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SUMMARY

Cellular carbohydrates or glycans are critical mediators of biological function. Their remarkably diverse struc-
tures and varied activities present exciting opportunities for understanding many areas of biology. In this
primer, we discuss key methods and recent breakthrough technologies for identifying, monitoring, and

manipulating glycans in mammalian systems.

INTRODUCTION

Glycans are ubiquitous and play important roles in fundamental
processes ranging from neural development and cell signaling to
immune regulation and host-pathogen interactions (Varki, 2017).
All living cells are coated with a complex array of glycans that
adorn the proteins, lipids, and even RNAs in cell membranes
and cell walls. Glycosylation is one of the most common post-
translational modifications. The majority of all human proteins
are glycosylated, and many glycans become altered and
contribute to the pathophysiology of major diseases, including
cancer (Pinho and Reis, 2015), diabetes (Reily et al., 2019), Alz-
heimer’s disease (Haukedal and Freude, 2020), and infectious
diseases such as COVID-19 (Clausen et al., 2020; Zhou and
Cobb, 2021). With the advent of new technologies for studying
glycans, there is a growing ability to understand glycosylation
and its myriad of functions.

Glycans have historically been challenging to study
compared with other major classes of biomolecules. Unlike
DNA, RNA, and proteins, glycans are not produced using a
specific template. Rather, their biosynthesis relies on the
intrinsic specificities and spatiotemporal expression of a series
of glycosyltransferases (GTs), which ultimately leads to families
of related but non-equivalent glycan structures. Glycans can
also be assembled into both linear and branched structures,
wherein the monosaccharide building blocks are joined at
one of several positions around the sugar ring with a- or B-ste-
reochemistry at the anomeric carbon (Figure 1A). Thus, the po-
tential structural complexity of glycans vastly exceeds that of
DNA, RNA, and proteins. Due to the decentralized biosynthetic
machinery and resulting structural diversity of glycans, stan-
dardized methods used for other biopolymers like polymerase
chain reaction (PCR) amplification and sequencing are not
directly applicable to glycans. Moreover, the linear, stepwise
nature of glycan biosynthesis limits the power of genetic
methods, which disrupt not only the target glycan on multiple
glycoconjugates but also other glycan structures produced in
subsequent biosynthetic steps.

Glycoscientists have addressed many of these challenges
through the development of new technologies for understanding
glycan function that often embrace and even exploit the struc-
ture-specific differences across glycan classes. This approach
has yielded a wide-ranging set of customized tools, which
have been accompanied by an enthusiasm from glycoscientists
to collaborate with the broader scientific community. In this
primer, we aim to provide a critical overview and interpretation
of current methods in mammalian glycobiology. Because of
the sheer breadth of both glycans and approaches to study
them, this primer is by no means comprehensive. Instead, we
have selected important techniques that can be used to address
major questions in glycoscience research. Throughout the
primer, we will draw examples from four major classes of
mammalian glycans: O-linked N-acetylglucosamine (O-GlcNAc),
O- and N-glycans, and glycosaminoglycans (GAGs). These clas-
ses exemplify both the structural diversity of carbohydrates as
well as the range of methods for their study. Glycoscience is a
central field with links to all areas of biology. This primer on the
current glycoscience toolkit will hopefully inspire the broader sci-
entific community to study glycans and help define new func-
tions for these exquisitely varied and fascinating molecules.

A brief guide to glycans and glycosylation

Glycans are a wide-ranging group of biomolecules that vary
significantly in size, composition, localization, and attachment.
Their structures span from single monosaccharides to elabo-
rately branched oligosaccharides as well as long polysaccharide
polymers with molecular masses >1,000 kDa. In vertebrates, gly-
cans are composed of nine main monosaccharide building
blocks—glucose (Glc), galactose (Gal), xylose (Xyl), mannose
(Man), fucose (Fuc), GIcNAc, N-acetylgalactosamine (GalNAc),
glucuronic acid (GlcA), and N-acetylneuraminic acid (Neu5Ac)
(Figure 1B)—and are synthesized by GT enzymes using acti-
vated nucleotide sugar donors (Figure 1C). Unlike nucleic acids
and proteins, glycans are not linear polymers with a conserved
backbone and functional side groups. Rather, monosaccharides
form the backbone of glycan structures and are joined by various
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Figure 1. Chemical diversity of mammalian glycans

(A) The native assembly of two monosaccharides leads to eight potential disaccharides, depending on the regioselectivity (e.g., 1,2 versus 1,3) and stereo-
selectivity (a versus B) of the newly formed glycosidic bond. By contrast, only a single structure is produced from the native assembly of dinucleotides or di-

peptides.

(B) Mammalian glycans are composed of nine monosaccharides, which are pictorially represented by specific symbols from the Symbol Nomenclature for

Glycans (SNFG).

(C) Glycosyltransferases utilize activated nucleotide sugar donors to transfer monosaccharide units onto growing glycan chains.

regioisomeric and stereoisomeric linkages. Further diversifica-
tion of the glycan structure arises through the post-glycosyla-
tional modification of certain glycans by sulfation, acetylation,
methylation, phosphorylation, and epimerization. To streamline
and standardize the depiction of glycans, the glycoscience com-
munity has adopted the modern Symbol Nomenclature for Gly-
cans (SNFG) (Neelamegham et al., 2019), which represents
monosaccharides as color-coded shapes with text abbrevia-
tions to indicate glycosidic linkages and post-glycosylational
modifications. Glycan diagrams are conventionally drawn from
their non-reducing end on the left or top to their reducing end
on the right or bottom to rapidly convey and compare complex
structural information across related families. We will use the
SNFG standard throughout the primer and strongly encourage
its general use by all scientists to facilitate accurate communica-
tion regarding glycans.

Many mammalian glycans can be categorized into one of four
structurally diverse classes: O-GIcNAc, O- and N-glycans, and
GAGs. O-GIcNAc is a single GIcNAc monosaccharide that is
attached to serine or threonine residues of proteins (Figure 2A;
Ma et al., 2021). Unlike nearly all other forms of glycosylation,
the O-GIcNAc sugar is not further elaborated, and O-GIcNAc
glycosylation (also known as O-GlcNAcylation) is a dynamic,
inducible modification that occurs primarily on intracellular pro-
teins. O-GlcNAcylation has been identified on thousands of pro-
teins yet is mediated by only a single pair of enzymes: O-GIcNAc

2658 Cell 185, July 21, 2022

transferase (OGT) and O-GlcNAcase (OGA). OGT, like other GTs,
uses a nucleotide sugar donor, uridine diphosphate GIcNAc
(UDP-GIcNAc), to modify substrate proteins. As UDP-GIcNAc
biosynthesis incorporates metabolites from central carbon, lipid,
and nucleotide metabolism, O-GlcNAcylation often serves as a
nutrient and stress sensor that links the global metabolic status
of the cell to the regulation of fundamental processes such as
transcription, translation, and signal transduction (Yang and
Qian, 2017; Hart, 2019), with aberrant O-GIcNAcylation events
associated with metabolic and aging disorders (Bond and Han-
over, 2013).

Glycans are also often attached to cell-surface or secreted
extracellular proteins. These O- and N-glycans are named based
on their site of attachment: serine or threonine for O-glycans and
asparagine for N-glycans. Although similar to O-GIcNAc in terms
of attachment, O-glycans contain a much broader range of
sugars, encompassing O-linked GalNAc, GIcNAc, Fuc, Gic,
Xyl, and Man mono- and oligosaccharides, and typically range
in size from one to more than twelve sugar residues. Mucin-
type O-glycans are the most abundant class of these structures
and are characterized by an O-linked GalNAc residue, also
known as the Tn antigen (Figure 2B; Rangel-Angarita and Ma-
laker, 2021). The first GalNAc residue can be extended with mul-
tiple monosaccharides to produce eight core structures, which
in turn are further elaborated through the activities of other GTs
to contain motifs such as fucosylation and sialylation. Hundreds
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Figure 2. Major glycan classes in mammals

(A) O-GlcNAcylation is the dynamic and reversible addition of N-acetylglucosamine to Ser and Thr residues of intracellular proteins.
(B) O-GalNAc or mucin-like glycans are a broad class of O-linked extracellular glycans categorized by one of eight core structures that can be elaborated with a

number of glycan epitopes.

(C) N-glycans are branched glycans attached to Asn residues of extracellular proteins via a conserved pentasaccharide core structure. They are categorized by

the number and composition of their antennae branches.

(D) Glycosaminoglycans (GAGs) are linear extracellular polysaccharides that can be sulfated at different hydroxyl (indicated by 2S, 3S, 4S, 6S) and amine (NS)

positions along the length of the glycan chain.

of these glycan modifications are found on the mucin proteins
that line mucosal surfaces and form a physical barrier between
the host and the environment. Moreover, mucin and its glycans
are highly dysregulated across many cancers and have been
explored extensively for the development of cancer vaccines
(Pinzén Martin et al., 2019).

N-glycans are also built on a conserved core (the branched
pentasaccharide ManzGIcNAc,), which is modified with glycan
“antennae,” generating structures that are classified into three
broad groups: high Man, complex, and hybrid (Figure 2C). During
N-glycan synthesis, a large N-glycan precursor is attached to a
dolichol phosphate lipid anchor and then transferred by oligo-
saccharyltransferase (OST) onto targeted Asn residues. The
glycan undergoes trimming by glycosidases and further elabora-
tion by GTs. Under normal conditions, N-glycans are first pro-
duced in the endoplasmic reticulum and O-glycans in the Golgi

apparatus. As protein substrates transit the Golgi, nascent O-
and N-glycans encounter a network of GTs that extends and
caps the growing oligosaccharide in an incompletely understood
process dictated by the expression levels, localization, and acti-
vation of each enzyme, as well as nucleotide sugar donor levels.
Unlike other biosynthetic processes like transcription and trans-
lation where low fidelity can be detrimental, the imprecise pro-
cess of O- and N-glycan biosynthesis is likely an evolutionary
benefit. The resulting divergent glycans may allow cells to finely
tune protein structure, folding, and function by sampling multiple
combinations of glycan structures or “glycoforms” on individual
proteins.

Mammals can also produce polysaccharides, which are repre-
sented by the ubiquitous, abundant linear polymers known
collectively as GAGs (Figure 2D). GAGs such as heparin/heparan
sulfate (HS), chondroitin sulfate (CS), and dermatan sulfate (DS)

Cell 185, July 21, 2022 2659




¢ CellPress

are assembled from disaccharide units consisting of a GIcA and
a hexosamine sugar (GIcNAc or GalNAc). The iduronic acid
(IdoA) residues found at irregular intervals in both HS and DS
are generated through modification of GIcA by epimerase en-
zymes. Each disaccharide is also differentially sulfated along
the polysaccharide chain by sulfotransferases, resulting in
diverse patterns of sulfation. Consequently, GAGs have remark-
able structural complexity in the form of many sulfation se-
quences, as well as domains of high and low sulfation density,
which serve as docking sites for more than 800 proteins (Vallet
et al., 2021; Xu and Esko, 2014). Accordingly, GAGs regulate a
wide array of biological processes, ranging from animal develop-
ment and immune regulation to infection and neuroregeneration
(Mikami and Kitagawa, 2013; Xu and Esko, 2014). In the case of
HS, CS, and DS, the polysaccharide chains are attached to
serine residues of proteins through a Xyl-containing tetrasac-
charide linker. Defects in the enzymes that generate this linker
region are associated with severe congenital disorders of glyco-
sylation (CDGs) (Ng and Freeze, 2018). Proteoglycans, the cell-
surface or secreted proteins to which GAGs are attached, gener-
ally possess between one and five polysaccharide chains from
one or more GAG classes. Thus, the multiple levels of structural
diversity found in GAGs, from sulfation motif to charge density to
protein anchor, provide ample means to engage proteins and
direct cellular activity.

Beyond the glycans described here, many other car-
bohydrate structures exist in mammalian systems. These
include unique modifications to other protein residues, including
C-mannosylation of tryptophans within thrombospondin type |
repeats and galactosylation of hydroxyproline and hydroxylysine
residues within collagen. In addition to protein anchors, glycans
are attached to lipids on the cell surface, such as sphingolipids or
glycerolipids. Specialized glycosylphosphatidylinositol (GPI)
lipids are used to anchor over 100 different proteins to the cell
surface. Very recently, small RNAs on the cell surface were
also found to be decorated with N-glycans (Flynn et al., 2021),
extending the scope of glycan modifications to nucleic acids.
More detailed information about glycan structures and their
biosynthesis can be found in Essentials of Glycobiology
(https://www.ncbi.nlm.nih.gov/books/NBK579918/), an authori-
tative and freely available textbook written by leading experts
in the field.

The functions and mechanisms of mammalian glycans mirror
their wide range of structures. Small modifications such as
O-GlIcNAcylation can dynamically modulate proteins similar to
phosphorylation and other post-translational modifications,
altering tertiary structure, blocking ligand interactions,
competing with other post-translational modifications, and/or
controlling enzyme activity (Yang and Qian, 2017). As the glycan
size increases, modifications like O- and N-glycans can alter the
physicochemical properties of proteins, such as solubility and
folding (Xu and Ng, 2015), while also directly serving as binding
partners for cell-surface receptors on nearby cells or for microor-
ganisms such as viruses or bacteria (Raman et al., 2016). For
larger polymeric glycans like GAGs, the polysaccharides can
act independently or in concert with their protein anchors, re-
cruiting soluble ligands to the cell surface to control protein diffu-
sion and establish protein gradients, or engaging cell-surface re-
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ceptors directly to initiate signaling independently of canonical
protein ligands (Kjellén and Lindahl, 2018).

Considering the many diverse roles of glycans, key questions
arise when aiming to connect glycan structure or “glycotype” to
phenotype. For example, which glycan structures are present on
which cell types? How do these glycan populations and their in-
teractions change during development, normal physiology, and
disease? How can one establish causation for specific glycan-
associated phenomena? These scientific goals require robust
methods to detect, quantify, and manipulate individual glycans
or glycosylation events both in vitro and in vivo. Here, we will pro-
vide a broad overview of state-of-the-art methods in glyco-
science, as well as a guide to interpreting results and the poten-
tial limitations of each approach. Our goal is to inspire new
testable hypotheses for glycan function, provide practical guid-
ance, and connect the broader scientific community with glyco-
scientists to address these central questions across various bio-
logical fields.

IDENTIFYING RELEVANT GLYCAN STRUCTURES OR
“GLYCOTYPES”

The diversity of glycan structures may initially seem daunting
when investigating their biological functions. A crucial first step
is to identify the relevant glycan class, the specific glycan struc-
ture if possible, and its mode of attachment to proteins or lipids.
Bioinformatic resources are often helpful for determining glyco-
types and guiding experimental designs. Three large-scale
web-based glycoinformatics resources include: (1) GlyGen
(https://glygen.org/) (York et al., 2020), (2) Glycomics@ExPASy
(https://glycoproteome.expasy.org/) (Mariethoz et al., 2018),
and (3) GlyCosmos (https://glycosmos.org) (Yamada et al.,
2020). Coordinated by the GlySpace Alliance and supported
by national scientific funding agencies, these three bioinformatic
organizations integrate data regarding glycan structure, biosyn-
thesis, gene, organism, and disease. Although the databases are
relatively new and still undergoing expansion, these resources
can help clarify glycan-related hits from genetic screens or pro-
teomics experiments, and they provide key infrastructure for the
collection and dissemination of data in the field.

A variety of experimental reagents and approaches can be
used to identify the relevance of individual glycotypes in specific
biological contexts. Pharmacological inhibition can be a good
starting point to link glycans to a particular function in systems
with well-defined phenotypes. Commonly used inhibitors of
glycosylation target broad classes of glycans by impeding their
biosynthesis or preventing glycan attachment to proteins. For
example, OSMI-1 acts directly on OGT to prevent transfer of
the GIcNAc sugar to O-GlcNAcylated proteins (Figure 3A; Or-
tiz-Meoz et al., 2015). Modified sugar donors have also been em-
ployed as mechanism-based GT inhibitors. In the case of
0O-GIcNAc, the sugar analog 5SGIcNAc, in which the endocyclic
ring oxygen of GIcNAc is replaced with a sulfur atom, is con-
verted by biosynthetic pathways to the corresponding nucleo-
tide 5-thiosugar donor. This non-natural donor is transferred by
OGT less efficiently than the natural UDP-GIcNAc donor, result-
ing in OGT inhibition and decreasing cellular O-GIcNAc levels
(Gloster et al., 2011). Conversely, global O-GIcNAc levels can
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Figure 3. Pharmacological inhibitors of glycosylation

(A) Protein O-GlcNAcylation can be blocked using the OGT inhibitors OSMI-1 and 5SGIcNAc, while removal of O-GIcNAc can be reduced using the OGA inhibitor

Thiamet-G.

(B) N-glycosylation can be broadly inhibited using tunicamycin, which inhibits the attachment of GIcNAc-1-phosphate to dolichol phosphate (Dol-P) by GlcNAc-

1-phosphate transferase (GPT).

(C) Glycans containing GIcNAc and GalNAc can be targeted using the glutamine mimics azaserine and DON, which target GFAT activity in hexosamine biosyn-

thesis.

(D) “Look-alike” mimics of monosaccharides can inhibit specific modifications such as fucosylation (2F-Fuc and 2-deoxyGal) and sialylation (3F-Neu5Ac) or act

as decoys for GTs in GAG biosynthesis (Naph-Xyl).

be increased by OGA inhibitors such as the widely used
Thiamet-G (Yuzwa et al., 2008).

Despite these successes, cell-permeable inhibitors selective
for specific GTs or glycosyl hydrolases have been generally diffi-
cult to obtain, due partly to similar substrate binding sites across
the protein families. Thus, natural toxins are commonly used to
alter glycosylation levels more globally. Originally isolated as a
class of antibiotics from Streptomyces species, the natural prod-
uct tunicamycin blocks N-glycosylation by inhibiting transfer of
the initial GIcNAc residue onto dolichol phosphate (Figure 3B;

Duksin and Mahoney, 1982). Azaserine and 6-diazo-5-oxo-L-
norleucine (DON), other Streptomyces products, inhibit hexos-
amine biosynthesis by blocking glutamine fructose-6-phosphate
amidotransferase (GFAT), thereby reducing O-GlcNAcylation
and other forms of glycosylation (Figure 3C; Brimble et al.,
2010). However, these molecules act as glutamine mimics that
broadly inhibit amidotransferases, causing pleiotropic effects.
Synthetic “look-alike” monosaccharides such as fluorinated
and deoxy sugar analogs antagonize glycosylation through
various mechanisms (Figure 3D). For example, fluorinated Fuc
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and Neu5Ac analogs have been shown to prevent fucosylation
and sialylation of glycans, respectively, through competitive inhi-
bition of the respective GTs (Rillahan et al., 2012). Although the
mechanisms underlying their inhibitory activity remain relatively
unclear and likely involve multiple pathways, deoxysugars like
2-deoxyglucose have been used to prevent N-glycosylation
(Kurtoglu et al., 2007). For Fuca(1,2)Gal-containing glycans,
2-deoxygalactose has been employed to prevent fucosylation
due to lack of the 2-hydroxyl group on Gal required for Fuc
attachment (Bullock et al., 1990). Hydrophobic xylosides can
partially prevent GAG assembly by acting as competitive
“decoy” substrates for GTs and diverting enzymatic activity
away from natural proteoglycan substrates (Chua and Kuberan,
2017). GAG sulfation can be inhibited by using sodium chlorate,
a sulfate analog that reduces global production of the sulfate
donor phosphoadenosine 5'-phosphosulfate (PAPS) and affects
all forms of sulfation including protein sulfation (Greve et al.,
1988), or by using specific inhibitors of GAG sulfotransferases
(Cheung et al., 2017). Nevertheless, results obtained using phar-
macological inhibitors should be interpreted with caution and
supported by other independent methods as they typically
modulate large classes of glycans across the entire glycopro-
teome and can result in pleiotropic effects such as ER stress
or cytotoxicity that may complicate observable phenotypes.

A complementary approach to chemical inhibitors is the use of
recombinant enzymes to modify or cleave glycans of interest.
Removal of N-glycans can be accomplished with PNGase F or
Endo F1/2/3 (Figure 4A; Tarentino and Plummer, 1994). PNGase
F cleaves at the Asn-GIcNAc bond that attaches N-glycans to
the protein, whereas Endo F enzymes hydrolyze N-glycans be-
tween the first and second GIcNAc residues. Each enzyme shows
adistinct specificity toward N-glycan structures (e.g., number and
composition of antennae or core fucosylation). Therefore, the se-
lective use of endoglycosidases (ENGases) individually or in com-
bination can also help to determine the relevant N-glycan struc-
tures. In addition to ENGases, exoglycosidases (EXGases) can
be employed to cleave terminal glycans. For example, recombi-
nant sialidases and fucosidases were used to study the roles of
Neu5Ac and Fuc in cancer cell progression and clearance (Hudak
etal., 2014; Yuan et al., 2008). Although deglycosylating enzymes
are commonly applied to purified proteins, many of these en-
zymes have been successfully employed with live cells. For
GAGs, chondroitinase ABC and heparinase I/II/1ll will digest CS
and HS polysaccharides, respectively, and have been applied
to purified proteins, cultured cells, and organisms in vivo (Brad-
bury et al., 2002; Brown et al., 2012; Griffin et al., 2021).

The presence or absence of specific glycan structures can
often be confirmed using protein-based probes such as lectins
and antibodies. Lectins are naturally occurring glycan-binding
proteins (GBPs) that are often isolated from plants. Many lectins
are commercially available and have moderate affinities for
defined glycan motifs. Commonly used lectins include wheat
germ agglutinin (WGA) for terminal GIcNAc residues, concanav-
alin A (ConA) for branching oligomannose residues of
N-glycans, Sambucus nigra agglutinin (SNA) for a(2,6)-sialic
acids, and Ulex europaeus agglutinin-I (UEA-I) for a(1,2)-linked
Fuc. Potential cross-reactive binding of lectins toward multiple
glycan structures must be considered. The Consortium for Func-
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tional Glycomics (CFG) has made microarray data on the binding
of lectins to hundreds of defined glycan structures publicly avail-
able (https://ncfg.nms.harvard.edu/ncfg-data/microarray-data/
lectin-quality-assurancequality-control). Moreover, machine-
learning methods were recently applied to these data to annotate
the complex binding specificities of 57 commercially available
lectins, providing a critical guide to these important reagents (Bo-
jar et al., 2022). As a complement to lectins, antibodies have been
generated against all major classes of mammalian glycans, with
over 1,000 monoclonal antibodies previously described (Sterner
et al., 2016). The Database for Glycan Reagents (DAGR) was es-
tablished through the Center for Cancer Research at the National
Cancer Institute (https://dagr.ccr.cancer.gov) to facilitate the use
of anti-carbohydrate antibodies and lectins.

Glycan-binding reagents have been leveraged for glycan
detection using standard methods, including histology, protein
or western blotting, and enzyme-linked lectin/immunosorbent as-
says. Microarrays of lectins and carbohydrate-binding antibodies
have also been constructed for glycomics applications (Dang
et al., 2020) and to identify glycans involved in processes such
as melanoma metastasis (Agrawal et al., 2017) and viral host
response (Heindel et al., 2020). As mentioned above, care must
be taken when interpreting data using such reagents as they often
bind multiple glycans containing related (and sometimes unre-
lated) structural motifs. Glycan structure cannot be definitively
determined based solely on lectin or antibody binding. The
comparative use of multiple glycan-binding reagents should be
considered to provide further evidence of glycan identity, along
with mass spectrometry (MS) and other methods such as meta-
bolic labeling (ML) (described in "discovering and characterizing
glycan-protein interactions") or chemoenzymatic labeling (CL)
(described in “detecting and monitoring glycosylation in vitro
and in vivo”).

By far, MS analysis is the most definitive and comprehensive
method to identify glycan structures (Ruhaak et al., 2018). Unlike
other methods described above, liquid chromatography in
conjunction with MS (LC-MS) provides a direct readout of the
glycan structure through intact molecular mass determination
and sequencing by MS/MS fragmentation (Figure 4A). Although
MS cannot easily discriminate between isobaric diastereomers
(e.g., GIcNAc versus GalNAc) without further fragmentation of
the monosaccharide, glycomic approaches have now become
more standardized, with commercialized kits for sample prepara-
tion and internal standards for spectral matching. Kits frequently
employ chemical or enzymatic methods to release the targeted
glycans, which are then derivatized with UV-active compounds
like 2-aminobenzamide (2-AB) to facilitate detection during LC
separation. Alternatively, benzyl-GalINAc glycosides have also
been employed as decoys to produce secreted O-glycans for
cell-state-dependent O-glycome profiling (Kudelka et al., 2016).
For larger polysaccharides like GAGs, the full determination of in-
dividual linear sequences remains challenging due to their overall
size and multiple levels of structural heterogeneity. While a few
examples of GAG sequencing have been reported (Ly et al.,
2011; van Kuppevelt et al., 2017), GAGs are typically enzymati-
cally digested and subjected to disaccharide compositional anal-
ysis by LC-MS, providing a relative quantification of individual
disaccharide motifs at the expense of linear sequence data.
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Figure 4. Glycomics and glycoproteomics workflows

(A) Glycomics, or the analysis of glycan composition, is accomplished through the enzymatic or chemical release of glycans, followed by chemical derivatization,
purification, separation, and mass spectrometric characterization of glycan structures.
(B) Glycoproteomics, or the analysis of protein glycosylation, is accomplished through the digestion of glycoproteins and enrichment of glycopeptides, followed

by separation and mass spectrometric identification of glycosylated peptides.

Although glycomics analyses can determine the glycan
structure, critical information regarding their attachment sites
to proteins is often lost. O-glycans, including O-GIcNAc,
generally lack consensus motifs, and knowledge of the glyco-
sylation sites can be critical for generating and testing hypoth-
eses regarding glycan function. Therefore, the goal of glyco-
proteomics approaches is not only to identify the glycan
structure but also to sequence the underlying peptide
(Figure 4B). The mass spectra of complex O- and N-glycans
can be severely complicated by partial fragmentation of the
glycan. Next-generation bioinformatic approaches and various
MS fragmentation methods have been developed to address
this complexity and increase the number of identified glycosy-
lated proteins (reviewed in Chernykh et al., 2021 and Oliveira
et al., 2021).

Glycoproteomics has also greatly benefited from new
methods to enrich for glycosylated proteins and peptides (Riley
et al., 2021). The presence of abundant, non-glycosylated pep-
tides often obscures the detection of rarer, glycosylated pep-
tides. Glycopeptide enrichment can be achieved by lectin affinity
chromatography, hydrophilic interaction liquid chromatography,
and ML or CL of glycans with affinity tags. Moreover, specialized
methods for enriching and mapping O-GalNAc sites have also
been developed using bacterial proteases that cleave specific
peptide sequences proximal to mucin-type O-glycans (Rangel-
Angarita and Malaker, 2021). When used successfully, these
methods have enabled large-scale, proteome-wide profiling of
glycoproteins in multiple contexts, including the identification
of 1,750+ O-GlcNAcylation sites in neuronal synaptosomes (Tri-
nidad et al., 2012), 2,200+ O-glycopeptides in activated T cells
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(Woo et al., 2018), 600+ N-glycopeptides from human serum (Li
et al., 2019a), and full profiling of GAG composition in 20 human
cell lines (Li et al., 2015).

GENERATING CHEMICALLY DEFINED GLYCANS AND
GLYCOCONJUGATES

Just as the automated synthesis of oligonucleotides and pep-
tides revolutionized our understanding of these biomolecules
and ushered in a new era of modern molecular biology, access
to a broad range of glycan structures will be critical for advancing
glycoscience. Glycans and glycoconjugates of a unique, defined
structure serve as invaluable tools for many applications,
acting as standards for structure identification, as ligands for
studying GBP interactions, and as simplified glycan or glycopro-
tein mimetics for probing function. Significant advances in
carbohydrate chemistry have recently been made toward pro-
ducing complex oligosaccharides and are reviewed elsewhere
(Boltje et al., 2009; Mende et al., 2016). Here, we will highlight
the emergence of innovative technologies that facilitate the pro-
duction of a wide range of glycans and increase availability of
these chemical probes for broad distribution.

A major focus of modern carbohydrate chemistry has been
the development of methodologies for the automated assembly
of oligo- and polysaccharides (Figure 5A; Panza et al., 2018;
Wen et al., 2018). Glycan synthesis is challenging due to the
need to control the regioselectivity (which hydroxyl position
around the sugar ring) and the stereoselectivity (a or  anomer)
of each newly formed glycosidic bond. To achieve this, mono-
saccharide building blocks with chemical protecting groups at
various hydroxyl positions must first be prepared. These pro-
tecting groups must be removable to unmask a desired position
for coupling with another monosaccharide yet remain inert under
other reaction conditions. As the optimal set of protecting
groups depends on the glycan structure, there are no universal,
“one-size-fits-all” building blocks for glycan synthesis. Thus, the
synthesis of a glycan target can take several months and in
some cases years to complete.

Nonetheless, multiple methods have been developed to expe-
dite glycan assembly. For example, elongation of the growing
oligosaccharide chain while attached to Merrifield and other
resins used for solid-phase peptide synthesis has enabled the
production of various complex glycans, including a-glucan
polysaccharides, mycobacterial oligoarabinofuranosides, blood
group antigens, and GAGs (Guberman and Seeberger, 2019).
Alternatively, installation of a fluorinated tag onto the reducing
end of the growing oligosaccharide chain can facilitate auto-
mated solution-phase synthesis and purification of reaction in-
termediates by fluorous solid-phase extraction (Tang and Pohl,
2016). These methods have been incorporated into automation
platforms such as the commercially available synthesizer Glyco-
neer 2.1 (Hahm et al., 2017), HPLC-based systems (Panza et al.,
2020), and microwave-assisted peptide synthesizers (Danglad-
Flores et al., 2021).

Recent technologies have also advanced the large-scale puri-
fication of complex glycans from natural sources (Zhang et al.,
2020). A key step in the purification is the release of natural gly-
cans from their pendant protein or lipid conjugates. A mild
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method employing dilute bleach (NaClO) was developed to
oxidatively release O- and N-glycans from glycoproteins and
glycan nitriles from glycosphingolipids (Song et al., 2016; Zhu
et al., 2018; Figure 4A). Notably, these chemical methods could
be scaled to kilogram quantities of protein or tissue and elimi-
nated the need for expensive enzymes like PNGase F. Although
chemical synthesis is still the better choice for lower abundance
glycans, the harvesting of oligosaccharides from plant and
animal tissue now provides a practical alternative for certain N-
and O-glycans.

Enzymes have also been exploited to facilitate glycan produc-
tion (Figure 5B). These methods generally employ purified natu-
ral or engineered bacterial GTs along with their nucleotide sugar
donor substrates. Powerful multi-enzyme systems have been
developed that combine GTs with upstream biosynthetic en-
zymes to produce the required nucleotide sugars, providing
one-pot syntheses of oligosaccharides (Yu and Chen, 2016).
The scope of enzymatic glycan synthesis can be expanded by
combining enzymes with chemically modified substrates. Such
chemoenzymatic approaches have enabled the production of
many bioactive carbohydrates. For example, the anticoagulant
drug Arixtra is a synthetic heparin-based pentasaccharide
used for the treatment of deep vein thrombosis. Whereas Arixtra
requires 50 chemical steps to synthesize (~0.1% yield), a bio-
similar heptasaccharide containing the Arixtra pentasaccharide
motif was obtained chemoenzymatically using GT and sulfo-
transferase enzymes in 12 steps and 37% overall yield (Xu
et al.,, 2011). In another example, the challenge of producing
asymmetrically branched N-glycans was overcome using a che-
moenzymatic approach (Wang et al., 2013b). Automation plat-
forms for enzymatic and chemoenzymatic glycan assembly
have also been developed (Li et al., 2019¢c; Wen et al., 2018),
laying the foundation for the production and broad distribution
of large collections of complex oligosaccharides.

Glycans and GBPs are often presented in multivalent forms
in vivo, which enhance the affinity of glycan-protein interactions
through avidity. Glycopolymers have been synthesized to mimic
these high avidity interactions by presenting multiple copies of
individual glycan motifs (Kiessling and Grim, 2013) and are useful
tools for modulating biological function. For example, linear poly-
mers containing pendant sulfated Lewis X epitopes or NeubSAc
glycans have been exploited to characterize leukocyte rolling
(Sanders et al., 1999) and suppress B cell activation (Courtney
et al., 2009), respectively. As GAGs are naturally multivalent,
polymers with pendant HS or CS disaccharides are excellent
simplified mimetics that can elicit diverse phenotypes, including
neurite outgrowth (Rawat et al., 2008), chemokine signaling acti-
vation (Sheng et al., 2013), and blood anticoagulation (Oh et al.,
2013) in a sulfation motif-dependent manner. Multivalent glyco-
polymers have also been functionalized with lipid tails to remodel
cell surfaces with glycans (described in “modulating glycans to
probe function: connecting ‘glycotype’ to phenotype”) or with
photocrosslinking functionalities to identify GBPs (described in
“discovering and characterizing glycan-protein interactions”).

Glycans often modulate the proteins to which they are
attached, affecting physical properties such as folding, stability,
and solubility, as well as their biological activities. Thus, the pro-
duction of homogeneous glycoproteins has been crucial for
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Figure 5. Methods to generate and modify glycans and glycoconjugates

(A) Automated methods for the chemical synthesis of oligosaccharides use a similar approach as solid-phase peptide or oligonucleotide synthesis. The glycan is
elongated through a series of deprotection and coupling steps, followed by release from the resin.

(B) The chemoenzymatic synthesis of an Arixtra biosimilar oligosaccharide employs multiple enzymatic and chemical steps to assemble and functionalize an HS

heptasaccharide.

(C) Semi-synthesis of O-GIcNAcylated a-synuclein utilizes synthetic glycopeptide fragments for expressed protein ligation to generate a library of specific protein

glycoforms.

(D) Metabolic labeling (ML) utilizes peracetylated (indicated by OAc) non-natural monosaccharides that cross cell membranes, are deprotected (indicated by OH)
by endogenous esterases, undergo conversion into nucleotide sugar donors, and are then incorporated by GTs into glyconjugates. Non-natural glycans with

diazirine or alkyne functionalities are shown as representative examples.

(E) Chemoenzymatic labeling (CL) employs exogenous GTs and non-natural nucleotide sugar donors to modify specific glycan structures recognized by the GT.

Non-natural glycans with azide functionalities are shown.

defining the functions of individual glycoforms and advancing
the development of biologic drugs. Semi-synthesis methods
such as native chemical ligation and expressed protein ligation,
in which synthetic glycopeptides are ligated to peptide or protein
fragments, are highly effective at producing homogeneously gly-
cosylated proteins (Figure 5C). These approaches have been
applied to glycoproteins such as the drug erythropoietin (Wang
et al., 2013a), a 166-amino-acid protein with four glycosylation

sites that stimulates erythrocyte production, as well as a-synu-
clein (Marotta et al., 2015), a 140-amino-acid O-GlcNAcylated
protein whose aggregation is associated with the pathology of
Parkinson’s disease. Alternatively, the glycan profiles of proteins
can be tailored by engineering glycosylation pathways in cells
(similarly to Figure 6A). Genetic engineering to manipulate the
glycosylation patterns on purified proteins is commonly per-
formed, and although the resulting proteins are still glycoform
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(A) Genetic knockout of individual glycosyltransferases (GTs) and other glycan biosynthetic enzymes globally affects cellular glycan populations, leading to

truncated glycan structures.

(B) Chemoenzymatic remodeling using endoglycosidases (ENGases) simplifies N-glycan heterogeneity on the cell surface or on proteins. Installation of specific
structures is accomplished using mutant ENGases or GTs that can install mono- or oligosaccharides functionalized for further biorthogonal reactions.

(C) Cell-surface engineering has been accomplished with both synthetic and naturally occurring glycopolymers anchored to the cell surface by lipids or proteins.
Techniques can modulate the glycocalyx by changing its composition or thickness.

(D) Targeted O-GlcNAc modification utilizes nanobody (nb)-fused OGT or OGA, which directs the enzymes to tagged target proteins. In the case of OGA, this

approach is accomplished through a split OGA construct.

mixtures, these facile and scalable production systems reduce
structural complexity and remain an industry standard.

Chemical biology approaches provide more precise control
over glycoform production in vitro. For example, the N-glycans
on therapeutic antibodies can be modified by ENGases, which
first trim the conserved N-glycans to a single GIcNAc residue
(similarly to Figure 6B) (Giddens et al., 2018; Huang et al.,
2012). Mutant ENGases then transfer a chemically modified
intact N-glycan oxazoline donor onto the glycan stub, producing
a homogeneously N-glycosylated antibody. Additional modifica-
tions using other enzymes like fucosidases can be added to the
process, further defining the specific glycoform of the antibody.
Another complementary approach uses genetic code expansion
to make defined glycosylated proteins by installing chemically
reactive, non-natural amino acids at defined sites for click
chemistry-based functionalization (Machida et al., 2015). Alter-
natively, a non-natural dehydroalanine amino acid was em-
ployed to produce O-GIcNAc mimics via radical-mediated liga-
tion of alkyl halides, and N-glycan mimics were installed through
ENGase-mediated extension of the GIcNAc residue, providing a
general method to produce glycoprotein mimetics (Wright
et al., 2016).
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Many of these defined synthetic glycans and new technolo-
gies are currently available through individual laboratories or
companies. Through the support of the NIH Common Fund Gly-
coscience Program, great progress has been made in creating
new resources, tools, and methods to render the study of gly-
cans more accessible to the larger research community. A partial
listing of these resources can be found at https://commonfund.
nih.gov/Glycoscience/programresources.

DISCOVERING AND CHARACTERIZING GLYCAN-
PROTEIN INTERACTIONS

Glycans often exert their activities through direct interactions
with proteins. Glycoproteins, glycolipids, and polysaccharides
form an extramembrane compartment, termed the glycocalyx,
which is found on nearly all eukaryotic cells. As the glycocalyx
is the first site of cellular contact with the environment, glycans
play key roles in cell-cell and cell-matrix interactions and are crit-
ical for processes such as immune cell trafficking, embryonic
development, and cancer metastasis. GBPs include lectins but
also extend to many other proteins not classically defined as lec-
tins. For example, a wide variety of proteins bind to GAGs,
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including soluble ligands like growth factors and cytokines,
transmembrane proteins such as receptor tyrosine kinases and
phosphatases, as well as proteins from microbial pathogens
like the SARS-CoV-2 spike glycoprotein (Vallet et al., 2021).
Therefore, the study of carbohydrate-protein interactions is crit-
ical to understanding glycan function.

Glycan molecules of defined structure have greatly facilitated
the discovery of novel protein receptors. For example, affinity
purification using immobilized glycans followed by MS (AP-MS)
is a powerful method to enrich and identify GBPs. Because car-
bohydrate-protein interactions can be low to moderate affinity,
methods that capitalize on multivalency to strengthen the inter-
action or covalently capture proteins using chemical crosslinking
agents are highly effective. For example, GBPs have been iden-
tified using gold nanoparticles (Sakurai et al., 2016) and synthetic
glycopolymers (Wibowo et al., 2014) functionalized with multiple
copies of sugar epitopes, along with photocrosslinkers such as
benzophenone or nitrophenylazide. Direct conjugation of a
bifunctional probe containing a photocrosslinker and an alkyne
group for appending a biotin tag to commercially available, nat-
ural GAG polysaccharides enabled sulfation motif-specific CS-
binding proteins to be enriched and identified from neurons (Jof-
frin and Hsieh-Wilson, 2020).

In some cases, binding may be mediated by interactions not
only with the glycan itself but also with the associated glycopro-
tein. To enable detection of such glycoprotein-protein interac-
tions, ML can be used to install photoaffinity labels onto cellular
glycoproteins. ML, also known as metabolic oligosaccharide en-
gineering, exploits the promiscuity of mammalian salvage path-
ways to convert non-natural monosaccharides into nucleotide
sugar donors, which are then incorporated into cellular glycans
by GTs (Figure 5D). Sugar analogs of GIcNAc, ManNAc, and
Neu5Ac have been synthesized containing aryl azide and diazir-
ine groups for photocrosslinking (Han et al., 2005; Tanaka and
Kohler, 2008; Yu et al., 2012). Cells are treated with mem-
brane-permeable versions of these analogs, which are deacety-
lated by intracellular esterases and subsequently incorporated
into newly formed glycoproteins. Following light-induced cross-
linking, immunoprecipitation of the glycoprotein, coupled
with MS analysis, can be used to identify putative glycoprotein
interactors.

Specific glycoprotein-protein interactions can also be identi-
fied by proximity labeling methods. For example, ML was em-
ployed to install a non-natural azide group into Neu5Ac glycans
on cell-surface glycoproteins (Li et al., 2019b). This modified
glycan was then reacted using bioorthogonal chemistry with a
cyclooctyne probe containing a coordinated Fe(lll) ion. When
treated with hydrogen peroxide, Fe(lll) generated hydroxyl radi-
cals, which in turn oxidized nearby amino acid residues that
could be detected by MS. In another approach, tyramide radical-
ization was used to identify glycoprotein ligands for Siglecs, a
family of Neu5Ac recognition proteins essential for self-nonself
discrimination by the immune system (Chang et al., 2017). Siglec
horseradish peroxidase (Siglec-HRP) complexes were formed
using recombinant FLAG-tagged Siglec proteins and anti-
FLAG antibodies conjugated to HRP. Incubation of the Siglec-
HRP complexes with cells, followed by the addition of biotin
tyramide and hydrogen peroxide, generated short-lived tyra-
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mide radicals that biotinylated nearby proteins, allowing for the
identification of both known and new Siglec ligands. Similarly,
glycoprotein ligands for galectin-1 and galectin-3 were identified
by conjugating these GBPs to ascorbate peroxidase 2 (APEX2),
which enabled labeling of proximal proteins using biotin tyramide
and hydrogen peroxide (Joeh et al., 2020; Vilen et al., 2021). As
the HRP and APEX methods use a commercially available biotin
probe, application to other GBPs should be readily feasible.

Upon identifying a glycoprotein-protein interaction, establish-
ing the glycan structural motif(s) responsible for mediating the
interaction can provide crucial insights into its specificity and
function. The selectivity of glycan-protein interactions can range
from promiscuous affinity for multiple, related carbohydrate
structures to high selectivity for individual structures. Glycan mi-
croarrays have emerged as a high-throughput technology to
determine the binding specificities of GBPs (Rillahan and Paul-
son, 2011). Microarrays containing a wide range of both syn-
thetic and natural glycans have been constructed using robotic
printing technologies similar to those used for traditional DNA
microarrays. Protein binding to individual glycans spotted
on the microarray is typically detected using biotinylated or fluo-
rescently labeled antibodies. This miniaturized format permits
rapid interrogation of many glycan-protein interactions in paral-
lel, while requiring minimal glycan and protein material. As
mentioned above, glycan microarrays have provided vital infor-
mation regarding lectin specificity and have been applied to a
wide range of GBPs (Gao et al., 2019), serum antibodies (Xia
and Gildersleeve, 2015), and even intact viruses (Smith and
Cummings, 2014).

Despite their ease, glycan microarrays are inherently limited by
the diversity of glycans on the array. Current microarrays contain
only a fraction of the mammalian glycome and an even smaller
proportion of the microbial glycome, highlighting a critical need
to expand access to pure, well-defined glycan molecules. As
discussed above, the synthesis and biochemical isolation of
large panels of glycans is technically challenging. To combat
these issues and facilitate the use of glycan microarrays in the
broader community, the NIH has supported large-scale efforts
to produce glycans and glycan microarrays. Numerous glycan
microarrays are currently available upon request from the CFG
and National Center for Functional Glycomics (https://ncfg.
hms.harvard.edu/microarrays). The widely used CFG array
(version 5.2) has approximately 600 mammalian glycans,
whereas the microbial glycan array has over 300 glycans. In
addition, the Glycosciences Laboratory at Imperial College Lon-
don has a large collection of glycans and offers microarray
analyses (http://www.imperial.ac.uk/glycosciences/). Several
companies also provide glycan microarrays and analysis ser-
vices for targeted subsets of glycans, including GAGs and com-
mon O- and N-glycans found in serum, plasma, and other tis-
sues. Newer approaches with chemically released natural
glycans, multiplexing capabilities, and alternative solution-bind-
ing assays will continue to advance this cornerstone technology.

Glycan density, spatial arrangement, attachment to lipids or
proteins, and the presence of competing glycan structures can
all significantly influence glycan recognition (Kiessling and
Grim, 2013; Mende et al., 2019). Therefore, cell-based platforms
that better recapitulate native glycan presentation have also
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been explored as a complementary approach to glycan microar-
rays. Knockout cell lines generated by chemical mutagenesis
and selected for altered glycosylation have historically been
used to characterize glycosylation pathways, identify relevant
genes, and elucidate the functional roles of glycans (Patnaik
and Stanley, 2006). Modern genetic engineering techniques
like zinc-finger nuclease (ZFN) and CRISPR-Cas9-directed edit-
ing have recently been employed to generate panels of isogenic
HEK293 cells with predictable structural changes to O- and
N-glycans, as well as GAGs (Briard et al., 2018; Narimatsu
et al., 2019). This “glycotopiary” approach to prune cell-surface
glycans provides a valuable cell-based array for investigating
binding specificities to glycans. Such cell lines have been ex-
ploited in conjunction with flow cytometry to determine the bind-
ing selectivity of Neu5Ac-binding Siglec proteins and hemagglu-
tinin (HA) proteins from individual strains of influenza. It is worth
noting, however, that the cells generated by genetic and chemo-
enzymatic approaches simultaneously present multiple different
glycoforms, necessitating comparative analyses across various
cell lines to determine specificity for individual glycans. Never-
theless, cell-based platforms are a powerful complement to
traditional glycan microarrays and are being made broadly avail-
able to the scientific community.

Another recently developed approach that expands the capa-
bilities of traditional glycan microarrays is the “liquid” glycan
array platform. In this approach, defined glycans are covalently
attached to DNA-barcoded M13 bacteriophages using click
chemistry (Sojitra et al., 2021). The bacteriophage mixture is
applied to GBPs in vitro or even in vivo, and bound bacterio-
phages are then sequenced to identify the structures and valen-
cies of potential interacting glycans. Notably, this liquid glycan
array method enables not only the study of GBP specificities
but also other important facets of glycan recognition, such as
multivalency, avidity, as well as the potential for crosstalk and
dynamic competition between glycans in vivo. Here again, ac-
cess to defined, azide-functionalized glycans is required, which
may limit the diversity of structures that can be used. Nonethe-
less, this DNA-encoded approach has unique advantages and
may become widely utilized as the library of phage-displayed
glycans grows.

Glycan microarrays are valuable as a hypothesis-generating
discovery tool to rapidly screen putative GBPs and identify po-
tential glycan structures important for recognition. These initial
screens should be followed up with conventional binding assays
such as enzyme-linked immunosorbent assays, surface plas-
mon resonance, biolayer interferometry, isothermal titration
calorimetry, fluorescence polarization, and frontal affinity chro-
matography (Nagae and Yamaguchi, 2018). New technologies
such as mass photometry are also likely amenable to measuring
protein complexes mediated by glycans (Young et al., 2018).
Importantly, these assays provide independent validation of
structure-dependent binding and can be used to derive kinetic
and thermodynamic parameters such as enthalpy and entropy
(AH, AS), dissociation constants (Kg), and ko, and k¢ rate con-
stants.

Structural approaches and site-directed mutagenesis help to
define further the molecular basis of glycan-protein recognition,
including the binding interface, intermolecular forces, and spec-
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ificity of the interaction. The most widely used techniques, nu-
clear magnetic resonance (NMR) and X-ray crystallography,
require pure, structurally defined glycans, limiting the use of
such techniques to certain accessible carbohydrate classes.
Another major challenge to high-resolution structure determina-
tion is the intrinsic flexibility of glycans, which leads to heteroge-
neous ensembles of defined conformational states. NMR
methods are particularly well suited to studying glycan confor-
mation and dynamics, and various NMR techniques have been
utilized to gain insights into glycan-protein interactions, most
notably nuclear Overhauser effect spectroscopy (NOESY), satu-
ration transfer difference NMR (STD-NMR), and water-ligand
observed via gradient spectroscopy (WaterLOGSY) (reviewed
in Gimeno et al., 2020 and Nieto, 2018). X-ray crystallography
studies have provided crucial data on conformational features
of carbohydrates and their interactions within protein binding
clefts. For example, seminal structures of the ternary HS-fibro-
blast growth factor (FGF)-fibroblast growth factor receptor
(FGFR) complex highlighted how GAGs can engage both ligands
and receptors in a single complex, likely aiding in receptor acti-
vation (Pellegrini et al., 2000; Schlessinger et al., 2000).

Computational modeling methods are often used in combina-
tion with experimental structures or protein homology models
when structures are unavailable. For example, a combined
computational-experimental approach was used to investigate
the specificity of an antibody against the tumor-associated
carbohydrate antigen sialyl-Tn (Amon et al., 2018). Antibody
binding was first investigated by glycan microarray, alanine-
scanning mutagenesis, and STD-NMR to define the antibody-
glycan contact surface. Computational grafting of various
sialyl-Tn-related carbohydrates onto the modeled antibody
structure using Gly-Spec (www.glycam.org) led to a 3D model
of the antibody-glycan complex that was consistent with the
experimental data, revealing features that were important for
the high specificity of the antibody. For GAGs, various computa-
tional programs such as GAG-Dock (Criffith et al., 2017),
VinaCarb (Nivedha et al., 2016), and GlycoTorch Vina (Boittier
et al., 2020) have been developed for docking of GAG oligosac-
charides to their binding proteins, providing structural models
that closely mimic crystal structures and guiding investigations
into the functional consequences of GAG binding.

DETECTING AND MONITORING GLYCOSYLATION
IN VITRO AND IN VIVO

The glycome responds dynamically within minutes in response
to cellular stimuli or over long periods of time, such as during
development or disease progression. Thus, robust methods to
detect and monitor specific glycans are critical for establishing
the functions of glycans in physiology and disease.

As mentioned above, lectins or antibodies are often used to
detect carbohydrates on glycoconjugates by western blotting
or immunocytochemistry and can be used to compare the rela-
tive glycosylation levels of a given glycoconjugate across
different conditions. Antibodies that selectively recognize gly-
cans at specific sites in proteins have been difficult to generate,
although site-specific O-GIcNAc antibodies have been pro-
duced against a small number of O-GlcNAcylated targets
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(Gorelik and van Aalten, 2020). As lectins and antibodies may
recognize multiple related glycans with varying affinities, care
should be taken in interpreting results using these reagents,
and the glycan structure and glycosylation site(s) on a protein
should be confirmed by MS and/or site-directed mutagenesis.

Glycans can also be detected by modification of specific gly-
cans with chemical reporters such as fluorescent dyes or biotin.
For example, mild periodate oxidation of NeubAc-containing gly-
cans generates a terminal aldehyde that can be functionalized
with reporter groups using oxime chemistry (Zeng et al., 2009).
ML and CL methods allow multiple other classes of carbohy-
drates to be targeted. As described above (“discovering and
characterizing glycan-protein interactions” section), ML exploits
the substrate promiscuity of biosynthetic enzymes to introduce
non-natural glycans bearing small chemical functionalities into
cellular glycoconjugates (Figure 5D; Wang and Mooney, 2020).
In CL, an exogenous GT is used to tag existing glycans on
cellular glycoconjugates with a non-natural sugar modified with
a small chemical functionality (Figure 5E; Lopez Aguilar et al.,
2017). Covalent attachment of chemical reporters to these
non-natural sugars, using biorthogonal chemistry, enables rapid
labeling of glycans in cells, tissues, and even whole organisms.
For live-cell imaging, the biorthogonal copper-catalyzed azide-
alkyne cycloaddition (CUAAC) reaction can be cytotoxic due to
reactive oxygen species generated by the catalyst (Kennedy
et al., 2011), but cytotoxicity can be avoided with improved cop-
per ligands (Parker and Pratt, 2020) or catalyst-free reactions
such as strain-promoted azide-alkyne cycloaddition (SPAAC)
or tetrazine ligation (Nguyen and Prescher, 2020).

CL was originally developed as a sensitive method for detect-
ing O-GIcNAcylated proteins. A mutant 3-1,4-galactosyltransfer-
ase (Y289L GalT) was used to append a non-natural azido- or
keto-GalNAc sugar onto O-GlcNAc moieties (Clark et al., 2008;
Khidekel et al., 2003). The non-natural sugar was then reacted
to label the glycoproteins with a biotin tag, which allows for
both sensitive detection and affinity enrichment for MS analysis.
CL has facilitated the identification of O-GIcNAc-modified pro-
teins, MS determination of their glycosylation sites, and quanti-
tative proteomic profiling of O-GlcNAcylated proteins across
cells and tissues. In addition to biotin, other reporters have
been employed with CL, including polyethylene glycol polymers
of defined mass (Rexach et al., 2010). These polymer mass tags
shift the molecular weight of the glycoprotein and are
visualized by western blotting to determine the stoichiometry
of glycosylation. Using this approach, a significant increase in
O-GlcNAcylation on phosphofructokinase-1 (PFK1) was quanti-
fied in human breast tumor tissue compared with normal tissue
(Yi et al., 2012). CL with polymer mass tags has also been
used to study the interplay between post-translational modifica-
tions, demonstrating that O-GlcNAcylation was induced specif-
ically on the phosphorylated subpopulation of the transcription
factor cyclic AMP response element-binding protein (CREB) in
response to neuronal depolarization (Rexach et al., 2012).
Notably, CL has been expanded to the detection of many other
glycan motifs, including the O- and N-glycan disaccharide N-
acetyllactosamine (LacNAc) (Zheng et al., 2011), the Tn antigen
(O-linked GalNAc) (Wu et al., 2016), the TF antigen (O-linked
Gal-GalNAc) (Li et al., 2014), Fuca(1,2)Gal (Chaubard et al.,
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2012), NeubAca(2,3)Gal (Wen et al., 2016), and terminal HS res-
idues (Wu et al., 2018). CL has also been developed as a broad
labeling method for O- and N-glycans by exploiting the substrate
specificities of different sialyltransferases (Mbua et al., 2013; Yu
et al., 2016). Labeling kits for O-GIcNAc, as well as many of the
enzymes and non-natural sugar donors, are commercially avail-
able or accessible as shared reagents from researchers.

ML has been used in conjunction with fluorescent reporters to
image cellular glycans in a variety of contexts. For example, su-
per-resolution imaging of the glycocalyx was achieved through
ML of GalNAc-containing glycans and periodate labeling of
Neu5Ac (Mockl et al., 2019). The results showed nanoscale orga-
nization of glycans in the glycocalyx, along with changes in gly-
cocalyx thickness upon Kirsten rat sarcoma viral oncogene ho-
molog (KRAS) activation. ML has also been applied to image
glycans in mammalian organs, including the heart (Rong et al.,
2014) and brain (Xie et al., 2016), and in whole organisms such
as zebrafish (Laughlin et al., 2008). To improve the selectivity
of ML in vivo, “caged” sugars can be employed, in which chem-
ical groups on the non-natural sugar are cleaved by enzymes in
the target tissue, allowing the non-natural sugar to be incorpo-
rated (Chang et al., 2010). “Decaging” of sugars by histone de-
acetylase and cathepsin L enabled selective labeling of glyco-
proteins in ectopic tumors in mice (Wang et al., 2017). To
enhance the efficiency of ML in vivo, liposomes have been
used to encapsulate and deliver the non-natural sugar analog
(Xie et al., 2016). This approach allowed an azide-functionalized
Neu5Ac derivative to cross the blood-brain barrier and become
incorporated into sialylated glycans in mouse brains.

Glycan labeling via ML and CL can be combined with other
protein-specific labeling procedures to monitor the glycosylation
status of specific glycoproteins directly. For example, a protein-
specific fluorescent donor can be combined with a glycan-spe-
cific acceptor dye, appended via ML, for fluorescence reso-
nance energy transfer (FRET) to measure the glycosylation
status, occupancy, and cell-surface localization of glycopro-
teins. A modified in situ proximity ligation assay (PLA) can also
be used to detect glycosylation levels on specific glycoproteins
of interest (Robinson et al., 2016). In this assay, CL was used to
install a biotin tag on the glycan of interest. An antibody that rec-
ognizes the target protein and an anti-biotin antibody were then
incubated with the samples. Each antibody contains a comple-
mentary single-stranded DNA oligonucleotide, which hybridize
with one another when in proximity, such as on the same glyco-
protein. Hybridization was be detected after DNA ligation using
fluorescently tagged complementary oligonucleotides or by
quantitative PCR (gPCR).

The selection of reagents for ML is critical to target specific
glycans (Parker and Pratt, 2020). ManNAc-based probes (Ac,.
ManNAz and Ac;ManNAIK) are the preferred methods to label
Neu5Ac-containing glycans in mammalian systems, in part due
to their cell permeability. Fuc-specific probes have been gener-
ated by additions to the C-6 position (Acs6AzFuc and
Ac46AlkFuc). As GalNAc-based probes have been shown to un-
dergo metabolic crosstalk through UDP-GIcNAc/GalNAc-4-
epimerase (GALE), leading to promiscuous labeling of various
glycans (Boyce et al., 2011), significant efforts have been under-
taken to develop selective probes for both GIcNAc- and GalNAc-
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containing glycans. The development of C-6-modified GIcNAc
metabolic probes (Ac36AzGIcNAc and Ac3;6AIkGIcAc) has
enabled the specific profiling of O-GlcNAcylation (Chuh et al.,
2014, 2017), whereas probes with acetamide modifications
(Ac4GIcNAz and Ac,GlcNAIk) will label both O-GlcNAc- and
GlcNAc-containing cell-surface glycoproteins. Work exploring
sterically bulky acetamide derivatives of GalNAc has led to the
generation of a caged derivative of N-(2-azidopropanoyl)-Gal-
NAc-1-phosphate that can be incorporated specifically into
O-GalNAc glycans in cells expressing a mutant form of the
nucleotide sugar donor biosynthetic enzyme AGX1 (Debets
et al., 2020). As some ML probes can non-specifically label
cysteine residues (Qin et al., 2018), newly discovered glycopro-
teins should be further verified by MS or other methods.

Ultimately, the choice of ML or CL depends on the specific
glycan of interest, the extent of labeling and specificity required,
and the experimental question being addressed. As described
above, ML works particularly well for imaging glycans in vivo,
whereas CL is well suited for analyzing human tissue. ML is typi-
cally substoichiometric due to competition with natural sub-
strates and therefore should be used with caution when quanti-
fying glycosylation levels. As CL can allow for stoichiometric
tagging of endogenous glycans, CL may be better suited for
quantification or when high detection sensitivity is required. In
terms of specificity, ML generally labels multiple glycan classes
containing the monosaccharide of interest, whereas the selec-
tivity of CL depends on the substrate specificity of the GT em-
ployed. Thus, CL can be used to detect specific di- or trisaccha-
ride glycan motifs, unlike ML. Several detailed reviews are
available that outline the best practices for these methods
(Cheng et al., 2021; Lopez Aguilar et al., 2017; Parker and Pratt,
2020).

In the future, advancing an understanding of the structure and
function of glycans will require new tools for monitoring the gly-
come with increasing cellular resolution across different cell
types, organs, physiological stimuli, and disease states. Sin-
gle-cell techniques such as flow cytometry and single-cell RNA
sequencing (scRNA-seq) have provided key insights into cellular
diversity and heterogeneity, as well as molecular and cellular
states important for health and disease. Methods that employ
oligonucleotide-conjugated antibodies such as CITE-seq have
been developed to translate protein detection into “sequence-
able” readouts (Stoeckius et al., 2017). Recently, glycan detec-
tion using DNA-barcoded lectins has been combined with
scRNA-seq to quantify N-glycans on individual cells (Kearney
et al.,, 2021; Minoshima et al., 2021). Although limited by the
cross-reactive nature of lectin binding, this proof-of-principle
method suggests that new technologies can be developed to
profile glycans more precisely at the single-cell level in the future.

As a complement to single-cell barcoding technologies, MS
methods to monitor glycan structures have greatly improved
and are becoming more routine (described in “identifying relevant
glycan structures or ‘glycotypes’”). These methods have eluci-
dated important differences in O- and N-glycan structures be-
tween mouse brain regions and between sexes, suggesting that
distinct glycan repertoires are expressed in different tissues and
are subject to tight regulation (Williams et al., 2022). The localiza-
tion of glycans in tissues from cancer biopsies has also been
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studied using matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) MS imaging (MSI) (Powers et al., 2013).
This approach has been most extensively applied to N-glycans,
which are first released from the tissue using PNGase F and
then identified in specific regions targeted by the ionizing laser.
Such methods have also been applied to formalin-fixed paraffin
embedded tissue samples, allowing new analyses for archival tis-
sue samples (Powers et al., 2014). The continued development of
these and other related technologies, such as single-cell prote-
omics and mass cytometry imaging, should enable glycans to
be added to multi-omics analyses, providing an essential, missing
element for understanding cellular complexity and function.

MODULATING GLYCANS TO PROBE FUNCTION:
CONNECTING “GLYCOTYPE” TO PHENOTYPE

The ability to selectively modulate glycans on glycoconjugates is
critical for relating specific glycan structures and glycosylation
events to particular cellular phenotypes. Both loss-of-function
and gain-of-function approaches are available for manipulating
glycans. For example, pharmacological inhibitors, glycosidase
treatment, or genetic knockdown/knockout approaches often
lead to loss of function by removing specific cellular glycans.
As these methods typically deplete entire families of glycan
structures, the results can sometimes be difficult to interpret.
Comparative studies in which multiple genes are systematically
deleted within a single biosynthetic pathway can provide better
control of glycan populations and be more informative.

With the advent of facile gene knockout and editing by ZFNs,
transcription activator-like effector nucleases (TALENSs), and
CRISPR-Cas9, libraries of defined mutants have been devel-
oped for O- and N-glycans (Narimatsu et al., 2019), GPI anchors
(Liu et al., 2021), and GAGs (Chen et al., 2018; Qiu et al., 2018),
significantly expanding the available toolkit of cell lines with
simplified glycomes (Figure 6A). In addition to cell lines, this
loss-of-function approach has been applied to more complex
systems such as human organotypic skin models to understand
the role of glycans in tissue formation (Dabelsteen et al., 2020).
Genetic disruption approaches have also been used to generate
secreted mucins with defined O-glycan composition as protein-
based probes (Nason et al., 2021). Beyond targeting glycan
biosynthetic pathways, genetic manipulation enables the inter-
rogation of specific glycosylation events in various biological set-
tings. For example, viral-mediated expression of a site-specific
O-GlcNAc-deficient mutant of CREB in cultured neurons and
murine brains in vivo revealed that activity-induced
O-GlcNAcylation at Ser-40 modulates dendritic and axonal
growth, as well as long-term memory consolidation (Rexach
et al., 2012). In addition to alanine mutagenesis, specific
O-GlcNAcylation sites on proteins have been mutated to Cys us-
ing CRISPR-Cas9 technologies. OGT-mediated GIcNAcylation
can still occur at the mutated site, producing a hydrolytically
resistant, structural mimic of O-GIcNAc (Gorelik et al., 2019).
For example, S405C mutation of OGA led to hyper-S-GlcNAcy-
lation and substantially reduced its cellular half-life, suggesting a
role for this site-specific modification in regulating OGA stability.

Knockout animal models have also been extensively used to
study the roles of glycans and are particularly helpful for
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examining biological phenotypes that cannot be recapitulated
in vitro. As reviewed elsewhere (Stanley, 2016), many constitu-
tive GT knockouts in mice exhibit embryonic lethality, underscor-
ing the importance of glycans for development and health and
prompting the development of conditional knockout models.
However, interpretation of knockout animal phenotypes can be
complicated by the pleiotropic functions of glycans in vivo,
whereby similar but non-equivalent animal models may affect
only some of the pleiotropic roles of glycans (Hacker et al.,
2005). In addition to disrupting glycan biosynthesis, more pre-
cise targeting of specific glycan-binding events in model organ-
isms is possible using gene editing technologies. For example,
HS GAGs were found to engage tyrosine kinase with immuno-
globulin-like and EGF-like domains 1 (TIE1), an orphan receptor
critical for vascular development and homeostasis (Griffin et al.,
2021). However, knockout of either the glycan or receptor leads
to embryonic lethality, preventing the study of HS-TIE1 interac-
tions in the maturing vasculature. To address this, Cas9-targeted
mutations were generated in the HS binding cleft of TIE1, allow-
ing selective ablation of the interaction without loss of the protein
or polysaccharide. These mutant animals showed aberrant
vasculature and altered vascular survival signaling, highlighting
how the functional roles of individual glycan-protein interactions
can be teased apart and linked to complex in vivo processes.

Gain-of-function approaches have been developed to install a
variety of O- and N- glycans onto proteins and cell surfaces. For
example, N-glycans can be remodeled on cells using a two-
step enzymatic approach like the remodeling of N-glycans on
therapeutic antibodies (described in “generating chemically
defined glycans and glycoconjugates”) (Figure 6B). This
approach greatly simplifies the overall structural complexity of
N-glycosylation on the cell. N-glycan engineering has also been
applied to impart new functions onto purified proteins. For
example, N-glycan engineering of antibodies using CL methods
has been used to attach cytotoxic molecules for antibody-drug
conjugates (Tang et al., 2017; van Geel et al., 2015).

O-glycan engineering approaches have exploited artificial
scaffolds with defined O-glycan structures (Figure 6C). For
example, synthetic glycopolymers displaying Neu5Ac-contain-
ing motifs and a terminal phospholipid anchor were incorporated
into cell surfaces and shown to engage immune inhibitory Siglec
receptors and inhibit NK cell-based cytotoxicity (Hudak et al.,
2014). In another study, glycopolymers of varying lengths were
exploited to modulate the thickness of the glycocalyx surround-
ing cancer cells (Paszek et al., 2014). These studies demon-
strated that the physical properties of the glycocalyx can drive
integrin clustering in cancer cells.

A variety of cell-surface glycan engineering methods have
also been developed for GAGs (Figure 6C). Using a similar
lipid-anchored approach, the presentation of glycopolymers
decorated with specific sulfated HS disaccharides was found
to accelerate the differentiation of embryonic stem cells into
neuronal precursors (Huang et al., 2014) and facilitate agrin-
induced clustering of neurotransmitter receptors at the neuro-
muscular junction (Huang et al., 2018). In a complementary
approach, commercially available CS polysaccharides were
conjugated to a simple lipid anchor and incorporated into lipo-
somes (Pulsipher et al., 2014). Addition of these functionalized
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GAG liposomes to primary neurons remodeled the cell surface
and promoted signaling and outgrowth in a sulfation-depen-
dent manner. Membrane-inserted GAG probes showed half-
lives on the order of several hours, while the anchoring of
GAGs to a transmembrane HaloTag protein produced
longer-lived GAGs that were stably detected on the cell sur-
face for over 1 week (Pulsipher et al., 2015). HS GAG engi-
neering by protein anchoring was shown to potentiate neural
differentiation of embryonic stem cells (Pulsipher et al., 2015)
and angiopoietin signaling (Griffin et al., 2021) based on the
sulfation pattern of the displayed GAG. New methods enable
the creation of semi-synthetic proteoglycans, wherein both
the core protein and GAG composition can be systematically
engineered and displayed on cell surfaces (O’Leary et al.,
2022). Such approaches may shed light on the importance
of the proteoglycan core protein and architecture in the
biology of GAGs.

Finally, intracellular O-GlcNAcylation can be modulated by tar-
geting nanobody-fused OGT or OGA enzymes to O-GIlcNAcylated
substrates tagged with a nanobody recognition epitope
(Figure 6D; Ge et al., 2021; Ramirez et al., 2020). This approach al-
lows for the control of O-GlcNAcylation stoichiometry on specific
overexpressed proteins in cells and will likely be extendable to
endogenous substrates using CRISPR-Cas9-mediated gene edit-
ing. An analysis of proteins containing multiple modification sites
may be complicated as the exact sites and their relative glycosyl-
ation stoichiometries may differ using this strategy, compared with
native O-GlcNAcylation. Nevertheless, this emerging approach
has been successfully used to show that O-GlcNAcylation alters
the kinase activity of casein kinase 2a (Schwein et al., 2022),
enabling new studies to understand O-GIcNAc function and its
crosstalk with other post-translational modifications.

CONCLUSIONS AND OUTLOOK

Glycans are intricately involved in all facets of biology, and new
breakthrough technologies have begun to reveal mechanisms
by which these biomolecules regulate critical functions. In this
primer, we have outlined current methods to identify, charac-
terize, monitor, and modulate glycans for a variety of applica-
tions. These approaches overcome the difficulties of glycan
complexity and heterogeneity that have historically challenged
glycoscience research, providing a clearer picture of the central
features that underlie glycan activity. The glycoscience field is
still in its exponential phase of growth, and future work will
continue to expand the modern toolkit and improve our ability
to decipher glycan function. A key remaining challenge for
the future will be to rapidly produce larger collections of
diverse, chemically pure glycan and glycoconjugate structures.
As methods toward streamlined and automated syntheses
advance, we envision that these molecules will one day be as
accessible as tailored oligonucleotides and peptides are today.
Progress in other fields such as protein structure prediction and
directed evolution may help to develop new probes and enzy-
matic reagents with greater selectivity for specific glycan struc-
tures. New techniques to analyze data, such as machine-
learning approaches combined with glycan array and other
screening methods, could propel novel discoveries by parsing

Cell 185, July 21, 2022 2671




¢? CellPress

information-rich experiments into actionable structure-function
hypotheses. The application of new imaging and structural
techniques such as super-resolution microscopy, microcrystal
electron diffraction, as well as cryoelectron microscopy and to-
mography should reveal key insights into the relationships be-
tween glycans and the structural organization of multiprotein
complexes and subcellular compartments. Looking forward,
the development of single-cell, spatial, and temporal technolo-
gies for quantifying glycans will greatly expand our understand-
ing of their functions across multicellular systems. This informa-
tion, combined with glycomics and glycoproteomics data,
will add another crucial dimension to multi-omics experiments,
providing important insights into cellular complexity and
disease, as well as novel disease biomarkers. Although this
primer has focused specifically on tools to study mammalian
glycans, a great diversity of carbohydrates is found across
other kingdoms of life, including bacteria, fungi, and archaea.
These microbial glycans can act as crucial regulators of
host function and thus are key to understanding the human
holobiont.

The broad integration of glycoscience across other fields of
biology will require access to readily accessible tools and exper-
tise. The focus on methods development and dissemination,
epitomized by the NIH Common Fund Glycoscience Program
and similar international efforts, will enable the democratization
of these powerful technologies. When coupled with the proper
selection of methods, controls, and data analysis, these tools
can uncover new biological mechanisms and therapeutic strate-
gies. The glycoscience community at large has a rich history of
collaboration. With a broad repertoire of tools in hand along
with the enthusiasm of the community, glycoscience research
will continue to expand our understanding of the intricacies of
mammalian biology.
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