fucose analog to be metabolically incorporated into Bacteroidales species for

glycoproteomic analysis.43

Similarly, Hsieh-Wilson and coworkers used the chemoenzymatic approach developed in

their laboratory to probe O-GlcNAcylated proteins in crude cell lysates.44 They discovered

that phosphofructokinase 1(PFK1), a major regulatory enzyme of glycolysis, is modified by

O-GlcNAc under conditions of rapid tumor growth. Hyper O-GlcNAcylation of PFK1 was

shown to decrease its enzymatic activity and reshuffle metabolic flux to produce metabolites

essential for DNA biosynthesis and antioxidants to quench reactive oxygen species, thus

supporting tumor growth. These results implicate the blocking of O-GlcNAcylation on

PFK1 as a novel cancer therapeutic.

Recently, the Hsieh-Wilson group extended the application of this chemoenzymatic strategy

to quantify the stoichiometry of O-GlcNAc modification of cyclic AMP-response element

binding proteins (CREB), a transcription factor involved in the formation of long-term

memories.45 O-GlcNAcylated proteins in cell lysates were labeled with 2-keto galactose

analog and reacted with a 2kD aminooxy-functionalized PEG tag to shift the molecular

weight of the labeled species. Immunoblot analysis confirmed that a large fraction of CREB

(44–48%) was monoglycosylated in cultured cortical neurons under basal conditions. Ser40

was found to be the major site of glycosylation, and this modification repressed basal

transcription level of the CREB-mediated genes. Mutation of Ser40 to Ala in CREB
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enhanced both axonal and dendritic growth and long-term memory consolidation.

Importantly, CREB requires phosphorylation at Ser133 for its activity. Neuronal stimuli

enhanced O-GlcNAcylation of the Ser133-phosphorylated CREB subpopulation. As the

result, CREB-induced gene expression was attenuated.

As discussed previously, glycans mediate biological recognition events by their dynamic

interactions with lectins. For example, NeuAca2-6Gal epitope interacts with receptor CD22

on the same cell (in cis) and opposing cells (in trans) to regulate B-cell receptor signaling.

To identify glycoproteins containing NeuAca2-6Gal that interact with CD22, the Paulson

group exploited the strategy of MOE to incorporate an aryl-azide moiety to the C-9 position

of cell-surface sialic acid (Scheme 6A).46 Upon the UV radiation, glycans were crosslinked

to their receptors in situ. Using this method, they discovered that CD22 itself serves as the

cis-ligand and forms homomultimetric complexes. By photo crosslinking cell-surface

NeuAca2-6Gal that contains the aryl-azide with a CD22-Fc chimera, B-cell receptor IgM

along with a group of 27 glycoproteins was found to be a major in situ trans-ligand of

CD22. As showed by immunofluoresent staining, IgM is selectively redistributed to the site

of cell contact upon binding to CD22 of the opposing cells. Recently, this photocrosslinking

strategy also found applications beyond probing sialic acid-binding proteins. For example,

Kohler and coworkers installed diazirin into O-GlcNAc as the photoactivable crosslinker to

capture proteins that bind to O-GlcNAcylated proteins (Scheme 6C)47. Using this method,

they observed that O-GlcNAcylated neucleoporins containing phenylalanine-glycine repeats

were associated with nucleus transporter factor, suggesting that O-GlcNAc residues are

involved in essential recognition events in nuclear transport.

Chemically engineered glycans for therapeutic applications

The chemically modified unnatural glycans have primarily been used for imaging and

proteomics studies. However, there is sufficient evidence to suggest that these analogs may

also be employed as therapeutics.

Several studies have shown that subtle structural changes in glycans could have profound

impact on their interactions with cell-surface receptors. For example, early work done by the

Pawlita group showed that modifications of the N-acyl group could drastically enhance or

abolish host susceptibility to sialic acid-dependent viral infections.48 They treated

mammalian cells with ManNAc analogs including N-propanoyl mannosamine (ManNProp),

N-butanoyl mannosamine (ManNBut) and N-pentanoyl mannosamine (ManNPent), and

confirmed that about 50% of cell surface sialic acids were replaced by the corresponding

analogs with elongated N-acyl side chains. The presence of the modified sialic acids

efficiently blocked the infection with B-lymphotropic papovavirus. Interestingly, cells

treated with ManNProp and ManNBut showed enhanced infection by human polyomavirus

whereas the viral infection was abolished in cells treated with ManNPent.

The C9 position of sialic acid is another hotspot frequently sought for potential therapeutic

applications. For example, studies have shown that acetylation of the C9 hydroxyl group

reduces the interaction of sialic acid with factor H,49 a regulator of complement activation,

and siglec-9, a sialic acid binding lectin.50 Given the importance of both interactions in
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immunosignaling, the C9 modified sialic acid may find use in immunotherapy. Recently

Paulson and coworkers discovered that by incorporating bulky substituents into the same

position of sialic acid, high affinity ligands of CD22, a member of the siglecs family of

sialic acid binding lectins, were generated.51 The restricted expression of CD22 on B cells

inspired the team to evaluate the feasibility of using these glycan ligands as targeting

epitopes for selective drug delivery to treat B lymphoma.52 They formulated liposomes

functionalized with a high affinity glycan ligand of CD22 and found that these nanoparticles

efficiently delivered encapsulated doxobubicin to tumors in a systemic Daudi B lymphoma

model in NOD/SCID (non-obese diabetic/severe combined immunodeficient) mice (Scheme

7). Mice treated with the glycan-functionalized liposomes showed significantly extended

mean time of survival compared to their counterparts treated with the unfunctionalized

liposomes.

Glycans make up a majority of the extracellular matrix on stem cells and play important

roles in maintaining the stem cell niche. As early as 1998, Schmidt et al. showed that stem

cell development could be manipulated by metabolically introduced unnatural glycans.53

When they fed ManNProp to various progenitor cells, it was discovered that this unnatural

sugar stimulates the proliferation of astrocytes and microglia in vitro. In a recent example,

Yarema and coworkers showed that by introducing a thiol residue to sialic acids, human

embryoid body-derived stem cells were differentiated into cells morphologically similar to

neurons.17 These studies suggest that MOE may have therapeutic application in tissue

engineering.

Historically, upregulation of sialic acid-containing glycans is strongly correlated with the

transformed phenotype of many cancers.54 Moreover, a strong correlation between the level

of cell-surface sialic acids and metastatic potential has been observed in several different

tumor types.55 These observations prompted glycobiologists to explore the possibility of

engineering non-human, sialic acid-like epitopes on the surface of tumor cells that can be

targeted by the immune system as a means to eradicate cancer.56 Recently, the metabolic

approach has been exploited to treat a mouse model of myopathy, a muscular disease

resulted from sialic acid deficiency, in which peraceylated ManNAc was administered to the

animals systemically.57 However, for cancer treatment, targeted delivery of metabolic

precursors specifically to cancer tissues is desired.

Two popular approaches have been developed to achieve cancer specific targeting: caged

substrates that are liberated by enzymes produced by the cancer target and substrates

conjugated to targeting elements that bind to cancer-specific surface receptors. In 2010, the

Bertozzi lab exploited the first approach to achieve targeting specificity of metabolically

introduced sialic acid in cultured cells.58 A caged ManNAz was synthesized that was

attached to a peptide substrate for prostate-specific antigen protease specifically expressed

on the surface of prostate tumors (Scheme 8A). When the caged substrate came into contact

with the protease, the peptide was removed, setting free ManNAz to enter the metabolic

cycle. Earlier this year, the Chen lab used the second strategy to realize the same

objective.59 They encapsulated azido-modified sialic acid in liposomes functionalized with

folic acid to target folate receptors upregulated in tumor cells (Scheme 8B). Targeted

delivery of the azido sialic acid to cancer cells expressing folate receptors was achieved with
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high specificity as verified by fluorescence microscopy following the CuAAC-based

labeling. With the success of these two in vitro studies, it is foreseeable that similar

approaches may be tested in animal models for the delivery of sugar analogs selectively to

tumors as a new metabolic therapy.

Likewise, cell surface glycan remodeling via enzymatic approaches also holds potentials for

generating therapeutic interventions. As shown by Sackstein et al., in situ fucosylation could

transform the migration property of mesenchymal stem cells (MSCs) and direct their

trafficking to bone.60 As a promising candidate for treating congenital and acquired bone

diseases such as osteogenesis imperfect, the clinic applications of MSCs were hurdled by

their poor osteotropism. Sackstein et al. discovered that sialyl Lewis X, a fucosylated glycan

epitope, could be created on the cell surface of mesenchymal stem cells by fucosylation

using a human α1,3 fucosyltransferase ex vivo. When introduced to the host NOD/SCID

mice, the engineered MSCs infiltrated bone marrow within hours of infusion.

Future directions and concluding remarks

The relatively nascent field of chemical glycobiology has produced beneficial connections

between scientists in genetics, cell biology and chemistry. Through the joint efforts of

researchers from these newly connected fields, novel tools have been created to expedite the

probing of glycans in cells and organisms and have provided new insight into their in vivo

functions. To address untackled problems in the field, the future of glycosciences will

depend heavily on the development of imaging methods for the characterization of the

biosynthesis, metabolism and dynamic movement of glycans in living systems. As the

repertoire of enzymes available for the chemical synthesis of complex polysaccharides

expands, there will be a simultaneous need for alternative applications of these enzymes to

label cell-surface polysaccharides for molecular imaging or proteomic identification.

Additionally, methods to perform in vivo SAR studies beyond sialic acid will provide

mechanistic insights in the design of therapeutics for the treatment of disorders caused by

aberrant glycan-lectin interactions. Glycans are intrinsically involved in every major human

disease; through the development of new chemical tools we are beginning to elucidate the

role of glycans in the onset and progression of these pathological processes.
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Figure 1.
The first (A) and the second generation (B) tris(triazolylmethyl)amine-based ligands that accelerate CuAAC.
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Figure 2.
Relative reactivity of cyclooctyne and biarylazacyclooctynone probes.
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Figure 3.
Functional groups in ManNAc participating in enzymatic transformations and hemiacetal formation.
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Figure 4. Imaging of glycans in living organisms
(A) A fluorescent image of Alexa Fluor 647-labeled fucosides in a zebrafish embryo (10 hpf). (B) Fluorescent images of old

(green) and newly synthesized O-glycans (red) in C. elegans at different developmental stages (right panels), corresponding

differential interference contrast (DIC) images (left panels) (adapted from reference 32). (C) Far-red fluorescence imaging of

sialylated glycans in a mouse tumor model. Upper image shows signals from a vehicle control, lower image shows NA649

signal from a metabolically labeled mouse co-localizing with flanked tumor. (D) SPECT and X-ray CT fusion images of the

same tumor model as in (C) labeled with DOTA-111In-conjugated neutravidin (adapted from reference 33). (E) Fluorescence

images of S. cerevisiae with cell surface N-linked glycans labeled with Alexa Fluor 488 (green) or 647 (red) dye (adapted from

reference 34).
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Scheme 1.
(A) Labeling cell-surface sialylated and fucosylated glycans using metabolic oligosaccharide engineering and bioorthogonal

chemistry. Positions in sialic acid and fucose that are amenable for chemical tagging are highlighted in red. (B) condensation of

ketones with aminooxy and hydrazide compounds. (C) CuAAC. (D) Copper-free click chemistry. (E) The Staudinger ligation.

(F) Thiol-maleimide coupling reaction.
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Scheme 2.
Metabolic labeling of mucin-type O-glycans and O-GlcNAcylated proteins
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Scheme 3.
GDP-Fucose de novo biosynthetic pathway and salvage pathway in vertebrates.
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Scheme 4.
Chemoenzymatic labeling of cell-surface polysaccharides.
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Scheme 5.
Detection of M. tuberculosis in infected macrophages.
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Scheme 6.
Identification of glycan-binding protein partners via photo crosslinking. (A, B) Unnatural sialic acid analogs used to capture

sialic acid binding proteins. (C) The unnatural GlcNAc analog used to capture proteins that bind to O-GlcNAc-modified

proteins.
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Scheme 7.
Using glycans as targeting epitopes to deliver drugs selectively to B lymphoma cells in mice models.
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Scheme 8.
Targeted delivery of unnatural monosaccharide metabolites. (A) An uncaging strategy for targeted delivery of ManNAz to

cancer cells. (B) Using folic acid as the targeting epitope.
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