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Overview: Development of live-cell glycoengineering tools utilizing the power of chemical biology

glycans on/inside
living cells

- Exoenzymatic engineering
- Metabolic engineering
- Genetic engineering

...etc.

glycoengineering
tools

proteins, 
lipids, ...etc.

- Imaging
- Structure-function relationships
- Therapeutics

...etc.

modified glycans
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Glycans are major building blocks of life. 

Scott, E. and Munkley, J. Int. J. Mol. Sci. 2019, 20, 1389-1418.
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- templated synthesis
- linear

- templated synthesis
- linear

- non-templated synthesis
- branched



Glycans play crucial roles in a myriad of biological processes.

Hart, G. W. and Copeland, R. J. Cell 2010, 143, 672–676.
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- Glycans on cell surface
- cell-cell comunication
- membrane protein trafficking
- pathogen invasion
- immune response

- Glycans inside cells
- properties of proteins

(e.g., stability, conformations)
- transcriptional regulation

...etc.



A growing number of glycan-associated diseases are discovered from 1990s.(1)

Varki, A. Glycobiology 2017, 27, 3–49.

Human disorders with a major genetic defect in glycosylation pathways
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- Cancer metastasis
- Autoimmune diseases
- Alzheimer’s diseases
- Diabetes
- Viral immune escape
- Kidney diseases

...etc.

glycoprotein

proteoglycan

glycolipid
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Inflammatory bowel disease (IBD) and core fucosylation on T cells

A growing number of glycan-associated diseases are discovered from 1990s.(2)
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Fujii, H., Shinzaki, S., et al. Gastroenterology 2016, 150, 1620–1632.

- Fut8 expression was abnormally increased in the inflamed area, resulting in high core fucosylation level.
- Fut8 KO inhibited IBD pathogenesis via inhibition of transportation of receptors to the lipid raft.
- Fut8 inhibition can be a new therapeutic strategy.
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Glycans composed of many kinds of monosaccharides.

The 10 most abundant monosaccharide units in human cells

Werz, D. B., Ranzinger, R. et al. ACS Chem. Biol. 2007, 2, 685–691.
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Glycosylation of proteins and lipids occur in the ER and Golgi apparatus.

Major types of glycans in humans

Glycosphingolipids. GSLs comprise a sphingolipid to 
which a glycan is attached at the C1 hydroxyl position 
of a ceramide; they are one of the most abundant glyco-
lipids in humans and are typically found in the lipid 
bilayers of cellular membranes16 (FIG. 1). GSL glycosyl-
ation starts with the addition of glucose or galactose 
to the lipid moiety at the cytoplasmic side of the ER  
or the Golgi apparatus, but the structure is then flipped 
to the luminal side for further processing. The enzymes 
that initiate GSL glycosylation are specific for lipids, 
but further processing of the carbohydrate chain can be 
performed by more general glycosyltransferases. The 

distribution of different types of GSLs is controlled by 
functional competition between multiple glycosyltrans-
ferases16. GSLs perform critical cellular functions asso-
ciated with the formation of lipid rafts, and their glycan 
composition imparts specific GSL properties16.

Proteoglycans and glycosaminoglycans. Proteoglycans  
are glycoproteins in the extracellular matrix that, 
in addition to containing canonical N-glycans and 
O-glycans, are characterized by the presence of long 
sugar repeats attached via O-linked glycosylation 
motifs17. These extended sugar chains are termed 
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Fig. 1 | Major types of glycosylation in humans. Glycans can be covalently attached to proteins and lipids to form 
glycoconjugates; glycans in these compounds are classified according to the linkage to the lipid, glycan or protein 
moieties. Glycoproteins consist of glycans and glycan chains linked to nitrogen and oxygen atoms of amino acid residues 
and are thus termed N-glycans and O-glycans, respectively. N-glycans consist of N-acetylglucosamine (GlcNAc) attached 
by a β1-glycosidic linkage to the nitrogen atom of the amino group of Asn (N) at the consensus glycosylation motif 
Asn-X-Ser/Thr (in which X denotes any amino acid except for Pro). These branched and highly heterogeneous N-glycan 
structures consist of a core glycan containing two GlcNAc residues and three mannose (Man) residues. Perhaps the most 
diverse form of protein glycosylation is O-glycosylation, in which glycans attach to the oxygen atom of the hydroxyl groups 
of Ser (S) or Thr (T) residues. O-glycans can be further subclassified on the basis of the initial sugar attached to the protein 
and the additional sugar structures added to the initial glycan. For example, mucin-type O-glycosylation denotes that the 
initial glycan is N-acetylgalactosamine (GalNAc); mucin-type glycans can be further classified on the basis of the glycans 
attached to the initial GalNAc6. Other types of O-glycans, such as O-linked fucose (Fuc) and O-linked Man, often occur in 
specific proteins or protein domains, such as epidermal growth factor (EGF) repeats, thrombospondin type I repeats (TSR) 
or dystroglycan. N-glycans and O-glycans are often capped with negatively charged sialic acid. O-GlcNAc is a unique type 
of O-glycosylation that is synthesized by O-GlcNAc transferase; it occurs in the cytosol and nucleus. Proteoglycans 
represent a major class of glycoproteins that are defined by long glycosaminoglycan (GAG) chains attached to proteins 
through a tetrasaccharide core consisting of glucuronic acid (GlcA)–galactose (Gal)–Gal–xylose (Xyl); this carbohydrate 
core is attached to the hydroxyl group of Ser at Ser-Gly-X-Gly amino acid motifs. Proteoglycan GAGs can be further 
classified according to the number, composition and degree of sulfation of their repeating disaccharide units; common 
GAGs include heparan sulfate, chondroitin sulfate and dermatan sulfate. Glycosylphosphatidylinositol (GPI)-anchored 
glycoproteins represent another major class of glycoconjugates. These glycoproteins are linked at the carboxyl terminus 
through a phosphodiester linkage to phosphoethanolamine attached to a trimannosyl-nonacetylated glucosamine 
(Man3-GlcN) core; the GlcN residue is linked to phosphatidylinositol, which is embedded in the cell membrane. 
Glycosphingolipids are a class of glycoconjugate in which glycans, such as Gal or glucose (Glc), are attached to cellular 
membrane lipids. Another major class of glycans is represented by GAGs that are not attached to protein cores, such as 
hyaluronan, which is synthesized at the plasma membrane by sequential addition of GlcA and GlcNAc. IdoA , iduronic acid. 
Adapted with permission from REF.277, Springer Nature Limited and from REF.278, Stanley , P. Golgi glycosylation. Cold Spring 
Harb. Perspect. Biol. 3, a005199 (2005), with permission from Cold Spring Harbor Laboratory Press.

Complex N-glycan
Processed N-glycan with two, 
three or four antennas and 
possibly with bisecting 
N-acetylglucosamine.

Basic core structures
For N-glycans, the basic core 
structure is a common 
pentasaccharide GlcNAc2Man3. 
For O-glycans, cores 1–4 are 
defined on the basis of the 
glycans attached to the initial 
N-acetylgalactosamine (GalNAc); 
for example, core 1 is GalNAc 
with β1,3-linked galactose.

www.nature.com/nrneph
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Reily, C., Stewart, T. J. et al. Nat. Rev. Nephrol. 2019, 15, 346–366.

The synthetic pathway of N-glycans
Chapter 18

1.2.3  Structural and Functional Consequences of Protein 
Glycosylation

In eukaryotes, N-linked glycosylation is the most common form of protein 
glycosylation.10 It is also the most frequently studied form of protein glyco-
sylation, both from the perspective of biosynthetic pathways and its effects 
on the physical or functional properties of proteins.19 It is important to keep 
in mind that many of the effects discussed here are not derived from the 
same or even closely related proteins and vary depending on size and site 
of glycan attachment. Nevertheless, they can still serve as guidelines for 
gathering more information about the structure–function relationships of 
glycoproteins.35

By systematically comparing the structure and dynamics of many glyco-
peptides and glycoproteins, it was found that highly conserved N-glycosyla-
tion may be critical for controlling protein folding and aggregation100 and 
the N-linked glycan core can account for the entire acceleration of folding 
and native state stabilization.101 In general, N-glycosylation does not cause 

Figure 1.2   An abbreviated biosynthetic scheme for protein N-glycosylation in 
mammalian cells. First, the synthesis of Man5GlcNAc2–P–P–dolichol 
is completed on the cytoplasmic face of the ER membrane. It is then 
flipped to the ER lumen and extended to form Glc3Man9GlcNAc2–P–P–
dolichol. A"er Glc3Man9GlcNAc2 is transferred to the nascent polypep-
tide, the N-linked glycans mature in a stepwise fashion in the ER and 
then the Golgi before the glycoprotein is secreted. P represents a phos-
phate group.
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Chaffey, P. K., Guan, X. et al. Chemical Biology of Glycoproteins, RSC 2017, 1–19.

- It is estimated more than half of human 
proteins are glycosylated.

- The two major classes
- N-glycans: at Asn
- O-glycans: at Ser/Thr
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Glycans are biosynthesized by more than 250 glycosyltransferases (GTs). 

Jaiman, A. and Thattai, M. Elife 2020, 9, 1–22.

blood groups [Patenaude et al., 2002]) and distinct cell types in an individual [West et al., 2010];
and altered glycan profiles are implicated a variety of disorders (Freeze and Ng, 2011; Gill et al.,
2013; Lo-Guidice et al., 1994).

How do eukaryotic cells generate narrow, specific protein glycan profiles despite the variability
caused by promiscuous enzymes? Simulations suggest that the localization of enzymes within Golgi
compartments plays a key role (Liu et al., 2008; Spahn and Lewis, 2014; Spahn et al., 2016;
Fisher et al., 2019). Consider the GTases Fut2 and GTB, which specifically synthesize the blood
group B-antigen (Taniguchi and Honke, 2014, Chapter 44,47). Hypothetical promiscuous versions

Figure 1. Glycan synthesis by promiscuous enzymes in Golgi compartments. (A) A GTase enzyme catalyzes a glycosidic linkage between a specific

donor monomer type (the ‘donor-substrate’) and a specific acceptor monomer type with specific branches or roots (the ‘acceptor-substrate’). We

represent distinct monomer types in an oligomer by shapes/colors, and linkages between distinct monomer carbons by distinct bond angles

(Varki et al., 2017). (B) GTase enzymes can show varying degrees of promiscuity, demonstrated here by three real examples of enzymes that act on

galactose acceptors (Taniguchi and Honke, 2014, Chapter 39,44,47). We represent each GTase enzyme graphically, showing its acceptor-substrate

and the specific monomer-addition reaction it catalyzes (red arrow from acceptor to donor at distinct angles for distinct acceptor carbons). The root-

sensitive enzyme Fut2 requires the galactose acceptor to be linked to a GlcNAc root monomer. The branch-sensitive enzyme GTB requires its galactose

acceptor to have a fucose branch. The branch-insensitive enzyme b4GalNT1 can act on branched or un-branched galactose monomers. (C) The
localization of enzymes in successive Golgi compartments can sometimes mitigate the variability caused by enzyme promiscuity. This is demonstrated

using the example of blood group B-antigen synthesis by the root-sensitive (RS) enzyme Fut2 and branch-sensitive (BS) enzyme GTB. We consider

hypothetical scenarios in which these enzymes are context-free (CF). Increased enzyme promiscuity leads to tandem repeat byproducts. Placing the

context-free Fut2 enzyme in a separate compartment from branch-sensitive GTB restores specific synthesis of the B-antigen. (D) Our main result is

illustrated by this example (elaborated in Figure 4). We show the minimum number of compartments needed to specifically synthesize the same

product oligomer from any of its sub-oligomers. We compare three broad classes of enzymes: ideal root-sensitive and branch-sensitive enzymes (ideal

enzymes can read root chains or branches to arbitrary depth) or context-free enzymes. Ideal root-sensitive enzymes can distinguish the position of every

acceptor monomer in an oligomer, so they can specifically synthesize any product in a single compartment. Branch-sensitive and context-free enzymes

are more promiscuous; splitting such enzymes across multiple compartments increases the repertoire of oligomers they can specifically synthesize.

Jaiman and Thattai. eLife 2020;9:e49573. DOI: https://doi.org/10.7554/eLife.49573 2 of 22

Research article Cell Biology Physics of Living Systems

blood groups [Patenaude et al., 2002]) and distinct cell types in an individual [West et al., 2010];
and altered glycan profiles are implicated a variety of disorders (Freeze and Ng, 2011; Gill et al.,
2013; Lo-Guidice et al., 1994).

How do eukaryotic cells generate narrow, specific protein glycan profiles despite the variability
caused by promiscuous enzymes? Simulations suggest that the localization of enzymes within Golgi
compartments plays a key role (Liu et al., 2008; Spahn and Lewis, 2014; Spahn et al., 2016;
Fisher et al., 2019). Consider the GTases Fut2 and GTB, which specifically synthesize the blood
group B-antigen (Taniguchi and Honke, 2014, Chapter 44,47). Hypothetical promiscuous versions

Figure 1. Glycan synthesis by promiscuous enzymes in Golgi compartments. (A) A GTase enzyme catalyzes a glycosidic linkage between a specific

donor monomer type (the ‘donor-substrate’) and a specific acceptor monomer type with specific branches or roots (the ‘acceptor-substrate’). We

represent distinct monomer types in an oligomer by shapes/colors, and linkages between distinct monomer carbons by distinct bond angles

(Varki et al., 2017). (B) GTase enzymes can show varying degrees of promiscuity, demonstrated here by three real examples of enzymes that act on

galactose acceptors (Taniguchi and Honke, 2014, Chapter 39,44,47). We represent each GTase enzyme graphically, showing its acceptor-substrate

and the specific monomer-addition reaction it catalyzes (red arrow from acceptor to donor at distinct angles for distinct acceptor carbons). The root-

sensitive enzyme Fut2 requires the galactose acceptor to be linked to a GlcNAc root monomer. The branch-sensitive enzyme GTB requires its galactose

acceptor to have a fucose branch. The branch-insensitive enzyme b4GalNT1 can act on branched or un-branched galactose monomers. (C) The
localization of enzymes in successive Golgi compartments can sometimes mitigate the variability caused by enzyme promiscuity. This is demonstrated

using the example of blood group B-antigen synthesis by the root-sensitive (RS) enzyme Fut2 and branch-sensitive (BS) enzyme GTB. We consider

hypothetical scenarios in which these enzymes are context-free (CF). Increased enzyme promiscuity leads to tandem repeat byproducts. Placing the

context-free Fut2 enzyme in a separate compartment from branch-sensitive GTB restores specific synthesis of the B-antigen. (D) Our main result is

illustrated by this example (elaborated in Figure 4). We show the minimum number of compartments needed to specifically synthesize the same

product oligomer from any of its sub-oligomers. We compare three broad classes of enzymes: ideal root-sensitive and branch-sensitive enzymes (ideal

enzymes can read root chains or branches to arbitrary depth) or context-free enzymes. Ideal root-sensitive enzymes can distinguish the position of every

acceptor monomer in an oligomer, so they can specifically synthesize any product in a single compartment. Branch-sensitive and context-free enzymes

are more promiscuous; splitting such enzymes across multiple compartments increases the repertoire of oligomers they can specifically synthesize.

Jaiman and Thattai. eLife 2020;9:e49573. DOI: https://doi.org/10.7554/eLife.49573 2 of 22
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B-antigen

- Glycans are synthesized by glycosyltransferases (GTs).
- Each GTs have relatively low specificity, but the variability is tightly controlled by compartmentalization.
- The detailed mechanism is still unknown.
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Because of their high complexity, the study of glycans is quite difficult.
Structural diversity
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Werz, D. B., Ranzinger, R. et al. ACS Chem. Biol. 2007, 2, 685–691.

136 Protein–carbohydrate complexes and glycosylation

Figure 1

(b)

(a)

(c)

Current Opinion in Structural Biology

Overview of quantitative strategies in O-GalNAc glycoproteomics.
(a) The most common steps of O-GalNAc glycosylation pathway with the enzymes involved in extension and branching of O-GalNAc structures.
(b) Schematic presentation of quantitative analysis at three different levels (glycans, glycopeptides and glycoproteins). (c) Comparison of analytical
potential of glycomics, bottom up glycoproteomics and intact MS glycoproteomics approaches.

Current Opinion in Structural Biology 2021, 68:135–141 www.sciencedirect.com

Čaval, T., de Haan, N. et al. Curr. Opin. Struct. Biol. 2021, 68, 135–141.
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Many live-cell glycoengineering tools have been developed.

strategy limit broader use for engineering mammalian cell
lines.

A new era for glycoengineering emerged with the intro-
duction of the facile nuclease-based gene-editing strategies at
the turn of the millennium (4, 27). The zinc-finger nucleases
(ZFNs), transcription activator-like effector nucleases (TAL-
ENs), and clustered regularly interspaced short palindromic
repeats with the CRISPR-associated protein 9 (CRISPR/Cas9)
tools now allow for rational designed gene engineering events
in mammalian cells with high precision, speed, and low cost.
Engineering events in cells can be stacked with multiple gene
KOs in combination with knock-ins (KIs) to achieve almost
any desirable design of the cellular glycosylation capacities.
These new opportunities are beginning to thrive, and engi-
neering of glycosylation in cell lines is no longer only focused
on meeting interests in improved glycoprotein therapeutics.
Already a remarkable diversity in the use of glycoengineering
has emerged. Here, we focus on these new advances and

discuss the use of strategies to comprehensively engineer and
dissect glycosylation in mammalian cell lines, which we define
as rational genetic engineering of glycosylation. A number of
excellent reviews have already summarized and discussed
progress with engineering glycosylation in different species
including yeast, insects, and plants and the special opportu-
nities these provide for production of glycoprotein therapeu-
tics (6, 16–22, 28–30).

Glycosylation processes in cells
The glycosylation machinery of a given cell determines the

ensemble of glycan structures and types of glycoconjugates
that constitute the glycome of that same cell (31). The glyco-
sylation capacities of different cell types vary primarily through
changes in expression of the GTs that directs different steps in
glycosylation pathways (Fig. 2A); however, a number of other
factors affect the glycosylation outcome (5, 32). GTs have
different donor sugar and acceptor substrate specificities often

Figure 1. Overview of glycoengineering strategies. Basic principles for approaches available to modulate the cellular glycosylation processes and the
glycome are illustrated. Extracellularly, glycans may be modulated by more or less selective endo-/exo-glycosidases (sialidases, galactosidases, PNGase, etc.)
(117), and chemoenzymatic labeling methods utilizing, e.g., glycosyltransferases (GTs) may be applied to install natural or unnatural substrates on cell
surface glycans (6, 337). Use of cytotoxic lectins often in combination with mutagenesis may enable selection of mutant cells with loss/gain of distinct
glycosylation features (10, 338). A growing number of unnatural sugar mimetics can be applied for metabolic engineering (6, 23), including glycosylation
inhibitors (i.e., fluorinated sugar analogues) (235, 339) or functionalized sugars (i.e., azido, Az, sugars) that enable conjugation chemistries for use in glycan
imaging or reprogramming of their interactions (20, 160). Genetic engineering of glycosylation may be performed by overexpression (OE) of GTs using
cDNA plasmid transfection and/or siRNA for silencing of endogenous GTs (6). More extensive and stable glycoengineering takes advantage of precise gene
engineering for combinatorial KO/KI/Act (activation) of GTs, and this strategy is the main focus of this review. Genome-wide KO/Act screens (GWS) may be
used for discovery and dissection of GTs and other genes affecting glycosylation (Table 1), and endogenous GTs may be mutated, e.g., to mimic disease
mutations or enable use of unique substrates, or tagged, e.g., by insertion of antibody tags or fluorescent proteins (169).

JBC REVIEWS: Genetic glycoengineering in mammalian cells

2 J. Biol. Chem. (2021) 296 100448

Narimatsu, Y., Büll, C. et al. J. Biol. Chem. 2021, 296, 100448.

Exoenzymatic engineering

Metabolic engineering

Genetic engineering
a variety of reliable approaches
precise control of GTs
low glycan- and protein-selectivity
developmental defects and embryonic lethality
addition of new functionalities is difficult

addition of non-natural units
precise control of glycans
high efficiency
identification of a suitable GT is necessary

addition of non-natural units
precise control of the monosaccharide of interest
low off-target effect
low efficiency (competition with natural substrates)

Griffin, M. E. and Hsieh-Wilson, L. C. Cell Chem. Biol. 2016, 23, 108–121.

today’s
topic

*GT: glycosyltransferase
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Next-generation glycoengineering tools have been developed.

1. Bump-and-Hole engineering 
(Metabolic engineering)

2. Two-step glycan editing
(Exoenzymatic engineering)

→ More precise control of glycotransferases → More precise control of glycans

Article

Bump-and-Hole Engineering Identifies Specific
Substrates of Glycosyltransferases in Living Cells

Graphical Abstract

Highlights
d GalNAc-T glycosyltransferase bump-and-hole engineering

retains structure and substrate specificity

d Bumped UDP-GalNAc analogs can be delivered to the

living cell

d Cellular substrates of individual GalNAc-Ts can be

bioorthogonally tagged

d Glycoproteomics identifies GalNAc-T-specific

glycosylation sites

Authors

Benjamin Schumann,

Stacy Alyse Malaker,

Simon Peter Wisnovsky, ...,

Jennifer Jean Kohler, Milan Mrksich,

Carolyn Ruth Bertozzi

Correspondence
b.schumann@imperial.ac.uk (B.S.),
bertozzi@stanford.edu (C.R.B.)

In Brief
Schumann et al. establish a cellular

glycosyltransferase bump-and-hole

system to chemically tag the substrates

of individual isoenzymes of the GalNAc-T

family.

Schumann et al., 2020, Molecular Cell 78, 824–834
June 4, 2020 ª 2020 Published by Elsevier Inc.
https://doi.org/10.1016/j.molcel.2020.03.030 ll

Schumann, B., Malaker, S. A. et al. Mol. Cell 2020, 78, 824-834.e15. Tang, F.; Zhou, M. et al. Nat. Chem. Biol. 2020, 16, 766–775.
Choi, J., Wagner, L. J. S., et al. J. Am. Chem. Soc. 2019, 141, 13442–13453.
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Validation of the activity of a certain GalNAc-transferase subtype was difficult.

O-glycans and GalNAc-transferases (GalNAc-T)

a similar mechanism with site-specific O-glycosylation of a
proprotein convertase site in angiopoietin-like protein 3
has been proposed [50–53]. In mice, GalNAc-T1 is neces-
sary for O-glycosylation of osteopontin and bone sialopro-
tein [54]. Similarly, the Drosophila GalNAc-T pgant3 is
important for O-glycosylation of the integrin-binding li-
gand tiggrin, which plays an essential role in the adhesion
of dorsal and ventral cell layers in the basal matrix of the
Drosophila wing. Loss of pgant3 prevents O-glycosylation
of tiggrin and blocks its secretion to the basal matrix,
resulting in abnormal wing development [55]. Deciphering
the specificity of individual GalNAc-T isoforms is a tre-
mendous task. Phylogenetic analysis suggests that most
GalNAc-Ts exist as two or more closely related isoforms

with highly similar functions that can be classified into
subfamilies [45,56]. Subfamily members can have similar
substrate specificity but are generally expressed in different
tissues, resulting in partial functional redundancy. This has
been observed for the GalNAc-T3 and -T6 subfamilies [56].
Substrate selectivity is rooted in differences in the catalytic
sites of GalNAc-Ts. Polypeptide substrates are selected for
binding toGalNAc-Tswithina shallowgroove on the surface
of the catalytic domain (Figure 2a; see Table 1 for an
overview of structural features encoding substrate specific-
ity) [57–59]. Strikingly, although residues selecting sub-
strate binding within each isoform are highly conserved,
there is very little conservation of these residues between
different GalNAc-T isoforms (Figure 2b). This suggests that

[()TD$FIG]

α1

β3

β6

Core 2

β3

Core 3Core 1
(T-antigen)

β6

Core 4

Core extension

O-glycan capping

Tn-antigen

Galactose extension
of core 1 - 4 
poly-lactosamine 
extension of core 2 / 4

Sialic acid
addition

GalNAc

GlcNAc

Galactose

Sialic acid

O-glycan sugars

α6

β6

Core 6

Core 5

α3

Core 7

Core 8

Rare core O-glycans

α6

α3

Unknown

(b)

“Initiating” GalNAc-Ts

“Finishing” GalNAc-Ts e.g., GalNAc-T7 / T10

e.g., GalNAc-T1 / T2

P T T D S T T P A P T T K K

P T T D S T T P A P T T K K

P T T D S T T P A P T T K K

(a)

C3GnT

C2GnT2C2GnT1

C1GalT

ST6GAlNAc-I/-II

ST3Gal
ST6Gal

GalNAc-Ts

Tn antigen structure

O

O

HO

OH OH

Ser
or Thr

NH
C1

C3

C6

O
-glycosylation

Initiation
C

ore o-glycan synthesis
 and elaboration

Low density
O-GalNAc

High density
O-GalNAc

Key:

TRENDS in Cell Biology 

Figure 1. Cellular O-glycosylation is a multi-step process involving a complex initiation step (GalNAc attachment) and a processing step to generate extended O-glycans
with diverse structures. (a) A family of GalNAc-T enzymes initiates O-glycosylation through addition of GalNAc onto Ser/Thr residues of substrate proteins to generate the
Tn antigen (GalNAc-Ser/Thr). One subset of ‘initiating’ GalNAc-Ts adds GalNAc at low density through preference for unglycosylated substrates or those containing
GalNAc-Ser/Thr flanking the active site. Another subset of ‘finishing’ GalNAc-Ts act in a specialized role through addition of GalNAc to Ser/Thr residues adjacent to existing
GalNAc-Ser/Thr. The concerted function of multiple GalNAc-Ts might regulate the density of GalNAc modification in O-glycosylated proteins. (b) A series of O-linked core-
forming glycosyltransferases downstream of GalNAc-Ts act in a step-wise and competitive manner to synthesize different core O-glycans. The type of core O-glycan
synthesized is controlled primarily through altering the expression of the different core enzymes. Abnormal expression of these core enzymes, present in many diseases
including cancer, acts to alter the type of O-glycan synthesized. Enzymes whose expression is known to be upregulated and downregulated in cancer are highlighted in red
and light blue, respectively. Core O-glycans can be further modified in a variety of ways through extension and capping enzymatic reactions.

Review Trends in Cell Biology March 2011, Vol. 21, No. 3

151

Gill, D. J., Clausen, H. et al. Trends Cell Biol. 2011, 21, 149–158.

17

and the development of chemical tools for understand-
ing this family of glycosyltransferases in biology.

2. The discovery of mucin-type O-linked glycoproteins

The study of mucin-type O-linked glycosylation origi-
nates from the characterization of ‘‘mucoproteins’’ and
‘‘mucopolysaccharides’’ in the early 1800s.7 The term
‘‘mucin’’ was first used by Nicolas Theodore de Saussure
in 1835 to describe substances isolated from mucus8 and
then recognized by Eichwald in 1865 as a combination
of protein and carbohydrate.9 Thereafter, Olof Ham-
marsten performed many of the classical experiments
in the late 1800s that established sugars as major constit-
uents of mucins.9 Despite these pioneering efforts to
identify and classify mucins, there was little interest at
that time in the roles mucins play in physiology.

In the early 1900s, two related discoveries on the ‘‘agglu-
tination’’ of erythrocytes invigorated research on muc-
ins. The first was the seminal discovery of the ABO
blood groups in human serum by Karl Landsteiner in
190110 and the second was the characterization of influ-
enza virus hemagglutination in 1942 by Hirst and Bur-
net.11 In particular, the molecular basis for ABO blood
group specificity sparked the structural analysis of
erythrocyte extracts by the Morgan and Watkins and
Kabat laboratories.12 These landmark studies revealed
the structures of the oligosaccharide antigens (A,
GalNAca1-3(Fuca1-2)Galb1-4(3)GlcNAc; B, Gala1-
3(Fuca1-2)Galb1-4(3)GlcNAc; and O(H), Fuca1-
2Galb1-4(3)GlcNAc) that governed the ABO blood
group specificities and also demonstrated these glycans
were attached to mucin scaffolds through GalNAc resi-
dues. However, the alkaline conditions used to liberate
the O-linked glycans from the proteins precluded the
characterization of the glycopeptide linkage. The a-Gal-

NAc linkage to Thr/Ser was ultimately determined by
Weissman and Hinrichsen in 1969 with a purified a-N-
acetylgalactosaminidase from bovine liver.13

3. Structural features of mucin-type O-linked
glycoproteins

Mucin-type O-linked glycans typically occur clustered
together in ‘‘mucin domains’’ that are found on mem-
brane-bound or secreted mucins (Fig. 1A).14,15 These
dense clusters of O-linked glycans can occur 10–100
times within a given mucin and are often referred to
as ‘‘tandem repeats.’’ Consequently, the sugar compo-
nent of mucins typically comprises greater than 50%
of their molecular weight. Structural studies of mucins
using atomic force microscopy (AFM),16 light scatter-
ing,17 and nuclear magnetic resonance (NMR) spec-
troscopy 18 have demonstrated that clustered O-
linked glycosylation results in extended protein struc-
tures up to hundreds of nanometers in length.19 Fur-
thermore, NMR analysis of synthetic mucin-type O-
linked glycopeptides derived from CD43 showed that
a-GalNAc residues and not b-GalNAc residues confer
unique secondary structure to the modified pep-
tides.20,21 These structural features of mucins are most
likely the key determinants of their bulk physical
properties.

4. The roles of mucin-type O-linked glycoproteins in
physiology and disease

To date, over 150 mucin-type O-linked glycoproteins
have been annotated in the SWISS-protein data-
base,22,23 which are involved in a variety of biological
processes, some of which are highlighted in Table 1.
The dense glycosylation in the tandem repeats of mucins

Figure 1. Mucin-type O-linked glycosylation. (A) Architecture of membrane-bound and secreted mucins that crosslink into oligomers. Blue ribbons
represent protein backbones. Red spheres represent O-linked glycans. (B) Initiation of mucin-type O-linked glycosylation by the ppGalNAcTs, which
utilize UDP-GalNAc as the nucleotide sugar donor and modify protein substrates.

5022 H. C. Hang, C. R. Bertozzi / Bioorg. Med. Chem. 13 (2005) 5021–5034

Hang, H. C. and Bertozzi, C. R. Bioorg. Med. Chem. 2005, 13, 5021–5034.
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glycopeptide formation by the wild-type enzyme was
undetectable, while the double mutant still produced
glycopeptide product.
An orthogonal enzyme−substrate pair should ideally retain

the catalytic efficiency of the native enzyme−substrate pair to
appropriately emulate biological function. Michaelis−Menten
kinetic analysis revealed that both native and bump−hole
enzyme−substrate pairs had comparable kinetic parameters
(Table 1). Catalytic constants (kcat) of enzyme−substrate pairs
T2(I253A/L310A) and (S)-3, 7, 11, or (S)-12 differed less
than 2-fold from the wild-type GalNAc-T2/1 pair. The kcat of
the engineered pair T2(I253A/L310A)/13 was approximately
5-fold lower. Concomitantly, this pair displayed a 10-fold lower
Km compared to the wild-type pair, suggesting that 13
benefitted from increased contacts within the active site
leading to stronger substrate binding. Thus, the catalytic
efficiency (kcat/Km) of T2(I253A/L310A)/13 is 2-fold higher
than wild-type GalNAc-T2/1. In contrast, (S)-12 exhibited the
weakest interaction with T2(I253A/L310A) among all
enzyme−substrate pairs tested, with a 10-fold higher Km than
the wild-type pair, suggesting that the methyl branch at the
acylamide α-position experiences a steric clash with the
enzyme.
To enable potential application in biological systems, wild-

type GalNAc-Ts must not accept bumped UDP-GalNAc
analogs in the presence of UDP-GalNAc. We examined the
relative selectivity of wild-type GalNAc-T2 toward UDP-
GalNAc compared to selected analogs (Figure 4). Competition

experiments revealed that in the presence of a 1:1 mixture of
UDP-GalNAc and either UDP-GalNAc analog (S)-3, 7, 11, or
13, wild-type GalNAc-T2 indeed preferentially transferred
GalNAc to Peptide-1. In the reaction that included analog 13,

Figure 3. Screening GalNAc-T2 for an orthogonal enzyme−substrate pair. (A) Scheme for glycosylation reaction with Peptide-1, GalNAc-T2, and
UDP-GalNAc or UDP-GalNAc analog to form glycosylated Peptide-1. Blue T indicates the Thr glycosylation site used by GalNAc-T2. (B)
Glycopeptide formation by wild-type and mutant GalNAc-T2. UDP-GalNAc and Peptide-1 were incubated with GalNAc-T2 at 37 °C for 1 h, and
reaction was quenched by addition of aqueous EDTA (150 mM, pH = 8.0). Percent conversion to glycopeptide product was quantified by HPLC
separation and peak integration. All data represent the mean of technical triplicates, and error bars represent the standard deviation. (C) Bump−
hole pair optimization for GalNAc-T2. Glycosylation by wild-type and double-mutant GalNAc-T2 was compared for UDP-GalNAc (1) and UDP-
GalNAc analogs with Peptide-1. Reactions were performed and quantified as in B. Heat map (blue shading) shows percent glycosylated Peptide-1
formed by wild-type or double-mutant GalNAc-T2 with UDP-GalNAc or analogs. Red values represent the mean of technical triplicates.

Table 1. Kinetic Parameters of Wild-Type and Engineered
GalNAc-T2 and UDP-Sugar Pairsa

T2/UDP-Sugar kcat (s−1) Km (μM)
kcat/Km

(mM−1 s−1)

WT-T2/1 0.813 ± 0.017 30 ± 2 28
T2(I253A/L310A)/(S)-3 0.566 ± 0.014 43 ± 4 13
T2(I253A/L310A)/7 0.61 ± 0.03 160 ± 20 3.8
T2(I253A/L310A)/11 0.68 ± 0.02 56 ± 6 12
T2(I253A/L310A)/(S)-12 0.84 ± 0.05 430 ± 50 2.0
T2(I253A/L310A)/13 0.158 ± 0.003 2.6 ± 0.8 61

aTo determine Km and kcat values for UDP-GalNAc and UDP-
GalNAc analogs, initial rates were measured by incubating wild-type
or double mutant GalNAc-T2 with concentrations of UDP-sugars
varying from 15.6 to 500 μM and with a constant concentration of
acceptor peptide (Peptide-1 = 267 μM for 1, (S)-3, 11; Peptide-1 =
250 μM for 7, (S)-12, 13). The glycosylation was conducted at 37 °C,
and three aliquots were taken within 15 min and quenched by
addition of aqueous EDTA (150 mM, pH = 8.0). Products were
quantified by HPLC separation and peak integration. Enzymatic
kinetic parameters were obtained by nonlinear regression fitting using
GraphPad Prism. All data represent the mean of technical triplicates,
and error depicts the standard deviation.
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UDP-GalNAc analogs that contain a chemical handle. We
found orthogonal enzyme−substrate pairs that retained
peptide glycosylation site preferences and catalytic parameters
comparable to their native counterparts. The generality of the
strategy was demonstrated with bump−hole pairs for the
peptide-preferring GalNAc-Ts, -T1 and -T2, and a glycopep-
tide-preferring GalNAc-T, -T10.

■ RESULTS AND DISCUSSION
To identify potential gatekeeper residues to target for
mutagenesis, we analyzed the available crystal structures of
the catalytic and lectin domains of GalNAc-T1,39 -T2,40−42

and -T10,43 some of which contained bound GalNAc or UDP-
GalNAc in the active site. We considered different positions
around GalNAc when selecting a location in the active site for
mutagenesis. Notably, we previously found that virtually all
GalNAc-T isoenzymes can use UDP-N-azidoacetylgalactos-
amine (UDP-GalNAz) as a substrate both in vitro and in living
cells or organisms, albeit with reduced efficiency compared to
UDP-GalNAc.44−46 Thus, we anticipated that larger N-acyl
substituents would be required to avoid recognition by wild-
type GalNAc-T isoenzymes, and these would have to be
accommodated by an engineered active site hole. We noted a
high degree of conservation of three hydrophobic residues
within 5 Å of the methyl group of GalNAc that create a
binding pocket (Figure 1). We hypothesized that some
combination of I253, L310, and F361 could serve as active
site gatekeeper residues across the enzyme family (Figures 1
and S1). To test these hypotheses, we initially focused on
GalNAc-T2, an isoenzyme that prefers to modify unglycosy-
lated peptide substrates and is one of the best characterized of
the family.40−42

Prior to generating the bump−hole pair, we considered the
risk that our proposed GalNAc modifications would interfere
with the ability of downstream GalNAc-Ts to glycosylate
GalNAc analog-modified proteins. The lectin domain is critical
to most follow-up GalNAc-T glycosylation, so we evaluated the
binding mode of the GalNAc-T2 lectin domain with a
GalNAc-peptide, MUC5AC-13.42 We observed that the
methyl group of GalNAc extends out of a pocketcreated
by the acceptor peptide and the lectin domainand into a
large, solvent-exposed cleft (Figure S3). This crystal structure
suggests that N-acyl-modified GalNAc analogs might not
experience a steric clash in the lectin domain of GalNAc-Ts
with a similar binding mode for GalNAc-peptides.
We generated four single point mutants (I253A, L310A,

F361A, and F361S) and one double mutant (I253A/L310A)
of a soluble, FLAG epitope-tagged GalNAc-T2 construct
containing the catalytic and lectin domains and secreted from
mammalian cells.47 Preliminary screens with purified proteins
and the known pep t id e sub s t r a t e EA2 -b io t in
(PTTDSTTPAPTTKK(biotin))46 showed minimal activity
from either F361 mutant with UDP-GalNAc (1) or UDP-
GalNAz (2),46,48 in line with mutagenesis data that were
published thereafter.42 The remaining three mutants (I253A,
L310A, and I253A/L310A) and wild-type GalNAc-T2 were
investigated further.
We next designed a quantitative enzymatic assay with the

sensitivity and flexibility necessary to accommodate chemically
diverse UDP-GalNAc analog libraries and measure kinetic
parameters of mutated GalNAc-Ts. Widely used glycosyl-
transferase assays rely on the detection of UDP as a side
product of the glycosylation reaction.49 Although we used this
method for initial screens (Figures S4 and S5), we deemed it of
limited utility, as background hydrolysis of UDP-sugars under

Figure 1. Identification of gatekeeper residues. (A) Residues within 5 Å of GalNAc methyl carbon for GalNAc-T2 (PDB ID 4D0T). Five of seven
amino acids in close proximity to the GalNAc methyl contain side chains; of these, H359 and D224 coordinate Mn2+, while I253, L310, and F361
are promising hydrophobic residues. (B) Space-filling model of gatekeeper residues within 5 Å of GalNAc methyl in GalNAc-T2 (PDB ID 4D0T).
(C) Amino acid sequences of human GalNAc-T1−GalNAc-T20 surrounding potential gatekeeper residues demonstrate a high degree of
conservation with 13 isoenzymes containing Ile/Leu and 18 containing Ile at residues homologous to GalNAc-T2 positions 253/310 or 253,
respectively. Only GalNAc-T8 and -T18 have dramatically different residues at positions corresponding to 253 and around 310 of GalNAc-T2.
GalNAc-Ts used in this study are boxed. Clustal Omega was used to generate a multiple sequence alignment of the amino acid sequences
corresponding to the full-length genes of human GalNAc-T1-GalNAc-T20 (Figure S2; Table S1). GalNAc-Ts are ordered based on homology, and
GalNAc-Ts that predominantly prefer GalNAc-peptides are denoted with an asterisk.10
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The same mutation was effective for other subtypes, without changing the site specificity in vitro.
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the glycopeptide product observed was almost exclusively that
derived from UDP-GalNAc.
We next sought to determine if our bump−hole strategy

could be generalized to study other members of the GalNAc-T
family. We thus extended the approach to GalNAc-T1, a
peptide-preferring isoenzyme that is phylogenetically distant
from GalNAc-T2, and GalNAc-T10, an isoenzyme that prefers
glycosylated substrates and, as such, is particularly difficult to
study in vivo.10,28 We generated wild-type and double-mutant
versions of GalNAc-T1 and -T10 using the same methods and
gatekeeper residues homologous to GalNAc-T2 (I238A/
L295A for -T1, I266A/L321A for -T10). We designed and
prepared acceptor substrates labeled with 2,4-dinitrophenyl-5-
L-alanine amide in the same fashion as Peptide-1. Similar to
GalNAc-T2, amino acid preferences of GalNAc-T1 have been
studied, and we used an optimized sequence for Peptide-2,
which contains a single threonine for glycosylation (Figure
5A).23 GalNAc-T10, as a glycopeptide-preferring isoenzyme,
required a preinstalled GalNAc directly adjacent C-terminally

to the glycosylation site. To this end, MUC5AC-3, a known
GalNAc-T10 glycopeptide substrate, was used as the sequence
for Peptide-3 (Figure 5A).12,58

Figure 4. Selectivity of wild-type GalNAc-T2 for UDP-GalNAc
relative to UDP-GalNAc analogs. (A) Scheme for competition
experiment between UDP-GalNAc and UDP-GalNAc analog. Wild-
type GalNAc-T2 was treated with Peptide-1 and an equal ratio of
UDP-GalNAc and UDP-GalNAc analog in a competition experiment,
and glycosylation reactions were terminated at 20−30% glycopeptide
formation. (B) Selectivity of wild-type GalNAc-T2 for UDP-GalNAc
(1) over UDP-GalNAc analog ((S)-3, 7, 11, or 13) in a competition
experiment. Reactions were performed as in A. UDP-sugars and
Peptide-1 were incubated with GalNAc-T2 at 37 °C for 30 min, and
reaction was quenched by addition of aqueous EDTA (150 mM, pH =
8.0). Percent conversion to glycopeptide product was quantified by
HPLC separation and peak integration. Percent of Peptide-1 modified
with GalNAc or GalNAc analog was measured, and selectivity ratio is
shown in blue. All data represent the mean of technical triplicates, and
error bars represent the standard deviation.

Figure 5. Orthogonal GalNAc-T and UDP-sugar pairs for GalNAc-T1
and GalNAc-T10. (A) Scheme for glycosylation reaction with
GalNAc-T, peptide, and UDP-GalNAc or UDP-GalNAc analog to
form glycosylated peptide. Glycosylation reactions with GalNAc-T1
utilized Peptide-2, and reactions with GalNAc-T10 utilized Peptide-3.
Blue T indicates the Thr glycosylation site used by the GalNAc-T of
interest. (B) Glycopeptide formation by wild-type or double-mutant
GalNAc-T1 or GalNAc-T10 with UDP-GalNAc (1) or 13. Reactions
were performed as in A. GalNAc-T, UDP-sugar, and peptide were
incubated at 37 °C for 1 h (-T10) or 2 h (-T1), and reaction was
quenched with aqueous EDTA (150 mM, pH = 8.0). All data
represent the mean of technical triplicates, and error bars represent
the standard deviation. (C) Kinetic parameters of wild-type and
orthogonal GalNAc-T and UDP-sugar pairs. To determine Km and kcat
values for UDP-GalNAc and UDP-GalNAc analogs, initial rates were
measured by incubating wild-type or double-mutant GalNAc-Ts with
varying concentrations of UDP-sugars and a constant concentration of
acceptor peptide. For GalNAc-T1, the concentration of UDP-sugars
varied from 15.6 to 500 μM, and the concentration of acceptor
Peptide-2 was held at 250 μM. For GalNAc-T10, the concentration of
UDP-sugars varied from 15.6 to 250 μM, and the concentration of
acceptor Peptide-3 was held at 266 μM. Glycosylation was conducted
at 37 °C, and three aliquots were taken within 15 min and quenched
by addition of aqueous EDTA (150 mM, pH = 8.0). Products were
quantified by HPLC separation and peak integration. Enzymatic
kinetic parameters were obtained by nonlinear regression fitting using
GraphPad Prism. All data represent the mean of technical triplicates,
and error depicts the standard deviation.
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Gratifyingly, the bump−hole approach developed for
GalNAc-T2 was directly transferrable to both GalNAc-T
isoenzymes, despite their distinct substrate preferences. Wild-
type GalNAc-T1 efficiently catalyzed glycosylation with UDP-
GalNAc, whereas minimal activity was observed with UDP-
GalNAc analog 13 (Figure 5B). In contrast, T1(I238A/
L295A) did not utilize UDP-GalNAc as a substrate but
efficiently transferred the modified GalNAc residue from
analog 13 to Peptide-2 (Figures 5B and S5). Similar to
GalNAc-T2 engineering, the kcat of T1(I238A/L295A) with 13
was approximately 5-fold lower than the kcat of wild-type
GalNAc-T1 with UDP-GalNAc (Figure 5C). In contrast, the
Km value was unaltered, resulting in a reduction of catalytic
efficiency by less than an order of magnitude (Figure 5C). The
selectivity of GalNAc-T10 showed identical trends; the
preference of wild-type GalNAc-T10 for UDP-GalNAc over
13 was reversed in the double-mutant T10(I266A/L321A),
highlighting the universality of our bump−hole approach for
multiple members of the GalNAc-T family with diverse peptide
and glycopeptide substrate preferences (Figure 5B). Mutation
of I266 and L321 to alanine residues had no effect on the kcat

and conferred only a 2-fold higher Km with the UDP-sugar
analog, despite a switch in specificity from UDP-GalNAc to 13
(Figure 5C).
Finally, we explored whether the glycosylation site specificity

of all three GalNAc-T bump−hole pairs was altered due to the
active site mutations we introduced (Figure 6). In contrast to
protein substrates, the specificities of GalNAc-T isoenzymes
toward synthetic peptide substrates have been exhaustively
mapped and are the basis for recent mechanistic and structural
studies.15,18,23,46,59 We performed glycosylation reactions with
known peptide and/or glycopeptide substrates of GalNAc-T1,
-T2, and -T10, fragmented the resulting mono- (GalNAc-T1
and -T2) or diglycopeptides (GalNAc-T10) by tandem mass
spectrometry, and manually sequenced the spectra to identify
site preferences. The glycopeptide MUC5AC-3 contains
multiple potential glycosylation sites, three of which are
glycosylated at different frequencies by wild-type GalNAc-T2
and UDP-GalNAc.60 We observed similar fine specificities for
these sites with the T2(I253A/L310A)/13 pair, with a
preference for Thr13 over Thr9 and Thr10 (Figure 6B). A
similar retention of site specificity was found using other

Figure 6. Glycosylation of natural peptide substrates by wild-type and engineered GalNAc-T isoenzyme−substrate pairs. (A) Scheme for
glycosylation reaction with GalNAc-T, natural peptide substrate, and UDP-GalNAc or UDP-GalNAc analog to form glycosylated peptide.
Glycosylation reactions were terminated at 10−20% glycopeptide formation. (B) Percent of glycosylated peptide formed out of total glycosylated
peptide formed. Reactions were performed as in A at 37 °C and quenched by addition of aqueous EDTA (150 mM, pH = 8.0). Naturally occurring
glycopeptides MUC5AC-3 and MUC5AC-13 each contain a single GalNAc-O-Thr (T*). Red T* indicates the site of glycosylation by the GalNAc-
T of interest. Glycosylation of MUC5AC-3 by GalNAc-T2 yielded a major product that was glycosylated at Thr3 by wild-type GalNAc-T2/1. The
glycosite from T2(I253A/L310A)/13 could not be unambiguously assigned and was either Thr2 or Thr3, labeled (TT)*. (C) Representative MS/
MS spectrum of EA2 glycosylated by T2(1253A/L310A)/13 upon fragmentation and sequencing. Fragmentation pattern of EA2 amino acid
sequence to generate c ions (blue) and z ions (red) is shown.
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Caged compound was converted to GalNAc-UDP analog in living cells.

assess any potential background protein labeling when UDP-
GalNAc analog 1 could not be biosynthesized or when 1 was
biosynthesized but BH-GalNAc-Ts were absent. To preclude
any labeling due to epimerization of 1 to UDP-GlcNAc analog
8, we first used K-562 GALE-KO cells for labeling. Cells were
supplemented with GalNAc to compensate for the loss of
UDP-GalNAc biosynthesis (Figure S3C). GalNAc-T expression
was induced (Figure S4A), cells were fed with caged GalNAc-
1-phosphate analog 5, and the cell surface was reacted with
clickable Alexa488-picolyl azide in the presence of a non-mem-
brane-permissive Cu(I) complex (Besanceney-Webler et al.,
2011; Uttamapinant et al., 2012). After gating for positive VSV-
G signal, flow cytometry showed a more-than-15-fold fluores-
cence increase when both BH-T2 and substrate 1 were present
over controls lacking either component (Figures 5B and S4B). In
GALE-containing cells, amore-than-2-fold-higher signal was still
measured over control cells when a functional bump-and-hole
system was present (Figures S4C and S4D).
In order to better visualize the scope of protein labeling by our

bump-and-hole system, we reacted cell surfaceswith a clickable
version of the infrared dye CF680 to profile labeled cell surface
glycoproteins by in-gel fluorescence. We compared protein
labeling patterns of GALE-containing K-562 cells stably express-
ing T1 or T2 constructs. Here, N-linked glycans were removed by
PNGase F treatment prior to analysis to reduce background fluo-
rescence (Figure S4E). A profound band pattern was observed

Figure 4. Substrate Delivery to the Cytosol of
Living Cells
(A) Schematic of substrate delivery. Non-permissive

steps are indicated by crossed arrows. The epim-

erase GALE interconverts UDP-GlcNAc and

UDP-GalNAc.

(B) HPAEC-PAD traces of extracts from HEK293T

cells stably expressing WT-AGX1 or mut-AGX1 and

fed with the indicated compounds. Dashed boxes

indicate retention times of standards in separate

reference runs. The product of potential epimeriza-

tion of 1 by GALE, compound 8, is marked with an

arrowhead. Data are of one experiment and were

repeated for compound 5 in HEK293T cells tran-

siently transfected with AGX1 constructs, as well as

stably transfected K-562 cells. Insert: epimerization

to 8 is suppressed in GALE-deficient K-562 cells

expressing mut-AGX1 and fed with 5, but not cells

carrying a control single guide RNA (sgRNA). A

reference trace of compound 1 is shown. Data are of

one representative out of two independent experi-

ments.

See also Figure S3.

when functional bump-and-hole pairs (5,
mut-AGX1, and BH-GalNAc-Ts) were pre-
sent (Figures 5C and S4F). Mut-AGX1
was required for labeling, confirming that
our experiments probe enzymatic glyco-
sylation rather than non-specific protein
modification (Qin et al., 2018). Fluores-
cence was of similar intensity as in cells
treated with well-characterized alkyne-

containing N-acetylneuraminic acid precursor Ac4ManNAl
(Chang et al., 2009). Furthermore, the presence of BH-GalNAc-
T protein was essential, as the omission of Dox induction pre-
vented fluorescent labeling (Figure S4F). Importantly, BH-T1
and BH-T2 produced slightly different band patterns, especially
between 25 and 37 kDa. The most intense 110-kDa band
migrated at slightly higher molecular weight when glycosylated
by BH-T1 instead of BH-T2, indicating that T1 potentially labeled
more sites of this particular protein. Digestion with the mucin-se-
lective protease StcE completely removed this band in T2
labeled samples (Figure S4G), confirming labeling of mucin-
type proteins that are rich in O-GalNAc glycosylation (Malaker
et al., 2019). Discrete band patterns were obtained from in-gel
fluorescence experiments when GALE-KO cells were used and
a functional bump-and-hole pair was present. In contrast, puls-
ing the same cells with GlcNAc analog 9, a precursor of UDP-
GlcNAc analog 8, led to a diffuse background whenever mut-
AGX1 was present, but independent of the GalNAc-T construct
used (Figure S4H). We re-cloned GalNAc-T and AGX1 con-
structs into an expression vector with one constitutive promoter
for both genes and showed that the labeling pattern after feeding
5 is similar to the pattern using the Dox-inducible constructs (Fig-
ure S5A). To profile the identity of labeled cell surface glycopro-
teins, we synthesized clickable, acid-cleavable biotin-picolyl
azide 10 as an enrichment handle of cell surface glycoproteins
(Figure 5D). Following lysis and PNGase F treatment, O-
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assess any potential background protein labeling when UDP-
GalNAc analog 1 could not be biosynthesized or when 1 was
biosynthesized but BH-GalNAc-Ts were absent. To preclude
any labeling due to epimerization of 1 to UDP-GlcNAc analog
8, we first used K-562 GALE-KO cells for labeling. Cells were
supplemented with GalNAc to compensate for the loss of
UDP-GalNAc biosynthesis (Figure S3C). GalNAc-T expression
was induced (Figure S4A), cells were fed with caged GalNAc-
1-phosphate analog 5, and the cell surface was reacted with
clickable Alexa488-picolyl azide in the presence of a non-mem-
brane-permissive Cu(I) complex (Besanceney-Webler et al.,
2011; Uttamapinant et al., 2012). After gating for positive VSV-
G signal, flow cytometry showed a more-than-15-fold fluores-
cence increase when both BH-T2 and substrate 1 were present
over controls lacking either component (Figures 5B and S4B). In
GALE-containing cells, amore-than-2-fold-higher signal was still
measured over control cells when a functional bump-and-hole
system was present (Figures S4C and S4D).
In order to better visualize the scope of protein labeling by our

bump-and-hole system, we reacted cell surfaceswith a clickable
version of the infrared dye CF680 to profile labeled cell surface
glycoproteins by in-gel fluorescence. We compared protein
labeling patterns of GALE-containing K-562 cells stably express-
ing T1 or T2 constructs. Here, N-linked glycans were removed by
PNGase F treatment prior to analysis to reduce background fluo-
rescence (Figure S4E). A profound band pattern was observed

Figure 4. Substrate Delivery to the Cytosol of
Living Cells
(A) Schematic of substrate delivery. Non-permissive

steps are indicated by crossed arrows. The epim-

erase GALE interconverts UDP-GlcNAc and

UDP-GalNAc.

(B) HPAEC-PAD traces of extracts from HEK293T

cells stably expressing WT-AGX1 or mut-AGX1 and

fed with the indicated compounds. Dashed boxes

indicate retention times of standards in separate

reference runs. The product of potential epimeriza-

tion of 1 by GALE, compound 8, is marked with an

arrowhead. Data are of one experiment and were

repeated for compound 5 in HEK293T cells tran-

siently transfected with AGX1 constructs, as well as

stably transfected K-562 cells. Insert: epimerization

to 8 is suppressed in GALE-deficient K-562 cells

expressing mut-AGX1 and fed with 5, but not cells

carrying a control single guide RNA (sgRNA). A

reference trace of compound 1 is shown. Data are of

one representative out of two independent experi-

ments.

See also Figure S3.

when functional bump-and-hole pairs (5,
mut-AGX1, and BH-GalNAc-Ts) were pre-
sent (Figures 5C and S4F). Mut-AGX1
was required for labeling, confirming that
our experiments probe enzymatic glyco-
sylation rather than non-specific protein
modification (Qin et al., 2018). Fluores-
cence was of similar intensity as in cells
treated with well-characterized alkyne-

containing N-acetylneuraminic acid precursor Ac4ManNAl
(Chang et al., 2009). Furthermore, the presence of BH-GalNAc-
T protein was essential, as the omission of Dox induction pre-
vented fluorescent labeling (Figure S4F). Importantly, BH-T1
and BH-T2 produced slightly different band patterns, especially
between 25 and 37 kDa. The most intense 110-kDa band
migrated at slightly higher molecular weight when glycosylated
by BH-T1 instead of BH-T2, indicating that T1 potentially labeled
more sites of this particular protein. Digestion with the mucin-se-
lective protease StcE completely removed this band in T2
labeled samples (Figure S4G), confirming labeling of mucin-
type proteins that are rich in O-GalNAc glycosylation (Malaker
et al., 2019). Discrete band patterns were obtained from in-gel
fluorescence experiments when GALE-KO cells were used and
a functional bump-and-hole pair was present. In contrast, puls-
ing the same cells with GlcNAc analog 9, a precursor of UDP-
GlcNAc analog 8, led to a diffuse background whenever mut-
AGX1 was present, but independent of the GalNAc-T construct
used (Figure S4H). We re-cloned GalNAc-T and AGX1 con-
structs into an expression vector with one constitutive promoter
for both genes and showed that the labeling pattern after feeding
5 is similar to the pattern using the Dox-inducible constructs (Fig-
ure S5A). To profile the identity of labeled cell surface glycopro-
teins, we synthesized clickable, acid-cleavable biotin-picolyl
azide 10 as an enrichment handle of cell surface glycoproteins
(Figure 5D). Following lysis and PNGase F treatment, O-
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assess any potential background protein labeling when UDP-
GalNAc analog 1 could not be biosynthesized or when 1 was
biosynthesized but BH-GalNAc-Ts were absent. To preclude
any labeling due to epimerization of 1 to UDP-GlcNAc analog
8, we first used K-562 GALE-KO cells for labeling. Cells were
supplemented with GalNAc to compensate for the loss of
UDP-GalNAc biosynthesis (Figure S3C). GalNAc-T expression
was induced (Figure S4A), cells were fed with caged GalNAc-
1-phosphate analog 5, and the cell surface was reacted with
clickable Alexa488-picolyl azide in the presence of a non-mem-
brane-permissive Cu(I) complex (Besanceney-Webler et al.,
2011; Uttamapinant et al., 2012). After gating for positive VSV-
G signal, flow cytometry showed a more-than-15-fold fluores-
cence increase when both BH-T2 and substrate 1 were present
over controls lacking either component (Figures 5B and S4B). In
GALE-containing cells, amore-than-2-fold-higher signal was still
measured over control cells when a functional bump-and-hole
system was present (Figures S4C and S4D).
In order to better visualize the scope of protein labeling by our

bump-and-hole system, we reacted cell surfaceswith a clickable
version of the infrared dye CF680 to profile labeled cell surface
glycoproteins by in-gel fluorescence. We compared protein
labeling patterns of GALE-containing K-562 cells stably express-
ing T1 or T2 constructs. Here, N-linked glycans were removed by
PNGase F treatment prior to analysis to reduce background fluo-
rescence (Figure S4E). A profound band pattern was observed
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when functional bump-and-hole pairs (5,
mut-AGX1, and BH-GalNAc-Ts) were pre-
sent (Figures 5C and S4F). Mut-AGX1
was required for labeling, confirming that
our experiments probe enzymatic glyco-
sylation rather than non-specific protein
modification (Qin et al., 2018). Fluores-
cence was of similar intensity as in cells
treated with well-characterized alkyne-

containing N-acetylneuraminic acid precursor Ac4ManNAl
(Chang et al., 2009). Furthermore, the presence of BH-GalNAc-
T protein was essential, as the omission of Dox induction pre-
vented fluorescent labeling (Figure S4F). Importantly, BH-T1
and BH-T2 produced slightly different band patterns, especially
between 25 and 37 kDa. The most intense 110-kDa band
migrated at slightly higher molecular weight when glycosylated
by BH-T1 instead of BH-T2, indicating that T1 potentially labeled
more sites of this particular protein. Digestion with the mucin-se-
lective protease StcE completely removed this band in T2
labeled samples (Figure S4G), confirming labeling of mucin-
type proteins that are rich in O-GalNAc glycosylation (Malaker
et al., 2019). Discrete band patterns were obtained from in-gel
fluorescence experiments when GALE-KO cells were used and
a functional bump-and-hole pair was present. In contrast, puls-
ing the same cells with GlcNAc analog 9, a precursor of UDP-
GlcNAc analog 8, led to a diffuse background whenever mut-
AGX1 was present, but independent of the GalNAc-T construct
used (Figure S4H). We re-cloned GalNAc-T and AGX1 con-
structs into an expression vector with one constitutive promoter
for both genes and showed that the labeling pattern after feeding
5 is similar to the pattern using the Dox-inducible constructs (Fig-
ure S5A). To profile the identity of labeled cell surface glycopro-
teins, we synthesized clickable, acid-cleavable biotin-picolyl
azide 10 as an enrichment handle of cell surface glycoproteins
(Figure 5D). Following lysis and PNGase F treatment, O-
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Substrate delivery using caged substrate analog

- Expression of mutAGX (F383A) and knockout of GALE was necessary.
- Compound 5 was the only substrate of mutAGX.

isomer
(UDP-GlcNAc analog)

bumped substrate
(UDP-GalNAc analog)
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Selective metabolic labeling was achieved in living cells.
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glycoproteins were enriched and digested on-bead with trypsin
to profile the corresponding unmodified peptides by MS. The
myelogenous K-562 cell line expresses mucins and mucin-like
proteins that are rich in O-GalNAc glycans such as CD36,
CD43, CD45, Glycophorins A and C, and MUC18 (https://
www.proteinatlas.org/). We found all these proteins enriched
(log prob > 5 for BH and < 5 for WT samples, or at least 40 units
higher for BH than controls) from lysates of cells carrying func-
tional T1 or T2 bump-and-hole systems (5, mut-AGX1, and
BH-GalNAc-T) over control cells lacking any component (Fig-
ure S5B). It is noteworthy that we found mainly cell surface gly-
coproteins with abundant O-glycosylation in these experiments,
probably because BH-GalNAc-Ts were in constant competition
for protein substrates with the corresponding endogenous WT-
GalNAc-Ts in these cells.

The use of GalNAc-T-KO SimpleCells has enabled the
mapping of glycosylation sites that are introduced by several
GalNAc-Ts including T1 and T2, but by design it is not suited
to profile the diversity of glycan structures beyond the initiating
GalNAc. Our bump-and-hole approach can contribute this infor-
mation if the bumped GalNAc analog is recognized and
extended by downstream GTs. To probe this, we used bump-
and-hole pairs to profile the glycoproteome of T1-KO or T2-KO
HepG2 cells (Schjoldager et al., 2015). Cells were transfected
with GalNAc-T1 or T2 and Dox-induced before labeling with Gal-

NAc-1-phosphate analog 5. As glycoproteins are abundant in
the HepG2 secretome (Schjoldager et al., 2015), we clicked
acid-labile enrichment handle 10 onto proteins in conditioned
cell culture supernatants. Following on-bead tryptic digest to
release non-glycosylated peptides, glycopeptides were liber-
ated by acidic cleavage of the enrichment handle and analyzed
by MS. We used the presence of a 491.2238 m/z ion in higher-
energy collisional dissociation (HCD) as an indicator for a
bumped glycan to trigger peptide sequencing by electron-trans-
fer dissociation (ETD; Figures 5E and S5C–S5E). Following an
automated search for glycopeptides containing the GalNAc
analog alone or as a part of longer glycans, we obtained raw
glycopeptide hits, which we manually validated. Seventy-seven
spectra were found of BH-T2-modified glycopeptides that
corresponded to 37 peptides with 27 glycosylation sites and
the presence of up to 4 different glycan compositions per glyco-
peptide, the structures of which were inferred based on biosyn-
thetic considerations (Data S1;Schjoldager et al., 2012).
In contrast, four glycopepetides were found as modified by
BH-T1. Cells fed with DMSO alone gave zero glycopeptide
hits. WT-T1- and WT-T2-expressing cells fed with GalNAc-1-
phosphate analog 5 showed one and two glycopeptides,
respectively. Several known glycosylation sites in the SimpleCell
glycoproteomics dataset by Schjoldager et al. (2015) were
confirmed herein, and new sites were revealed (Data S1). For

Figure 5. Selective Bioorthogonal Labeling of the Living Cell Surface with Bump-and-Hole Engineered GalNAc-Ts
(A) GalNAc-T and AGX1 co-expression construct and workflow of cell surface labeling. Red star depicts a fluorophore.

(B) Labeling analysis of K-562 GALE-KO cells by flow cytometry of MB488-picolyl azide labeled and intracellular VSV-G-stained cells. Data are represented as

individual values from three independent experiments, mean ± SEM of MB488 median fluorescence intensity of VSV-G-positive cells. Statistical analysis was

performed by two-tailed ratio paired t test.

(C) Labeling analysis by in-gel fluorescence of PNGase F-treated lysates frommetabolically labeled K-562 cells. In-gel fluorescence and Coomassie staining are

from one gel, and expression analyses are from one separate western blot. Data are representative of three independent experiments.

(D) Schematic of glycoprotein enrichment and on-bead digest. The bifunctional molecule 10 bears an acid-labile diphenyldisiloxane moiety.

(E) Exemplary MS data: mass spectrum (HCD) of a fully elaborated glycopeptide from SERPIN5A (site Thr39) and further examples from T2-specific sites from

STC2 (Thr28) and APOE (Ser308).

(F) Upper panel: previous data on ApoAI220-230 glycosylation in GalNAc-T1 and T2 KO HepG2 cells (Schjoldager et al., 2015); lower panel: glycosylation sites of

GalNAc-T1 and T2 uncovered by bump-and-hole engineering.

A, formic acid; MFI, mean fluorescence intensity. See also Figures S4 and S5 and Data S1 and S2.
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assess any potential background protein labeling when UDP-
GalNAc analog 1 could not be biosynthesized or when 1 was
biosynthesized but BH-GalNAc-Ts were absent. To preclude
any labeling due to epimerization of 1 to UDP-GlcNAc analog
8, we first used K-562 GALE-KO cells for labeling. Cells were
supplemented with GalNAc to compensate for the loss of
UDP-GalNAc biosynthesis (Figure S3C). GalNAc-T expression
was induced (Figure S4A), cells were fed with caged GalNAc-
1-phosphate analog 5, and the cell surface was reacted with
clickable Alexa488-picolyl azide in the presence of a non-mem-
brane-permissive Cu(I) complex (Besanceney-Webler et al.,
2011; Uttamapinant et al., 2012). After gating for positive VSV-
G signal, flow cytometry showed a more-than-15-fold fluores-
cence increase when both BH-T2 and substrate 1 were present
over controls lacking either component (Figures 5B and S4B). In
GALE-containing cells, amore-than-2-fold-higher signal was still
measured over control cells when a functional bump-and-hole
system was present (Figures S4C and S4D).
In order to better visualize the scope of protein labeling by our

bump-and-hole system, we reacted cell surfaceswith a clickable
version of the infrared dye CF680 to profile labeled cell surface
glycoproteins by in-gel fluorescence. We compared protein
labeling patterns of GALE-containing K-562 cells stably express-
ing T1 or T2 constructs. Here, N-linked glycans were removed by
PNGase F treatment prior to analysis to reduce background fluo-
rescence (Figure S4E). A profound band pattern was observed

Figure 4. Substrate Delivery to the Cytosol of
Living Cells
(A) Schematic of substrate delivery. Non-permissive

steps are indicated by crossed arrows. The epim-

erase GALE interconverts UDP-GlcNAc and

UDP-GalNAc.

(B) HPAEC-PAD traces of extracts from HEK293T

cells stably expressing WT-AGX1 or mut-AGX1 and

fed with the indicated compounds. Dashed boxes

indicate retention times of standards in separate

reference runs. The product of potential epimeriza-

tion of 1 by GALE, compound 8, is marked with an

arrowhead. Data are of one experiment and were

repeated for compound 5 in HEK293T cells tran-

siently transfected with AGX1 constructs, as well as

stably transfected K-562 cells. Insert: epimerization

to 8 is suppressed in GALE-deficient K-562 cells

expressing mut-AGX1 and fed with 5, but not cells

carrying a control single guide RNA (sgRNA). A

reference trace of compound 1 is shown. Data are of

one representative out of two independent experi-

ments.

See also Figure S3.

when functional bump-and-hole pairs (5,
mut-AGX1, and BH-GalNAc-Ts) were pre-
sent (Figures 5C and S4F). Mut-AGX1
was required for labeling, confirming that
our experiments probe enzymatic glyco-
sylation rather than non-specific protein
modification (Qin et al., 2018). Fluores-
cence was of similar intensity as in cells
treated with well-characterized alkyne-

containing N-acetylneuraminic acid precursor Ac4ManNAl
(Chang et al., 2009). Furthermore, the presence of BH-GalNAc-
T protein was essential, as the omission of Dox induction pre-
vented fluorescent labeling (Figure S4F). Importantly, BH-T1
and BH-T2 produced slightly different band patterns, especially
between 25 and 37 kDa. The most intense 110-kDa band
migrated at slightly higher molecular weight when glycosylated
by BH-T1 instead of BH-T2, indicating that T1 potentially labeled
more sites of this particular protein. Digestion with the mucin-se-
lective protease StcE completely removed this band in T2
labeled samples (Figure S4G), confirming labeling of mucin-
type proteins that are rich in O-GalNAc glycosylation (Malaker
et al., 2019). Discrete band patterns were obtained from in-gel
fluorescence experiments when GALE-KO cells were used and
a functional bump-and-hole pair was present. In contrast, puls-
ing the same cells with GlcNAc analog 9, a precursor of UDP-
GlcNAc analog 8, led to a diffuse background whenever mut-
AGX1 was present, but independent of the GalNAc-T construct
used (Figure S4H). We re-cloned GalNAc-T and AGX1 con-
structs into an expression vector with one constitutive promoter
for both genes and showed that the labeling pattern after feeding
5 is similar to the pattern using the Dox-inducible constructs (Fig-
ure S5A). To profile the identity of labeled cell surface glycopro-
teins, we synthesized clickable, acid-cleavable biotin-picolyl
azide 10 as an enrichment handle of cell surface glycoproteins
(Figure 5D). Following lysis and PNGase F treatment, O-
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- More than 15-fold fluorescence was detected from labeled cells.
- There were slight difference between band patterns from GalNAc-T1 and GalNAc-T2.
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glycoproteins were enriched and digested on-bead with trypsin
to profile the corresponding unmodified peptides by MS. The
myelogenous K-562 cell line expresses mucins and mucin-like
proteins that are rich in O-GalNAc glycans such as CD36,
CD43, CD45, Glycophorins A and C, and MUC18 (https://
www.proteinatlas.org/). We found all these proteins enriched
(log prob > 5 for BH and < 5 for WT samples, or at least 40 units
higher for BH than controls) from lysates of cells carrying func-
tional T1 or T2 bump-and-hole systems (5, mut-AGX1, and
BH-GalNAc-T) over control cells lacking any component (Fig-
ure S5B). It is noteworthy that we found mainly cell surface gly-
coproteins with abundant O-glycosylation in these experiments,
probably because BH-GalNAc-Ts were in constant competition
for protein substrates with the corresponding endogenous WT-
GalNAc-Ts in these cells.

The use of GalNAc-T-KO SimpleCells has enabled the
mapping of glycosylation sites that are introduced by several
GalNAc-Ts including T1 and T2, but by design it is not suited
to profile the diversity of glycan structures beyond the initiating
GalNAc. Our bump-and-hole approach can contribute this infor-
mation if the bumped GalNAc analog is recognized and
extended by downstream GTs. To probe this, we used bump-
and-hole pairs to profile the glycoproteome of T1-KO or T2-KO
HepG2 cells (Schjoldager et al., 2015). Cells were transfected
with GalNAc-T1 or T2 and Dox-induced before labeling with Gal-

NAc-1-phosphate analog 5. As glycoproteins are abundant in
the HepG2 secretome (Schjoldager et al., 2015), we clicked
acid-labile enrichment handle 10 onto proteins in conditioned
cell culture supernatants. Following on-bead tryptic digest to
release non-glycosylated peptides, glycopeptides were liber-
ated by acidic cleavage of the enrichment handle and analyzed
by MS. We used the presence of a 491.2238 m/z ion in higher-
energy collisional dissociation (HCD) as an indicator for a
bumped glycan to trigger peptide sequencing by electron-trans-
fer dissociation (ETD; Figures 5E and S5C–S5E). Following an
automated search for glycopeptides containing the GalNAc
analog alone or as a part of longer glycans, we obtained raw
glycopeptide hits, which we manually validated. Seventy-seven
spectra were found of BH-T2-modified glycopeptides that
corresponded to 37 peptides with 27 glycosylation sites and
the presence of up to 4 different glycan compositions per glyco-
peptide, the structures of which were inferred based on biosyn-
thetic considerations (Data S1;Schjoldager et al., 2012).
In contrast, four glycopepetides were found as modified by
BH-T1. Cells fed with DMSO alone gave zero glycopeptide
hits. WT-T1- and WT-T2-expressing cells fed with GalNAc-1-
phosphate analog 5 showed one and two glycopeptides,
respectively. Several known glycosylation sites in the SimpleCell
glycoproteomics dataset by Schjoldager et al. (2015) were
confirmed herein, and new sites were revealed (Data S1). For

Figure 5. Selective Bioorthogonal Labeling of the Living Cell Surface with Bump-and-Hole Engineered GalNAc-Ts
(A) GalNAc-T and AGX1 co-expression construct and workflow of cell surface labeling. Red star depicts a fluorophore.

(B) Labeling analysis of K-562 GALE-KO cells by flow cytometry of MB488-picolyl azide labeled and intracellular VSV-G-stained cells. Data are represented as

individual values from three independent experiments, mean ± SEM of MB488 median fluorescence intensity of VSV-G-positive cells. Statistical analysis was

performed by two-tailed ratio paired t test.

(C) Labeling analysis by in-gel fluorescence of PNGase F-treated lysates frommetabolically labeled K-562 cells. In-gel fluorescence and Coomassie staining are

from one gel, and expression analyses are from one separate western blot. Data are representative of three independent experiments.

(D) Schematic of glycoprotein enrichment and on-bead digest. The bifunctional molecule 10 bears an acid-labile diphenyldisiloxane moiety.

(E) Exemplary MS data: mass spectrum (HCD) of a fully elaborated glycopeptide from SERPIN5A (site Thr39) and further examples from T2-specific sites from

STC2 (Thr28) and APOE (Ser308).

(F) Upper panel: previous data on ApoAI220-230 glycosylation in GalNAc-T1 and T2 KO HepG2 cells (Schjoldager et al., 2015); lower panel: glycosylation sites of

GalNAc-T1 and T2 uncovered by bump-and-hole engineering.

A, formic acid; MFI, mean fluorescence intensity. See also Figures S4 and S5 and Data S1 and S2.
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Bumped GalNAc analog was recognized by downstream enzymes.

glycoproteins were enriched and digested on-bead with trypsin
to profile the corresponding unmodified peptides by MS. The
myelogenous K-562 cell line expresses mucins and mucin-like
proteins that are rich in O-GalNAc glycans such as CD36,
CD43, CD45, Glycophorins A and C, and MUC18 (https://
www.proteinatlas.org/). We found all these proteins enriched
(log prob > 5 for BH and < 5 for WT samples, or at least 40 units
higher for BH than controls) from lysates of cells carrying func-
tional T1 or T2 bump-and-hole systems (5, mut-AGX1, and
BH-GalNAc-T) over control cells lacking any component (Fig-
ure S5B). It is noteworthy that we found mainly cell surface gly-
coproteins with abundant O-glycosylation in these experiments,
probably because BH-GalNAc-Ts were in constant competition
for protein substrates with the corresponding endogenous WT-
GalNAc-Ts in these cells.

The use of GalNAc-T-KO SimpleCells has enabled the
mapping of glycosylation sites that are introduced by several
GalNAc-Ts including T1 and T2, but by design it is not suited
to profile the diversity of glycan structures beyond the initiating
GalNAc. Our bump-and-hole approach can contribute this infor-
mation if the bumped GalNAc analog is recognized and
extended by downstream GTs. To probe this, we used bump-
and-hole pairs to profile the glycoproteome of T1-KO or T2-KO
HepG2 cells (Schjoldager et al., 2015). Cells were transfected
with GalNAc-T1 or T2 and Dox-induced before labeling with Gal-

NAc-1-phosphate analog 5. As glycoproteins are abundant in
the HepG2 secretome (Schjoldager et al., 2015), we clicked
acid-labile enrichment handle 10 onto proteins in conditioned
cell culture supernatants. Following on-bead tryptic digest to
release non-glycosylated peptides, glycopeptides were liber-
ated by acidic cleavage of the enrichment handle and analyzed
by MS. We used the presence of a 491.2238 m/z ion in higher-
energy collisional dissociation (HCD) as an indicator for a
bumped glycan to trigger peptide sequencing by electron-trans-
fer dissociation (ETD; Figures 5E and S5C–S5E). Following an
automated search for glycopeptides containing the GalNAc
analog alone or as a part of longer glycans, we obtained raw
glycopeptide hits, which we manually validated. Seventy-seven
spectra were found of BH-T2-modified glycopeptides that
corresponded to 37 peptides with 27 glycosylation sites and
the presence of up to 4 different glycan compositions per glyco-
peptide, the structures of which were inferred based on biosyn-
thetic considerations (Data S1;Schjoldager et al., 2012).
In contrast, four glycopepetides were found as modified by
BH-T1. Cells fed with DMSO alone gave zero glycopeptide
hits. WT-T1- and WT-T2-expressing cells fed with GalNAc-1-
phosphate analog 5 showed one and two glycopeptides,
respectively. Several known glycosylation sites in the SimpleCell
glycoproteomics dataset by Schjoldager et al. (2015) were
confirmed herein, and new sites were revealed (Data S1). For

Figure 5. Selective Bioorthogonal Labeling of the Living Cell Surface with Bump-and-Hole Engineered GalNAc-Ts
(A) GalNAc-T and AGX1 co-expression construct and workflow of cell surface labeling. Red star depicts a fluorophore.

(B) Labeling analysis of K-562 GALE-KO cells by flow cytometry of MB488-picolyl azide labeled and intracellular VSV-G-stained cells. Data are represented as

individual values from three independent experiments, mean ± SEM of MB488 median fluorescence intensity of VSV-G-positive cells. Statistical analysis was

performed by two-tailed ratio paired t test.

(C) Labeling analysis by in-gel fluorescence of PNGase F-treated lysates frommetabolically labeled K-562 cells. In-gel fluorescence and Coomassie staining are

from one gel, and expression analyses are from one separate western blot. Data are representative of three independent experiments.

(D) Schematic of glycoprotein enrichment and on-bead digest. The bifunctional molecule 10 bears an acid-labile diphenyldisiloxane moiety.

(E) Exemplary MS data: mass spectrum (HCD) of a fully elaborated glycopeptide from SERPIN5A (site Thr39) and further examples from T2-specific sites from

STC2 (Thr28) and APOE (Ser308).

(F) Upper panel: previous data on ApoAI220-230 glycosylation in GalNAc-T1 and T2 KO HepG2 cells (Schjoldager et al., 2015); lower panel: glycosylation sites of

GalNAc-T1 and T2 uncovered by bump-and-hole engineering.

A, formic acid; MFI, mean fluorescence intensity. See also Figures S4 and S5 and Data S1 and S2.
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glycopeptide hits, which we manually validated. Seventy-seven
spectra were found of BH-T2-modified glycopeptides that
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peptide, the structures of which were inferred based on biosyn-
thetic considerations (Data S1;Schjoldager et al., 2012).
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Short summary: Glyco-engineering by bump-and-hole engineering

- The first glycotransferase bump-and-hole system in the living cell was established.
- This system allowed isoenzyme-specific labeling in the endogenous environments.
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2. Two-step glycan editing

1. Bump-and-Hole engineering 
(Metabolic engineering)

2. Two-step glycan editing
(Exoenzymatic engineering)

→ More precise control of glycotransferases → More precise control of glycans
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Two-step editing will reduce the heterogeneity of glycans on living cells.

Tang, F.; Zhou, M. et al. Nat. Chem. Biol. 2020, 16, 766–775.

Two-step glycan editing strategy
ARTICLES NATURE CHEMICAL BIOLOGY

the adaptability of this two-step editing strategy for various glyco-
proteins.

To test the compatibility of this approach with other cells, we 
applied this N-glycan editing to cells such as the SK-BR-3 and H838 
tumor cell lines (Fig. 2e,f and Supplementary Fig. 9). The imaging 
results indicate efficient editing on these cells as well, suggesting a 
broad application of this selective N-glycan editing strategy.

Fluorescence resonance energy transfer analysis of 
core-fucosylated N-glycan after editing. Endo-F3 and its mutant 
exhibit exclusive editing capabilities for core-fucosylated N-glycans, 
as demonstrated by the data presented in the previous section. This 
motivated us to develop a more specific imaging strategy for the 

core-fucosylated N-glycan subclass through fluorescence resonance 
energy transfer (FRET) technology, which has been used success-
fully to image glycans of a specific membrane protein40. As shown 
in Supplementary Fig. 10, the sialic acid motif after glyco-editing 
was labeled with AF488 and the core fucose was labeled with a 
Cy5-tagged fucose lectin, AAL (Aleuria aurantia lectin). As a FRET 
pair, the emission of AF488 will trigger excitation of Cy5 when both 
fluorescent tags are very close on the same N-glycan.

After dual fluorescence labeling, we assessed the fluorescent chan-
nels of AF488 and Cy5, respectively, to confirm that the correspond-
ing sialic acid and fucose moieties had been labeled successfully 
(Supplementary Figs. 11–14). FRET analysis was then performed 
by excitation at 488 nm (donor AF488) and emission at 650–710 nm 
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The heterogeneity of N-glycans
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the adaptability of this two-step editing strategy for various glyco-
proteins.

To test the compatibility of this approach with other cells, we 
applied this N-glycan editing to cells such as the SK-BR-3 and H838 
tumor cell lines (Fig. 2e,f and Supplementary Fig. 9). The imaging 
results indicate efficient editing on these cells as well, suggesting a 
broad application of this selective N-glycan editing strategy.

Fluorescence resonance energy transfer analysis of 
core-fucosylated N-glycan after editing. Endo-F3 and its mutant 
exhibit exclusive editing capabilities for core-fucosylated N-glycans, 
as demonstrated by the data presented in the previous section. This 
motivated us to develop a more specific imaging strategy for the 

core-fucosylated N-glycan subclass through fluorescence resonance 
energy transfer (FRET) technology, which has been used success-
fully to image glycans of a specific membrane protein40. As shown 
in Supplementary Fig. 10, the sialic acid motif after glyco-editing 
was labeled with AF488 and the core fucose was labeled with a 
Cy5-tagged fucose lectin, AAL (Aleuria aurantia lectin). As a FRET 
pair, the emission of AF488 will trigger excitation of Cy5 when both 
fluorescent tags are very close on the same N-glycan.

After dual fluorescence labeling, we assessed the fluorescent chan-
nels of AF488 and Cy5, respectively, to confirm that the correspond-
ing sialic acid and fucose moieties had been labeled successfully 
(Supplementary Figs. 11–14). FRET analysis was then performed 
by excitation at 488 nm (donor AF488) and emission at 650–710 nm 
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- The heterogeneity of glycans often results in 
ambiguous conclusions about the glycosylation-
involved functions of cell membrane.

“delete”

“insert”
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WT/mut endo-glycosidases catalyze glycoprotein “delete/insert” reaction.

Glycoengineering by WT endo-glycosidases (“delete”)

Fairbanks, A. J. Chem. Soc. Rev. 2017, 46, 5128–5146.

This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 5128--5146 | 5131

sites, similar pH/rate profiles have generally been observed for
their hydrolytic activity.17,19

Regardless of whether the active site contains one or two
carboxylic acids, the hydrolytic mechanism20 catalysed by the

ENGases involves neighbouring group participation of the
2-acetamide of the second GlcNAc residue. A glycosyl oxazoline
(or oxazolinium ion) is therefore implicated as a high-energy
intermediate in the ENGase mediated hydrolytic process. A key

Fig. 3 The use of ENGases to catalyse: (a) glycoprotein remodelling; (b) convergent glycopeptide synthesis.

Table 1 A selection of the most well-studied ENGases

Enzyme Source GH family Glycan structure hydrolysed
Glycans with core
fucose hydrolysed?

Catalytic
residues

Glycosynthase
mutants

Endo-A Arthrobacter protophormiae 85 High mannose/hybrid No E173a

N171a
N171Aa

E173Qa

E173Ha

Endo-M Mucor hiemalis 85 High mannose/hybrid and
biantennary complex

No E177
N175

N175A
N175Q
N175Q/W251N

Endo-D Streptococcus pneumoniae 85 Truncated core structures only Yes E324
N322

N322A
N322Q

Endo-CC1 Coprinopsis cinerea 85 High mannose/hybrid and
biantennary complex

— E182
N180

N180H
N180Q

Endo-CC2 Coprinopsis cinerea 85 High mannose/hybrid and
biantennary complex

— E188
N186

—

Endo Om Ogatea minuta 85 High mannose/hybrid and
biantennary complex

No E196
N194

—

Endo-CE Caenorhabditis elegans 85 High mannose/hybrid No E154
N152

—

Endo H Streptomyces plicatus (griseus) 18 High mannose/hybrid Yes E132a

D130a
—

Endo F1 Elizabethkingia meningoseptica 18 High mannose/hybrid No E132a

D130a
—

Endo F2 Elizabethkingia meningoseptica 18 Biantennary complex Yes E126a

D124a
—

Endo F3 Elizabethkingia meningoseptica 18 Bi-/triantennary complex Yes E128a

D126a
D126Aa

D126Qa

Endo S Streptococcus pyogenes 18 Complex (IgG Fc specific) Yes E235
D233

D233A
D233Q

Endo S2 Streptococcus pyogenes (M49) 18 High mannose/hybrid and
biantennary complex

Yes E186
D184

D184M
D184Q

a Amino acid numbering refers to the peptide chain after cleavage of an N-terminal signal peptide.
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Regardless of whether the active site contains one or two
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ENGases involves neighbouring group participation of the
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Endo F2 Elizabethkingia meningoseptica 18 Biantennary complex Yes E126a

D124a
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Glycoengineering by mutant endo-glycosidases (“insert”)

mut

WT

X = OH

X = oxazoline

WT enzyme (e.g., Endo-F3)

mutant enzyme (e.g., Endo-F3 D165A)

glycoprotein
(glycan-GlcNAc-Asn)

glycoprotein
(GlcNAc-Asn)

substrate
(glycan-oxazoline)
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Many endo-glycosidases with different selectivity have been discovered.
Substrate selectivity of endo-glycosidases

Fairbanks, A. J. Chem. Soc. Rev. 2017, 46, 5128–5146.

This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 5128--5146 | 5129

cytotoxicity, [ADCC]), are highly dependent on the structure of
attached glycans.4 Thus correct glycosylation of mAbs is important
for therapeutic efficacy, and correspondingly significant efforts are
being made to optimise the glycosylation patterns on mAbs.5

N-Linked glycosylation is also of significance for many
mammalian enzymes; for example all lysosomal enzymes are
N-glycosylated, and their targeting to the lysosome relies on the
attachment of mannose-6-phosphate residues and transport
mediated by the mannose-6-phosphate receptors (M6PR’s).6

Glycosylation therefore plays an important role in the efficacy
of treatment of the lysosomal storage disorders (LSDs) using
recombinant glycoproteins as enzyme replacement therapies.7

The biosynthesis of the glycan portions of N-linked glyco-
proteins is not under direct genetic control; rather a complex
sequence of enzymatically catalysed events leads to the formation
of diverse N-glycan structures. Firstly the enzyme oligosaccharyl
transferase (OST) mediates the transfer of a 14-mer dolichol phos-
phate bound oligosaccharide (Glc3Man9GlcNAc2) to particular

asparagine (Asn) residues (Asn-X-Ser/The)8 as the protein is
assembled. Then, sequential trimming of the oligosaccharide
chain(s) occurs, and subsequently the action of several other
glycosidases and glycosyl transferases leads to the production
of glycoproteins bearing a variety of N-glycan structures, commonly
classified into three groups; high mannose, hybrid, and complex
(Fig. 1). Importantly all of these oligosaccharides contain the same
core pentasaccharide unit (Man3GlcNAc2) linked to Asn residues.
Due the action of numerous enzymes in competing processes,
glycoproteins are invariably produced as inseparable heterogeneous
mixtures of different ‘glycoforms’; proteins in which different
oligosaccharide structures are linked to the same peptide chain.
Therefore all recombinant therapeutic glycoproteins, including
mAbs, are currently manufactured and administered as mixtures
of materials in which different oligosaccharide structures are
linked to the same peptide chain.9

Access to pure single glycoforms of glycopeptides and glyco-
proteins has consequently become a major scientific objective.10

Fig. 1 Chemical structures and Glycobiology representations of typical N-glycans showing the ENGase cleavage site: (a) high mannose; (b) hybrid;
(c) complex biantennary with core fucose.
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Supplementary Table 1. Substrate specificities of Endo-glycosidasesa [ref]

Enzyme
GH

family

Biantennary

complex-type

Fucosylated

Biantennary

Triantennary

complex-type

Fucosylated

Triantennary

High

mannose

Hybrid

type

Endo-A 85 - - - - +++ +

Endo-M 85 + - - - ++ +

Endo-Om 85 ++ -

2,6-branched

triantennary

(+)

- ++ +

Endo-H 18 - - - - + +

Endo-D 85
Truncated

core (+++)

Truncated

core (+++)
- - - -

Endo-CC 85 + - - - + -

Endo-CE 85
Truncated

core (+)
- - - + +

Endo-BH 85 - - - - + +

Endo-Sb 18 + + - - - -

Endo-S2b 18 + + - - + +

Endo-F1 18 - - - - + +

Endo-F2 18 + + - - - -

Endo-F3 18 + (weak) +++ + (weak) +++ - -
aEach N-glycan icon in the table represents a typical structure of a certain subtype but does not cover all of the

subtype N-glycan structures. bEndo-S and Endo-S2 hydrolyze IgG antibody Fc N-glycan in a much more higher rate

than other glycoproteins and glycopeptides. Mark of “-” represents no hydrolytical activity; Mark of “+”

represents positive hydrolytical activity and marks of “++” and “+++” represent relatively higher hydrolytical

activity.

[ref] 1. Waddling, C. A., Plummer, T. H., Tarentino, A. L. & Van Roey, P. Structural Basis for the Substrate Specificity

of Endo-β-N-acetylglucosaminidase F3. Biochemistry 39, 7878-7885, doi:10.1021/bi0001731 (2000).

2. Fairbanks, A. J. The ENGases: versatile biocatalysts for the production of homogeneous N-linked glycopeptides

and glycoproteins. Chem Soc Rev 46, 5128-5146, doi:10.1039/c6cs00897f (2017).

3. Giddens, J. P., Lomino, J. V., Amin, M. N. & Wang, L. X. Endo-F3 Glycosynthase Mutants Enable

Chemoenzymatic Synthesis of Core-fucosylated Triantennary Complex Type Glycopeptides and Glycoproteins. J

Biol Chem 291, 9356-9370, doi:10.1074/jbc.M116.721597 (2016).

4. Li, C. & Wang, L. X. Chemoenzymatic Methods for the Synthesis of Glycoproteins. Chem Rev 118, 8359-8413,

doi:10.1021/acs.chemrev.8b00238 (2018).

Tang, F.; Zhou, M. et al. Nat. Chem. Biol. 2020, 16, 766–775.

- Endo-F3: selective for core-fucosylated N-glycans (400-fold higher than non-fucosylated ones)
- Endo-M: selective for non-corfe-fucosylated N-glycans
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Supplementary Figure 3. Cell surface N-glycan editing by Endo-F3 enables selective
glycoengineering of core-fucosylated N-glycan to replace the native heterogeneous glycoforms
with a labeled homogeneous N-glycan.

Selective editing and imaging of core-fucosylated N-glycans is achieved.

Tang, F.; Zhou, M. et al. Nat. Chem. Biol. 2020, 16, 766–775.
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(acceptor Cy5). A strong FRET signal was observed, as shown in 
Supplementary Figs. 12 and 13, suggesting energy transfer between 
these two dyes. To verify the FRET fluorescence, we bleached the 

Cy5 channel in a selected region (blue circle, Supplementary Fig. 
12; red circle, Supplementary Fig. 13) by over-excitation to give full 
consumption of Cy5 energy, leading to the disappearance of Cy5 
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Fig. 2 | Selective editing and imaging of core-fucosylated N-glycans on a living cell surface by the two-step strategy using Endo-F3 and its mutant. a–f, 
LSCM imaging of edited cells: edited and labeled CHO cells in 5% FBS-containing PBS buffer (a); edited and labeled CHO cells in Opti-MEM medium (b); 
control group of CHO cells without Endo-F3 D165A (c); edited CHO cells digested again with Endo-F3 post-treatment (d); edited and labeled Sk-Br-3 cells 
(e); edited and labeled H838 cells (f). Images are representative of five individual experiments with CHO and SK-Br-3 cells and two individual experiments 
with H838 cells. Scale bars, 20!μm. g, Time-course FACS analysis of the ‘insert’ step catalyzed by Endo-F3 D165A on living CHO cells. Data are presented 
as mean!±!s.d. of n!=!5 cell wells (repeated twice). h, FACS profile of N-glycan editing on living CHO cells. Data are representative of three individual 
experiments. i, Western blot analysis of glyco-edited CHO cell lysate. Data are representative of three individual experiments. Lane 1, unedited CHO cells. 
Lane 2, unedited CHO cells co-incubated with DBCO-biotin. Lane 3, deglycosylated CHO cells after WT Endo-F3 ‘deletion’ and incubation with Az-SCT-ox 
and DBCO-biotin. Lane 4, glyco-edited CHO cells after the ‘delete’ step with WT Endo-F3, the ‘insert’ step with Endo-F3 D165A and Az-SCT-ox and a 
successive step of biotinylation with DBCO-biotin.
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Fig. 2 | Selective editing and imaging of core-fucosylated N-glycans on a living cell surface by the two-step strategy using Endo-F3 and its mutant. a–f, 
LSCM imaging of edited cells: edited and labeled CHO cells in 5% FBS-containing PBS buffer (a); edited and labeled CHO cells in Opti-MEM medium (b); 
control group of CHO cells without Endo-F3 D165A (c); edited CHO cells digested again with Endo-F3 post-treatment (d); edited and labeled Sk-Br-3 cells 
(e); edited and labeled H838 cells (f). Images are representative of five individual experiments with CHO and SK-Br-3 cells and two individual experiments 
with H838 cells. Scale bars, 20!μm. g, Time-course FACS analysis of the ‘insert’ step catalyzed by Endo-F3 D165A on living CHO cells. Data are presented 
as mean!±!s.d. of n!=!5 cell wells (repeated twice). h, FACS profile of N-glycan editing on living CHO cells. Data are representative of three individual 
experiments. i, Western blot analysis of glyco-edited CHO cell lysate. Data are representative of three individual experiments. Lane 1, unedited CHO cells. 
Lane 2, unedited CHO cells co-incubated with DBCO-biotin. Lane 3, deglycosylated CHO cells after WT Endo-F3 ‘deletion’ and incubation with Az-SCT-ox 
and DBCO-biotin. Lane 4, glyco-edited CHO cells after the ‘delete’ step with WT Endo-F3, the ‘insert’ step with Endo-F3 D165A and Az-SCT-ox and a 
successive step of biotinylation with DBCO-biotin.
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Selective editing and imaging of non-core-fucosylated N-glycans is achieved.

Tang, F.; Zhou, M. et al. Nat. Chem. Biol. 2020, 16, 766–775.
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fluorescence and the FRET signal in those regions. By contrast, 
the AF488 fluorescence was significantly enhanced in the bleached 
area, indicating that the energy transfer from AF488 to Cy5 had 
been stopped by bleaching. These data demonstrated the excellent 
FRET efficiency of the model and provide a new cellular imaging 
strategy for the core-fucosylated N-glycan subtype carrying sialic 
acid motifs, achieved by selective N-glycan editing.

Selective editing of non-core-fucosylated N-glycan. The suc-
cessful glyco-editing of core-fucosylated N-glycans encouraged us 
to work on another common subclass, the non-core-fucosylated 
N-glycans, using Endo-M and its mutant. As previously reported36, 
Endo-M selectively hydrolyzes non-fucosylated complex-type 
(biantennary), high-mannose-type and hybrid-type N-glycan 
structures. Its mutant, Endo-M N175A or N175Q, then selectively 
transglycosylates a synthetic glycan oxazoline onto the GlcNAc-Asn 
motif, giving a new homogeneous glycoprotein41. As shown in Fig. 
1 and Supplementary Fig. 15, in a ‘delete’ step, WT Endo-M was 
employed to remove the heterogeneous non-fucosylated N-glycan 
subclass based on its substrate specificity. Then, in an ‘insert’ step, 
Endo-M N175A mutant assembled the Az-SCT-ox onto the previ-
ously obtained GlcNAc-bearing proteins. Thereafter, the azido tags 
enabled cell-surface imaging by a click reaction with AF488 follow-
ing a procedure similar to that for Endo-F3-catalyzed editing.

The LSCM imaging data clearly show the successful editing 
and labeling of N-glycans on the CHO cell surface (Fig. 3a) com-
pared to the non-enzymatic control group without the Endo-M 
mutant (Fig. 3b). This selective N-glycan editing is also compat-
ible with other cell lines such as HEK293T (Fig. 3c) and High 
Five insect cells (Fig. 3d). FACS analysis of labeled CHO cells 
(Fig. 3e) demonstrated a fluorescence shift after editing (though 
less efficient than Endo-F3-catalyzed selective editing in the 
core-fucosylated subclass). This is probably due to there being fewer 
non-core-fucosylated but more fucosylated N-glycan subclasses in 
the CHO cell line10. Another reason for the lower efficiency might 
be that the Endo-M mutant requires higher concentrations of gly-
can oxazoline substrates and GlcNAc-proteins (with a higher Km 

of >2 mM) for transglycosylation, as reported previously41. Future 
optimization of non-fucosylated N-glycan selective editing is still 
promising, as many new Endo-glycosidases, such as Endo-CC42 
and Endo-OM43, have been reported to show improved enzymatic 
activities compared with Endo-M and its mutants.

Selective N-glycan editing with Az-CT-ox substrate. To test 
the adaptability of this strategy to different glycan structures, we 
designed another typical biantennary N-glycan substrate, Az-CT-ox 
(2) (Supplementary Fig. 16), which consists of a well-defined 
asialylated complex-type N-glycan (Gal2GlcNAc2Man3GlcNAc) 
carrying an azido tag on the 6-position of the non-reducing-end 
galactose. The semi-synthesis of Az-CT-ox was accomplished by oxi-
dizing the 6-hydroxy of Gal using a galactosyl oxidase44, subsequent 
reaction with O-(2-azidoethyl)-hydroxylamine hydrochloride32 and 
a final step of oxazoline formation (for a description of the synthetic 
procedure, see Supplementary Information). With Az-CT-ox in 
hand, we performed selective N-glycan editing and labeling follow-
ing the Endo-F3 catalysis procedure (Supplementary Fig. 16a). Just 
like other Endo-glycosidases, Endo-F3 also exhibits broad substrate 
specificity in the recognition of various N-glycan structures, which 
equally allows successful editing with Az-CT-ox. The LSCM imag-
ing results show efficient labeling of CHO-cell-surface N-glycans 
(Supplementary Fig. 16b,c), but no fluorescence was detected in the 
control groups (Supplementary Fig. 16d–g). In a promising blue-
print, this approach allows systematic N-glycan remodeling on the 
cell surface using various synthetic substrates with well-defined 
structures, which is beneficial for elucidating the precise functions 
of membrane glycoproteins and receptors.

Less heterogeneous to homogeneous N-glycan editing. The Lec4 
mutant of the CHO cell line is deficient in GlcNAc-TV, a glycosyl-
transferase that attaches GlcNAc onto the 6-position of the Manα(1,6) 
branch, so N-glycan biosynthesis in Lec4 CHO cells is regulated 
and mainly displays less heterogeneous core-fucosylated trianten-
nary and biantennary, but no tetraantennary or higher-branched, 
N-glycans4,10. Endo-F3 has also been reported in the hydrolysis and 
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Fig. 3 | Selective editing and imaging of non-core-fucosylated N-glycans on a living cell surface by the two-step strategy using Endo-M and its 
mutant. a,c,d, Confocal microscopy imaging of glyco-edited CHO cells (a), HEK293T cells (c) and High Five insect cells (d). Scale bars, 20!μm. b, 
Non-enzymatic control group of CHO cells without Endo-M N175A in the second ‘insert’ step. e, Fluorescent flow cytometry detection of CHO cells after 
Endo-M-catalyzed N-glycan editing. Green curve, unedited cells; red curve, non-enzymatic control without Endo-M N175A; blue curve, glyco-edited cells. 
Data are representative of three individual experiments.
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Supplementary Figure 15. Cell surface N-glycan editing by Endo-M enables selective
glycoengineering of non-core-fucosylated N-glycan to replace the native heterogeneous
glycoforms with a labeled homogeneous N-glycan.

Supplementary Figure 16. Selective N-glycan editing with an AzGal-containing N-glycan
substrate. Panel A: Schematic diagram of core-fucosylated N-glycan editing using Az-CT-ox.
Panel B-G: LSCM imaging of glyco-edited CHO cells under different conditions. Data shown are
representative of three individual experiments. (B) glycan editing and labeling in a 5%
FBS-containing PBS buffer; (C) control group without Endo-F3 D165A in the second “insert” step;
(D) control group without WT Endo-F3 in the first “delete” step; (E) glycan editing and labeling
in an Opti-MEM medium; (F) control group without Endo-F3 D165A and Az-CT-ox in the second
“insert” step; (G) blank CHO cells without any treatment of editing. Scale bar: 20 Pm.
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fluorescence and the FRET signal in those regions. By contrast, 
the AF488 fluorescence was significantly enhanced in the bleached 
area, indicating that the energy transfer from AF488 to Cy5 had 
been stopped by bleaching. These data demonstrated the excellent 
FRET efficiency of the model and provide a new cellular imaging 
strategy for the core-fucosylated N-glycan subtype carrying sialic 
acid motifs, achieved by selective N-glycan editing.

Selective editing of non-core-fucosylated N-glycan. The suc-
cessful glyco-editing of core-fucosylated N-glycans encouraged us 
to work on another common subclass, the non-core-fucosylated 
N-glycans, using Endo-M and its mutant. As previously reported36, 
Endo-M selectively hydrolyzes non-fucosylated complex-type 
(biantennary), high-mannose-type and hybrid-type N-glycan 
structures. Its mutant, Endo-M N175A or N175Q, then selectively 
transglycosylates a synthetic glycan oxazoline onto the GlcNAc-Asn 
motif, giving a new homogeneous glycoprotein41. As shown in Fig. 
1 and Supplementary Fig. 15, in a ‘delete’ step, WT Endo-M was 
employed to remove the heterogeneous non-fucosylated N-glycan 
subclass based on its substrate specificity. Then, in an ‘insert’ step, 
Endo-M N175A mutant assembled the Az-SCT-ox onto the previ-
ously obtained GlcNAc-bearing proteins. Thereafter, the azido tags 
enabled cell-surface imaging by a click reaction with AF488 follow-
ing a procedure similar to that for Endo-F3-catalyzed editing.

The LSCM imaging data clearly show the successful editing 
and labeling of N-glycans on the CHO cell surface (Fig. 3a) com-
pared to the non-enzymatic control group without the Endo-M 
mutant (Fig. 3b). This selective N-glycan editing is also compat-
ible with other cell lines such as HEK293T (Fig. 3c) and High 
Five insect cells (Fig. 3d). FACS analysis of labeled CHO cells 
(Fig. 3e) demonstrated a fluorescence shift after editing (though 
less efficient than Endo-F3-catalyzed selective editing in the 
core-fucosylated subclass). This is probably due to there being fewer 
non-core-fucosylated but more fucosylated N-glycan subclasses in 
the CHO cell line10. Another reason for the lower efficiency might 
be that the Endo-M mutant requires higher concentrations of gly-
can oxazoline substrates and GlcNAc-proteins (with a higher Km 

of >2 mM) for transglycosylation, as reported previously41. Future 
optimization of non-fucosylated N-glycan selective editing is still 
promising, as many new Endo-glycosidases, such as Endo-CC42 
and Endo-OM43, have been reported to show improved enzymatic 
activities compared with Endo-M and its mutants.

Selective N-glycan editing with Az-CT-ox substrate. To test 
the adaptability of this strategy to different glycan structures, we 
designed another typical biantennary N-glycan substrate, Az-CT-ox 
(2) (Supplementary Fig. 16), which consists of a well-defined 
asialylated complex-type N-glycan (Gal2GlcNAc2Man3GlcNAc) 
carrying an azido tag on the 6-position of the non-reducing-end 
galactose. The semi-synthesis of Az-CT-ox was accomplished by oxi-
dizing the 6-hydroxy of Gal using a galactosyl oxidase44, subsequent 
reaction with O-(2-azidoethyl)-hydroxylamine hydrochloride32 and 
a final step of oxazoline formation (for a description of the synthetic 
procedure, see Supplementary Information). With Az-CT-ox in 
hand, we performed selective N-glycan editing and labeling follow-
ing the Endo-F3 catalysis procedure (Supplementary Fig. 16a). Just 
like other Endo-glycosidases, Endo-F3 also exhibits broad substrate 
specificity in the recognition of various N-glycan structures, which 
equally allows successful editing with Az-CT-ox. The LSCM imag-
ing results show efficient labeling of CHO-cell-surface N-glycans 
(Supplementary Fig. 16b,c), but no fluorescence was detected in the 
control groups (Supplementary Fig. 16d–g). In a promising blue-
print, this approach allows systematic N-glycan remodeling on the 
cell surface using various synthetic substrates with well-defined 
structures, which is beneficial for elucidating the precise functions 
of membrane glycoproteins and receptors.

Less heterogeneous to homogeneous N-glycan editing. The Lec4 
mutant of the CHO cell line is deficient in GlcNAc-TV, a glycosyl-
transferase that attaches GlcNAc onto the 6-position of the Manα(1,6) 
branch, so N-glycan biosynthesis in Lec4 CHO cells is regulated 
and mainly displays less heterogeneous core-fucosylated trianten-
nary and biantennary, but no tetraantennary or higher-branched, 
N-glycans4,10. Endo-F3 has also been reported in the hydrolysis and 
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Fig. 3 | Selective editing and imaging of non-core-fucosylated N-glycans on a living cell surface by the two-step strategy using Endo-M and its 
mutant. a,c,d, Confocal microscopy imaging of glyco-edited CHO cells (a), HEK293T cells (c) and High Five insect cells (d). Scale bars, 20!μm. b, 
Non-enzymatic control group of CHO cells without Endo-M N175A in the second ‘insert’ step. e, Fluorescent flow cytometry detection of CHO cells after 
Endo-M-catalyzed N-glycan editing. Green curve, unedited cells; red curve, non-enzymatic control without Endo-M N175A; blue curve, glyco-edited cells. 
Data are representative of three individual experiments.
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N-glycan editing reduced the heterogeneity of glycans structure-selectively.

Tang, F.; Zhou, M. et al. Nat. Chem. Biol. 2020, 16, 766–775.
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transglycosylation activities of triantennary and biantennary, but 
not tetraantennary, N-glycan substrates27,30,45. Therefore, applying 
the two-step N-glycan editing approach in Lec4 mutant cells could 
perfectly remodel the less heterogeneous N-glycans to a more homo-
geneous glycoform (Fig. 4a). Following the same procedure as in the 
above ‘delete’ and ‘insert’ steps using Az-SCT-ox, Lec4 cell-surface 
N-glycans were successfully edited and verified by LSCM (Fig. 4b–
e). We also performed N-glycan analysis to verify the glyco-editing 
efficiency and the hypothesized homogeneity in glycoform after 
glyco-editing. Unedited and edited Lec4 cells were successively 
treated with trypsin and PNGase-F, and the released N-glycans were 
permethylated and analyzed by MALDI-TOF MS. Permethylation 
of N-glycans allows the detection of sialylated glycoforms with 
an intensity comparable to that of neutral glycans, thus enabling 
global N-glycan profiling46. As shown in Fig. 4f, Supplementary 

Figs. 17–19 and Supplementary Table 2, N-glycans of unedited 
Lec4 cells are mainly of the core-fucosylated biantennary/trianten-
nary complex type and non-fucosylated high-mannose type. After 
deglycosylation with WT Endo-F3, the majority of core-fucosylated 
glycans were removed, and high-mannose-type glycoforms were 
observed as the dominant peaks in the MALDI-TOF MS profile. 
Thereafter, the ‘insert’ step using SCT-ox, CT-ox, GN2M3GN-ox 
and M3GN-ox assembled these well-defined glycoforms back onto 
the FucGlcNAc disaccharide and resulted in the corresponding 
core-fucosylated glycans in a more homogeneous profile, as shown 
in their MALDI-TOF MS data. We also employed the combined 
Endo-enzymes (Endo-A, Endo-M and Endo-F3) in the ‘delete’ step, 
and Endo-A/M could efficiently remove the high-mannose type 
and non-fucosylated complex-type glycans. After ‘insert’ editing, 
the cell-surface N-glycan could be nearly homogeneous (Fig. 4f and 
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cells without any treatment (e). Data are representative of three individual experiments. Scale bars, 20!μm. f, N-glycan profiling after N-glycan editing on 
Lec4 CHO cells by MALDI-TOF analysis. Data are representative of three individual experiments.
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Dimerization and internalization of OPRD1 was highly affected by N-glycans although agonist recognition was not.

Tang, F.; Zhou, M. et al. Nat. Chem. Biol. 2020, 16, 766–775.
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Supplementary Figs. 17–19). These data clearly demonstrate the 
powerful glyco-editing efficacy of this two-step strategy. The cell 
viability assays in Supplementary Fig. 20 also show that the Lec4 
cells retained excellent living activity during the editing steps.

N-glycan editing of opioid receptor delta 1 on the Lec4 CHO cell 
membrane. One of the biological applications of this glyco-editing 
approach is to glyco-engineer membrane receptors on the cell 
surface with well-defined glycans for precise functional stud-
ies of receptor-mediated signaling. As an example, we expressed 
a G-protein-coupled receptor (GPCR)—opioid receptor delta 
1 (OPRD1)—in the Lec4 cell line via transient transfection and 
employed this two-step editing strategy to remodel its N-glycans. 
To facilitate western blotting detection, a HA (hemagglutinin 
98–106) tag was assembled on the N terminus of OPRD1. As shown 
in Fig. 5a, the western blot band of the WT OPRD1 was located at 
~75 kDa (lane 4, Fig. 5a), which indicates that the receptor mainly 
occurs as a dimer. After deglycosylation by PNGase-F (lane 3) or 
Endo-F3 WT (lane 2), the bands shifted to the monomer recep-
tor size (~37 kDa), consistent with its calculated molecular weight. 
Supplementary Fig. 21b indicates that the concentrations (0.1 or 
0.3 mg ml−1) of WT Endo-F3 employed in the ‘delete’ step could 
efficiently remove OPRD1 N-glycans. After two-step editing with 
Az-SCT-ox, we observed that the size of the partially glycosylated 
OPRD1 was restored to the upper range (lane 1, Fig. 5a), suggesting 
that this glycoform of OPRD1 may contribute to receptor dimer-
ization. To further confirm this OPRD1 dimer, we utilized a com-
mercial bifunctional crosslinker containing carboxy succinimide 
groups on both ends (BS3, Thermo Scientific Pierce), which is able 
to covalently link neighboring proteins via amide formation. In Fig. 
5b, we show the results of performing crosslinking after Endo-F3 
digestion. Interestingly, the crosslinked and deglycosylated OPRD1 
is indicated to be a dimer (lane 3, Fig. 5b), but, without the cross-

linker, only the monomer of the deglycosylated receptor is observed 
(lane 2, Fig. 5b). In addition, mutagenesis of two N-glycosylation 
sites (N18Q/N33Q) on OPRD1 results in a monomer receptor, even 
after incubation with the crosslinker (lanes 4 and 5, Fig. 5b). This 
suggests that the N-glycosylation of OPRD1 is important to stabilize 
the receptor dimer on the cell membrane.

As well as Az-SCT-ox, we also employed other glycan substrates 
(SCT-ox in Supplementary Fig. 22 and CT-ox in Supplementary 
Fig. 21d) in glyco-editing the OPRD1 receptor. All three glyco-
forms could partially restore receptor dimerization at certain levels. 
Although it remains a challenge to compare the dimerization levels 
of glyco-edited OPRD1 carrying different well-defined glycans, we 
can still conclude that both sialyl and non-sialyl complex-type gly-
cans of OPRD1 could contribute the receptor dimerization, which 
suggests that the sialic acid moieties are dispensable for this func-
tion.

The OPRD1 monomer bands remaining after glyco-editing 
may be caused by several possibilities: an incomplete ‘insert’ step, 
internalization of deglycoslated OPRD1 or a lack of core fucose 
on deglycosylated OPRD1. In Fig. 4f, the Lec4 cell line also pro-
duces non-core-fucosylated N-glycans on cell-surface proteins. 
In Supplementary Fig. 21d, increased CT-ox concentration could 
enhance the ‘insert’ efficiency, as the receptor dimer level increased 
accordingly. However, in Supplementary Fig. 22, an increase in 
SCT-ox concentration (from 0.5 mM to 1 mM or 2 mM) barely 
influenced the dimer level, suggesting saturated glyco-editing of the 
receptor. In other words, under saturated glyco-editing, the uned-
ited OPRD1 is very likely due to a lack of core fucose or internaliza-
tion of the deglycosylated receptor, but not an incomplete ‘insert’ 
step.

To further understand the functional role of N-glycan on a more 
repeatable model, we established a stably transfected OPRD1-Lec4 
cell strain to investigate the receptor signaling and internalization. 
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First, selection of stable OPRD1-Lec4 cell strains was carried out via 
FACS analysis with an anti-HA antibody, as shown in Supplementary 
Fig. 24a. Second, we employed a cAMP assay to validate the stable 
OPRD1-Lec4 cell strains. In a competitive cAMP assay, forskolin, 
an activator of adenylate cyclase, can increase cAMP production 
and results in a lower 665/620 ratio (see Supplementary Fig. 25 
for the assay principle). Furthermore, leu-enkephalin (5-leu), an 
OPRD1 agonist, can activate OPRD1 and inhibit the cAMP produc-
tion induced by forskolin47. Strains D3C2, A3A6 and A3B9 showed 
good OPRD1 receptor function in the assay (Supplementary Fig. 
24b). Overall, combining the results of FACS and cAMP inhibition, 
strain D3C2 demonstrated the best quality as a stable OPRD1-Lec4 
cell line. We therefore used this cell strain to investigate the agonist 
stimulation of OPRD1 during glyco-editing. Based on multi-dose 
experiments (Supplementary Fig. 26), we used 30 μM forskolin to 
increase cAMP production, then leu-enkephalin (5-leu) at various 
concentrations were added to test the half-maximum effective con-
centration (EC50) values of this agonist for the unedited, deglycosyl-
ated and glyco-edited (using SCT-ox) OPRD1 on the D3C2 strain 

(Fig. 5c). As a result, N-glycosylation of OPRD1 does not signifi-
cantly affect its agonist-induced cAMP inhibition because the EC50 
values of leu-enkephalin on these three OPRD1 glycoforms were 
similar.

With the stable OPRD1-Lec4 cell line, we sought to explore 
how N-glycosylation is involved in receptor internalization. 
Internalization of GPCR receptors is usually related to desensitiza-
tion of the receptor in its signal pathway, especially after being acti-
vated by a GPCR agonist. We examined the unedited group (WT), 
the deglycosylation groups (Endo-F3 or PNGase F digestion) and 
the glyco-edited groups (using SCT-ox or CT-ox) on OPRD1 inter-
nalization by time-lapse imaging using an AF488-labeled anti-HA 
antibody (Fig. 6 and Supplementary Figs. 27–31). Under the condi-
tion without agonist, the deglycosylated groups indicated increased 
internalization compared to the WT and glyco-edited groups. 
After 120 min, the internalized OPRD1 receptors of deglycosyl-
ated groups amounted to ~70% of the receptors on the membrane; 
however, in WT and glyco-edited groups, the internalized recep-
tors comprised only ~30% of membrane receptors. These data may 
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Supplementary Figs. 17–19). These data clearly demonstrate the 
powerful glyco-editing efficacy of this two-step strategy. The cell 
viability assays in Supplementary Fig. 20 also show that the Lec4 
cells retained excellent living activity during the editing steps.

N-glycan editing of opioid receptor delta 1 on the Lec4 CHO cell 
membrane. One of the biological applications of this glyco-editing 
approach is to glyco-engineer membrane receptors on the cell 
surface with well-defined glycans for precise functional stud-
ies of receptor-mediated signaling. As an example, we expressed 
a G-protein-coupled receptor (GPCR)—opioid receptor delta 
1 (OPRD1)—in the Lec4 cell line via transient transfection and 
employed this two-step editing strategy to remodel its N-glycans. 
To facilitate western blotting detection, a HA (hemagglutinin 
98–106) tag was assembled on the N terminus of OPRD1. As shown 
in Fig. 5a, the western blot band of the WT OPRD1 was located at 
~75 kDa (lane 4, Fig. 5a), which indicates that the receptor mainly 
occurs as a dimer. After deglycosylation by PNGase-F (lane 3) or 
Endo-F3 WT (lane 2), the bands shifted to the monomer recep-
tor size (~37 kDa), consistent with its calculated molecular weight. 
Supplementary Fig. 21b indicates that the concentrations (0.1 or 
0.3 mg ml−1) of WT Endo-F3 employed in the ‘delete’ step could 
efficiently remove OPRD1 N-glycans. After two-step editing with 
Az-SCT-ox, we observed that the size of the partially glycosylated 
OPRD1 was restored to the upper range (lane 1, Fig. 5a), suggesting 
that this glycoform of OPRD1 may contribute to receptor dimer-
ization. To further confirm this OPRD1 dimer, we utilized a com-
mercial bifunctional crosslinker containing carboxy succinimide 
groups on both ends (BS3, Thermo Scientific Pierce), which is able 
to covalently link neighboring proteins via amide formation. In Fig. 
5b, we show the results of performing crosslinking after Endo-F3 
digestion. Interestingly, the crosslinked and deglycosylated OPRD1 
is indicated to be a dimer (lane 3, Fig. 5b), but, without the cross-

linker, only the monomer of the deglycosylated receptor is observed 
(lane 2, Fig. 5b). In addition, mutagenesis of two N-glycosylation 
sites (N18Q/N33Q) on OPRD1 results in a monomer receptor, even 
after incubation with the crosslinker (lanes 4 and 5, Fig. 5b). This 
suggests that the N-glycosylation of OPRD1 is important to stabilize 
the receptor dimer on the cell membrane.

As well as Az-SCT-ox, we also employed other glycan substrates 
(SCT-ox in Supplementary Fig. 22 and CT-ox in Supplementary 
Fig. 21d) in glyco-editing the OPRD1 receptor. All three glyco-
forms could partially restore receptor dimerization at certain levels. 
Although it remains a challenge to compare the dimerization levels 
of glyco-edited OPRD1 carrying different well-defined glycans, we 
can still conclude that both sialyl and non-sialyl complex-type gly-
cans of OPRD1 could contribute the receptor dimerization, which 
suggests that the sialic acid moieties are dispensable for this func-
tion.

The OPRD1 monomer bands remaining after glyco-editing 
may be caused by several possibilities: an incomplete ‘insert’ step, 
internalization of deglycoslated OPRD1 or a lack of core fucose 
on deglycosylated OPRD1. In Fig. 4f, the Lec4 cell line also pro-
duces non-core-fucosylated N-glycans on cell-surface proteins. 
In Supplementary Fig. 21d, increased CT-ox concentration could 
enhance the ‘insert’ efficiency, as the receptor dimer level increased 
accordingly. However, in Supplementary Fig. 22, an increase in 
SCT-ox concentration (from 0.5 mM to 1 mM or 2 mM) barely 
influenced the dimer level, suggesting saturated glyco-editing of the 
receptor. In other words, under saturated glyco-editing, the uned-
ited OPRD1 is very likely due to a lack of core fucose or internaliza-
tion of the deglycosylated receptor, but not an incomplete ‘insert’ 
step.

To further understand the functional role of N-glycan on a more 
repeatable model, we established a stably transfected OPRD1-Lec4 
cell strain to investigate the receptor signaling and internalization. 
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Short summary: Glyco-engineering by two-step exogenous enzyme reaction

- N-glycan selective editing was achieved by two step enzymatic reaction.
- The heterogeneity of live-cell surface glycans became much lower after reaction.
- This system may be practical tools to elucidate the functions of a certain type of glycosylation.

Tang, F.; Zhou, M. et al. Nat. Chem. Biol. 2020, 16, 766–775.
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Perspective: Glycobiology is receiving increased attention.
Glycan-modified RNA

Chemoenzymatic glycan degradation for cancer therapy
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(Fig. 1f), a sialoglycan degrader that exhibits a low off-target activity 
and high chemical stability needed for in vivo use. In a syngeneic 
orthotopic HER2+ breast cancer model, targeting glycoimmune 
checkpoints with T-Sia 2 delayed tumor growth and enhanced 
immune infiltration, leading to prolonged survival of mice with 
trastuzumab-resistant breast cancer.

Results
Minimizing off-target sialidase activity. We previously reported 
on an antibody–sialidase molecule, T-Sia 1 (Fig. 1e), constructed 
by conjugation of Vibrio cholerae (VC) sialidase to each trastu-
zumab heavy chain (chemical conjugation strategy described in 
Supplementary Fig. 1)22. Although T-Sia 1 efficiently cleaved sialo-
glycans from HER2+ cells at low doses, the conjugate had consider-
able trastuzumab-independent activity as well22, which we ascribed 
to the low apparent KM value of VC sialidase with polyvalent sub-
strates (including cell surfaces)23. This attribute reflects the engage-
ment of VC sialidase’s two lectin domains (Fig. 1e), which enable 
cell-surface binding independent of antibody targeting23.

Accordingly, our first goal was to identify a more suitable siali-
dase from a repertoire that lacks such lectin domains. We expressed 
six recombinant bacterial and human sialidases in Escherichia coli 
(Extended Data Fig. 2a). The sialidases were screened for in vitro 
enzymatic activity and for their ability to enhance NK cell-mediated 
antibody-dependent cellular cytotoxicity (ADCC) against BT-20 
breast cancer cells (Extended Data Fig. 2b,c). The Salmonella 
typhimurium (ST) sialidase NanH was selected for its relatively 

high KM value (mM range) against polyvalent targets23–25, enhance-
ment of NK cell-mediated ADCC, and stability (Extended Data 
Fig. 2b–d). To ensure that ST sialidase would cleave Siglec-binding 
sialoglycans on breast cancer cells, we performed flow cytometry 
assays using Siglec-9-Fc and Siglec-7-Fc fusion proteins as probes. 
Treatment of nine different breast cancer cell lines with ST sialidase 
reduced Siglec-9-Fc and Siglec-7-Fc binding signal by >96% and 
>50%, respectively (Extended Data Fig. 2e–g). As postulated, ST 
sialidase on its own was less efficient than VC sialidase at removing 
sialoglycans from the cell surface (half-maximum effective concen-
tration (EC50) > tenfold higher) (Fig. 2a and Supplementary Fig. 2).

To determine whether ST sialidase could be rendered selectively 
active by cell-surface targeting, we conjugated the enzyme to trastu-
zumab using a similar strategy as previously reported22, but in this 
case the ST sialidase was modified at a recombinantly inserted Cys 
residue (Supplementary Fig. 3a,b and 4a). The enzymatic activ-
ity of the sialidase, as measured with a fluorogenic substrate, was 
retained after conjugation to trastuzumab (Supplementary Fig. 4b). 
We next compared the activity and selectivity of the trastuzumab–
ST sialidase conjugate to T-Sia 1 in a coculture assay comprising 
HER2+ SK-BR-3 and HER2− MDA-MB-468 cells. Using the lectin 
Sambucus nigra agglutinin (SNA) as a probe for cell-surface sialo-
glycans, both conjugates desialylated HER2+ target cells at con-
centrations near trastuzumab’s reported KD of 5 nM (Fig. 2b)26 by 
flow cytometry. However, T-Sia 1 caused substantial off-target desi-
alylation of MDA-MB-468 cells with an EC50 of 38 nM, whereas the 
trastuzumab–ST sialidase completely abrogated off-target reactivity 
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Protein degradation with glycan ligand

Metabolic labeling for cancer therapy
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motavizumab that targets an antigen not present in laboratory mice 
(respiratory syncytial virus) and has 87% identity to trastuzumab 
(Isotype-Sia) (Supplementary Fig. 15)35,36. The third was a vari-
ant possessing several point mutations (ELLG→PVA-) in the Fcγ 
receptor (FcγR) binding domain of trastuzumab, which abolishes 
most effector FcγR interactions on immune cells while maintain-
ing most of the neonatal Fc receptor (FcRn) binding and therefore 
native antibody recycling (T-FcX-Sia) (Supplementary Fig. 16)37,38. 
In  vitro NK cell-mediated ADCC assays with several HER2+ cell 
lines demonstrated that T-Sia 2 was superior in eliciting cell death 
whereas T-Sia-LOF had comparable activity to trastuzumab alone 
(Fig. 5b and Supplementary Fig. 17). As expected, Isotype-Sia was 
ineffective in stimulating ADCC against HER2+ cells and T-FcX-Sia 
had greatly diminished ADCC activity compared to T-Sia 2 in vitro.

HER2 targeting improves tumor desialylation in  vivo. Since 
Isotype-Sia is expected to circulate throughout the mice, and 
since T-Sia 2 degrades sialoglycans in off-target mouse organs 
at a 500-pmol dose (Extended Data Fig. 6), we anticipated that 
the untargeted Isotype-Sia may also desialylate the TME. We 
were interested to test whether HER2+ targeting by T-Sia 2 
could improve tumor degradation of sialic acids over untargeted 
Isotype-Sia in vivo. If so, we hypothesized that this effect would be 
most discernable at a low dose; therefore, we injected a 20-pmol 
dose of T-Sia 2, Isotype-Sia or PBS as depicted in Fig. 5c. After 
4 d, tumors were harvested and analyzed for lectin binding by flow 
cytometry. Consistent with the previous results, T-Sia 2-treated 

mice had desialylated tumors measurable by flow cytometry with 
PNA and MALII staining (Fig. 5c), but not by SNA staining in vivo 
(Extended Data Fig. 7a). Isotype-Sia-treated tumors had substan-
tially more tumor sialoglycans than T-Sia 2 (Fig. 5c), indicating 
that targeting with trastuzumab can improve sialoglycan degrada-
tion in the TME.

T-Sia 2 therapy requires active ST Sia but not FcγR. The antibody–
sialidase conjugates were then injected i.p. into Balb/c mice bearing 
established HER2+ EMT6 tumor cells in their mammary fat pads 
(Fig. 5d). Consistent with the previous mouse experiment, T-Sia 
2-treated mice had prolonged survival and slow tumor growth com-
pared to PBS- and trastuzumab-treated mice (Fig. 5d,e and Extended 
Data Fig. 7b,c). Survival and tumor growth of T-Sia-LOF-treated 
mice was not notably different from trastuzumab- or PBS-treated 
mice, indicating that sialidase activity mediates the therapeutic 
effect (Fig. 5d,e and Extended Data Fig. 7c). T-Sia 2-treated mice 
showed a slight early delay in tumor growth that was not evident 
in T-FcX-Sia-treated mice (Extended Data Fig. 7c); however, there 
was no significant difference in survival between the two treatment 
groups (Fig. 5e, P = 0.89). The early tumor growth differences sug-
gest that T-Sia 2 may be potentiating both FcγR-dependent and 
-independent immune responses in mice; however, the strong sur-
vival benefit of T-FcX-Sia indicates that T-Sia 2’s principle mech-
anism of action in  vivo is not dependent on enhancing ADCC  
or antibody-dependent cellular phagocytosis (ADCP) through  
antibody–Fcγ receptor binding.
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Fig. 4 | T-Sia 2 degrades sialoglycans and slows tumor growth in a HER2+ EMT6 syngeneic mouse breast cancer model that is resistant to trastuzumab 
alone. a, HER2+ EMT6 cells were treated with PBS, 10!nM trastuzumab (Tras) or 10!nM of T-Sia 2. Human NK cells were added at a ratio of 3:1 and ADCC 
was quantified by flow cytometry after 4!h and subtracting PBS controls. A paired two-tailed t-test is shown for n!=!3 independent biological replicates of 
different NK cell donors. b, HER2+ EMT6 cells were injected into the mammary fat pad of Balb/c mice. Starting on day 8, mice were injected i.p. every 2–4!d 
with PBS (n!=!5), trastuzumab (Tras, 15!mg!kg−1, n!=!6) or T-Sia 2 (10 or 15!mg!kg−1, n!=!6). c, Individual growth curves of the HER2+ EMT6 tumors in mice. 
d, Survival curve for animals described in b; statistics were a log-rank (Mantel–Cox) test comparing T-Sia 2 (10!mg!kg−1) with trastuzumab. e, For T-Sia 
2 histology, s.c. HER2+ EMT6 were injected, followed by i.p. injection of T-Sia 2 or PBS at day 5 and killed on day 9. f, Fluorescent images of tumor slices 
of the mice treated in e, with PBS, 500!pmol (~5!mg!kg−1) T-Sia 2, or a positive control of tumor slices treated ex vivo with a sialidase cocktail. Slides were 
stained with biotinylated PNA or MALII lectin followed by streptavidin-647. Images are representative of an experiment with n!=!3 mice per group; scale 
bar, 100!μm, lower-right image, more images from this experiment are in Extended Data Fig. 6.
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To develop ligands for CI-M6PR, we leveraged precedents aimed at 
enhancing lysosomal enzyme replacement therapies and drug deliv-
ery platforms. This previous work included biosynthetic engineering 
of M6P-bearing glycans14 as well as chemical synthesis of oligomeric 
M6P-containing scaffolds15. A recurring design parameter from these 
studies was the requirement for a multivalent ligand, in order to achieve 
optimal CI-M6PR agonism16–18. Previous work had also revealed that the 
6-phosphoester could undergo hydrolysis in human serum19, leading 
to rapid endocytosis by macrophages bearing mannose receptors20. 
We reasoned that N-carboxyanhydride (NCA)-derived glycopolypep-
tides21 bearing multiple serine-O-mannose-6-phosphonate (M6Pn) 
residues22 would enable multivalent presentation on a biocompatible, 
phosphatase-inert23 and modular scaffold. We synthesized M6Pn gly-
copolypeptides starting with the conversion of mannose pentaacetate 
to M6Pn-NCA in 13 steps (Fig. 1b, Extended Data Fig. 1a). Subsequent 
copolymerization of M6Pn-NCA and alanine-NCA (1:1 ratio, for the pur-
pose of spacing and polymerization kinetics) provided access to M6Pn 
glycopolypeptides (post-deprotection dispersity, Đ = 1.3–1.5) of various 
lengths, including short (20 M6Pn) and long (90 M6Pn) variants, to test 
in protein degradation assays. We also synthesized the corresponding 
M6P-containing copolymers bearing the natural phosphorylated gly-
can structure (Extended Data Fig. 1b), with similar molecular weights 
and dispersities to those obtained with M6Pn monomers.

To demonstrate the feasibility of CI-M6PR-driven LYTACs, we 
designed an in cellulo assay to measure the uptake of NeutrAvidin-647 
(NA-647), an Alexa Fluor-647 (AF647)-labelled protein to which bio-
tin binds (Fig. 1c). We synthesized and biotinylated poly(M6P) and 

poly(M6Pn) polypeptides, as well as poly(N-acetylgalactosamine) 
(poly(GalNAc)) and poly(mannose) as controls (Fig. 1d, Extended Data 
Figs. 1c, d, 2a). K562 cells were incubated with either NA-647 or NA-647 
and biotinylated glycopolypeptide for one hour, then washed and 
analysed by flow cytometry. Co-incubation with M6P and M6Pn poly-
peptides increased cellular fluorescence by 5–6-fold compared with the 
background, with only minor differences in uptake efficiency observed 
as a result of glycopolypeptide length (short versus long, Fig. 1e). M6Pn 
polypeptides showed performance that was equivalent or superior to 
that of M6P polypeptides of similar length, whereas incubation with 
mannose- or GalNAc-containing glycopolypeptides showed no marked 
change in fluorescence compared with the background. NA-647 uptake 
mediated by poly(M6Pn) was attenuated by co-incubation with excess 
exogenous M6P. Furthermore, uptake remained continuous over time 
(Extended Data Fig. 2b), suggesting that surface-receptor recycling was 
the rate-limiting step24. AF647 is reported to be stable in endosomes 
and lysosomes25, with a steadily increasing fluorescent signal arising 
from intracellular fluorophore accumulation. Live-cell fluorescence 
microscopy experiments revealed that the AF647 signal co-localized 
with acidic endosomes and lysosomes after only 1 h (Fig. 1f, Extended 
Data Figs. 2c, d). Finally, biotinylated LYTACs mediated NA-647 uptake 
in various cell lines, demonstrating the breadth of CI-M6PR-targeting 
(Fig. 1g) as well as the ability to use small molecules as LYTAC ‘warheads’.

We next performed a CRISPR interference (CRISPRi) pooled genetic 
screen with the aim of identifying genes for which knockdown ablates 
the delivery of NA-647 by biotinylated LYTACs26,27 (Fig. 2a). K562 cells 
expressing dCas9-KRAB were transduced with a genome-wide library 
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motavizumab that targets an antigen not present in laboratory mice 
(respiratory syncytial virus) and has 87% identity to trastuzumab 
(Isotype-Sia) (Supplementary Fig. 15)35,36. The third was a vari-
ant possessing several point mutations (ELLG→PVA-) in the Fcγ 
receptor (FcγR) binding domain of trastuzumab, which abolishes 
most effector FcγR interactions on immune cells while maintain-
ing most of the neonatal Fc receptor (FcRn) binding and therefore 
native antibody recycling (T-FcX-Sia) (Supplementary Fig. 16)37,38. 
In  vitro NK cell-mediated ADCC assays with several HER2+ cell 
lines demonstrated that T-Sia 2 was superior in eliciting cell death 
whereas T-Sia-LOF had comparable activity to trastuzumab alone 
(Fig. 5b and Supplementary Fig. 17). As expected, Isotype-Sia was 
ineffective in stimulating ADCC against HER2+ cells and T-FcX-Sia 
had greatly diminished ADCC activity compared to T-Sia 2 in vitro.

HER2 targeting improves tumor desialylation in  vivo. Since 
Isotype-Sia is expected to circulate throughout the mice, and 
since T-Sia 2 degrades sialoglycans in off-target mouse organs 
at a 500-pmol dose (Extended Data Fig. 6), we anticipated that 
the untargeted Isotype-Sia may also desialylate the TME. We 
were interested to test whether HER2+ targeting by T-Sia 2 
could improve tumor degradation of sialic acids over untargeted 
Isotype-Sia in vivo. If so, we hypothesized that this effect would be 
most discernable at a low dose; therefore, we injected a 20-pmol 
dose of T-Sia 2, Isotype-Sia or PBS as depicted in Fig. 5c. After 
4 d, tumors were harvested and analyzed for lectin binding by flow 
cytometry. Consistent with the previous results, T-Sia 2-treated 

mice had desialylated tumors measurable by flow cytometry with 
PNA and MALII staining (Fig. 5c), but not by SNA staining in vivo 
(Extended Data Fig. 7a). Isotype-Sia-treated tumors had substan-
tially more tumor sialoglycans than T-Sia 2 (Fig. 5c), indicating 
that targeting with trastuzumab can improve sialoglycan degrada-
tion in the TME.

T-Sia 2 therapy requires active ST Sia but not FcγR. The antibody–
sialidase conjugates were then injected i.p. into Balb/c mice bearing 
established HER2+ EMT6 tumor cells in their mammary fat pads 
(Fig. 5d). Consistent with the previous mouse experiment, T-Sia 
2-treated mice had prolonged survival and slow tumor growth com-
pared to PBS- and trastuzumab-treated mice (Fig. 5d,e and Extended 
Data Fig. 7b,c). Survival and tumor growth of T-Sia-LOF-treated 
mice was not notably different from trastuzumab- or PBS-treated 
mice, indicating that sialidase activity mediates the therapeutic 
effect (Fig. 5d,e and Extended Data Fig. 7c). T-Sia 2-treated mice 
showed a slight early delay in tumor growth that was not evident 
in T-FcX-Sia-treated mice (Extended Data Fig. 7c); however, there 
was no significant difference in survival between the two treatment 
groups (Fig. 5e, P = 0.89). The early tumor growth differences sug-
gest that T-Sia 2 may be potentiating both FcγR-dependent and 
-independent immune responses in mice; however, the strong sur-
vival benefit of T-FcX-Sia indicates that T-Sia 2’s principle mech-
anism of action in  vivo is not dependent on enhancing ADCC  
or antibody-dependent cellular phagocytosis (ADCP) through  
antibody–Fcγ receptor binding.
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Fig. 4 | T-Sia 2 degrades sialoglycans and slows tumor growth in a HER2+ EMT6 syngeneic mouse breast cancer model that is resistant to trastuzumab 
alone. a, HER2+ EMT6 cells were treated with PBS, 10!nM trastuzumab (Tras) or 10!nM of T-Sia 2. Human NK cells were added at a ratio of 3:1 and ADCC 
was quantified by flow cytometry after 4!h and subtracting PBS controls. A paired two-tailed t-test is shown for n!=!3 independent biological replicates of 
different NK cell donors. b, HER2+ EMT6 cells were injected into the mammary fat pad of Balb/c mice. Starting on day 8, mice were injected i.p. every 2–4!d 
with PBS (n!=!5), trastuzumab (Tras, 15!mg!kg−1, n!=!6) or T-Sia 2 (10 or 15!mg!kg−1, n!=!6). c, Individual growth curves of the HER2+ EMT6 tumors in mice. 
d, Survival curve for animals described in b; statistics were a log-rank (Mantel–Cox) test comparing T-Sia 2 (10!mg!kg−1) with trastuzumab. e, For T-Sia 
2 histology, s.c. HER2+ EMT6 were injected, followed by i.p. injection of T-Sia 2 or PBS at day 5 and killed on day 9. f, Fluorescent images of tumor slices 
of the mice treated in e, with PBS, 500!pmol (~5!mg!kg−1) T-Sia 2, or a positive control of tumor slices treated ex vivo with a sialidase cocktail. Slides were 
stained with biotinylated PNA or MALII lectin followed by streptavidin-647. Images are representative of an experiment with n!=!3 mice per group; scale 
bar, 100!μm, lower-right image, more images from this experiment are in Extended Data Fig. 6.
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Perspective: Various tools for glycan engineering is growing.
Protein-selective manipulation of glycansDirect manipulation of glycans

membranes using approaches such as lipid insertion, liposomal
fusion, or protein conjugation (Frame et al., 2007; Huang et al.,
2014; Hudak et al., 2013; Paszek et al., 2014; Pulsipher et al.,
2014, 2015). De novo display methods provide excellent control
over the glycan structure of interest and enable the presentation
of both small and large glycans at the cell surface. Moreover, this
approach is not constrained by the substrate specificity of natu-
ral enzymes, thus expanding the scope of glycan engineering to
complex structures unattainable by other methods. However,
exogenous sugars are typically displayed alongside the native
glycan population, which could obscure the biological effects
of the newly added carbohydrates. To address this complica-
tion, de novo glycan display methods can be used in combina-
tion with genetic depletion approaches to minimize the contribu-
tions of interfering endogenous glycans (Huang et al., 2014). The
versatility of the technique also allows for the display of a wide
range of carbohydrate-based structures, including glycomimet-
ics such as synthetic glycopolymers, glycans appended to
simplified proteins, or even the glycan component of glycopro-
teins alone (Huang et al., 2014; Hudak et al., 2013; Paszek
et al., 2014; Pulsipher et al., 2014, 2015). Despite the use of mini-
malist structures and possible interference from endogenous
carbohydrates, de novo glycan display has provided remarkable
insights into a variety of biological systems.
One of the first examples of de novo glycan display examined

the effects of altering blood group antigens on erythrocyte cell
surfaces (Frame et al., 2007). Blood type is determined by the
presence of specific glycolipid structures, the O-, A- and B-
type antigens, on red blood cells. Synthetic glycolipid mimics
that contained each antigen type were incubated with O-type

erythrocytes (which lack A- and B-type antigens) to allow for lipid
insertion of the glycomimetics in the membrane. The newly
remodeled blood cells displaying the artificial A- and B-type
glycolipids acquired a strong immune response to anti-A and
anti-B antibodies, respectively. This proof-of-concept approach
demonstrated that de novo glycan display through the passive
insertion of lipid-anchored glycans into membranes could be
used to control biological responses.
More recently, the immunoevasive properties of tumorigenic

cells were examined through membrane insertion of synthetic
glycopolymers. Many cancer cells develop mechanisms such
as increased surface sialylation to avoid detection by natural
killer (NK) cells in the innate immune response (Büll et al.,
2014; Fuster and Esko, 2005). Using glycan-functionalized poly-
mers containing a terminal phospholipid, different carbohy-
drates were anchored to the surface of cancer cells (Figure 9A)
(Hudak et al., 2013). Cells were then co-incubated with NK cells
to determine if the exogenous glycans recapitulated the naturally
observed avoidance of NK-mediated cell death. Only sialylated
NeuAc-containing polymers significantly attenuated cytotox-
icity, and the polymer-displaying cells also were found to prevent
NK degranulation, a key process in cell killing. Notably, the
NeuAc polymers protected bone marrow-derived hematopoietic
stem cells against NK-mediated cytotoxicity, suggesting that de
novo glycan display of such polymers could help prevent cellular
rejection during transplantation.
The remodeling of cell surfaces with lipid-anchored glycopol-

ymers has also provided key insights into themechanobiology of
integrin signaling. Integrins are cell-surface receptors that regu-
late cancer cell migration, invasion, and proliferation (Guo and

A B C

Figure 9. De novo Display of Cell-Surface Glycans
(A) NeuAc-containing glycans and HS GAGs were chemically appended to a ketone-functionalized polymer and inserted into the plasma membrane using a
phospholipid tail.
(B) CS GAGs were displayed on the cell surface by functionalization onto ketone-containing liposomes.
(C) Genetic incorporation of the HaloTag protein allowed for the immobilization of HS GAGs modified with a chlorohexyl linker.
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ABSTRACT: O-Linked β-N-acetylglucosamine (O-GlcNAc) is a monosaccharide that plays an essential role in cellular signaling
throughout the nucleocytoplasmic proteome of eukaryotic cells. Strategies for selectively increasing O-GlcNAc levels on a target
protein in cells would accelerate studies of this essential modification. Here, we report a generalizable strategy for introducing O-
GlcNAc into selected target proteins in cells using a nanobody as a proximity-directing agent fused to O-GlcNAc transferase (OGT).
Fusion of a nanobody that recognizes GFP (nGFP) or a nanobody that recognizes the four-amino acid sequence EPEA (nEPEA) to
OGT yielded nanobody-OGT constructs that selectively delivered O-GlcNAc to a series of tagged target proteins (e.g., JunB, cJun,
and Nup62). Truncation of the tetratricopeptide repeat domain as in OGT(4) increased selectivity for the target protein through the
nanobody by reducing global elevation of O-GlcNAc levels in the cell. Quantitative chemical proteomics confirmed the increase in
O-GlcNAc to the target protein by nanobody-OGT(4). Glycoproteomics revealed that nanobody-OGT(4) or full-length OGT
produced a similar glycosite profile on the target protein JunB and Nup62. Finally, we demonstrate the ability to selectively target
endogenous α-synuclein for O-GlcNAcylation in HEK293T cells. These first proximity-directed OGT constructs provide a flexible
strategy for targeting additional proteins and a template for further engineering of OGT and the O-GlcNAc proteome in the future.
The use of a nanobody to redirect OGT substrate selection for glycosylation of desired proteins in cells may further constitute a
generalizable strategy for controlling a broader array of post-translational modifications in cells.

O-Linked β-N-acetylglucosamine (O-GlcNAc) is a form of
protein glycosylation installed on serine or threonine residues
on thousands of nuclear, cytosolic, and mitochondrial proteins.
Due to the ubiquitous nature of the modification, O-GlcNAc
has been implicated in numerous biological processes and
diseases, including the immune response,1,2 cancer progres-
sion,3 neurodegeneration,4,5 and diabetes.6,7 However, the O-
GlcNAc modification is challenging to tune on particular
glycoproteins within the cell. Global alteration of O-GlcNAc
levels can be achieved through manipulating gene expression
or chemical inhibitors,8−10 but relating biological effects to a
specific glycoprotein requires extensive follow-up studies.
Elimination of the O-GlcNAc modification and a recent
strategy to introduce GlcNAc11 at selected S-glycosites are
possible following mapping and mutagenesis of the glycosite in
cells. These methods have yielded defined functions for O-

GlcNAc3,11 but are challenging to implement for proteins
carrying multiple glycosites. Mutagenesis prevents analysis of
competing post-translational modification (PTM) pathways
(e.g., phosphorylation12 and ubiquitinylation)13 and must be
developed for every target protein only if the exact glycosite is
known. By contrast, a method for selectively introducing O-
GlcNAcylation on a desired target protein in cells would
enable the direct evaluation of the effects of increasing O-
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compare glycosites produced by nEPEA(4) to full-length
OGT(13). JunB-Flag-EPEA was expressed alone as the control
or co-expressed with an undirected full-length OGT [RFP(13)
or GFP(13)] or nEPEA(4) in α-syn KO HEK293T cells and
was affinity purified, digested with chymotrypsin, and analyzed
by MS in biological triplicate. Unambiguous glycosites were
determined on the basis of previously established criteria.18

Four unambiguous glycosites were identified from JunB-Flag-
EPEA. Three of the four unambiguous glycosites (S95, T153,
and S158) were identified in at least one nEPEA(4) sample
and one reference sample [control, RFP(13)/GFP(13)]
(Figure 4B and Table S2). The remaining glycosite S85 was
identified only in samples co-expressing RFP(13). These
results indicate that replacement of parts of the TPR domain
with the nanobody results in a fusion construct that targets
broadly similar glycosites as a full-length OGT(13).
We further evaluated the glycosite selectivity on the highly

O-GlcNAcylated protein Nup62. Despite the elevated levels of
O-GlcNAc on Nup62, glycosites on Nup62 are only beginning
to be measured by MS,18 and none have been experimentally
validated to the best of our knowledge. A total of 18
unambiguous glycosites were mapped to Nup62-Flag-EPEA
(Figure 4C and Table S3). Of these 18 glycosites, 17 were
found in at least one of the reference samples and in one of the

samples expressing nEPEA(4). The remaining glycosite
(T270) was unambiguously observed only upon co-expression
of nEPEA(4). Seven glycosites (T75, S100, S159, S175, T187,
T306, and T311) on Nup62-Flag-EPEA were found only upon
co-expression of an OGT construct. Taken together,
nEPEA(4) displayed similar glycosite selectivity toward
Nup62-Flag-EPEA and JunB-Flag-EPEA while increasing
overall levels of the O-GlcNAcylated target protein.

Targeting Endogenous α-Synuclein for O-GlcNAcyla-
tion with nEPEA(4). A major advantage of using nanobodies
for proximity direction of OGT is the potential to recruit OGT
to endogenous target proteins. Because the nEPEA nanobody
was originally developed against the C-terminal EPEA
sequence of α-synuclein, we evaluated whether nEPEA(4)
could increase the level of glycosylation of endogenous α-
synuclein in a selective manner in comparison to over-
expression of RFP(13), which is a primary strategy for
elevating O-GlcNAc levels. Endogenous α-synuclein glyco-
sylation was visualized using a mass shift assay, which uses a
chemical reporter for O-GlcNAc to install a PEG5K tag for
determination of O-GlcNAc protein stoichiometry.35 As
expected, we observed an increase in O-GlcNAc levels on α-
synuclein determined by a mass shift assay upon expression of
RFP(13) and nEPEA(4), but not the catalytically inactive
mutant nEPEA(4,K852A) (Figure 5B). Notably, expression of
untargeted RFP(13) resulted in a dramatic increase in the level
of O-GlcNAcylation across the global HEK293T cell proteome
that was significantly reduced in the nEPEA(4) sample. Taken
together, these data demonstrate the high selectivity and

Figure 4. Quantitative proteomics and glycoproteomics of the global
O-GlcNAc proteome from α-syn KO HEK293T cells. (A)
Quantitative proteomics of enriched O-GlcNAcylated proteins from
α-syn KO HEK293T cells after co-expression of nEPEA(4)
(highlighted in blue) and JunB-Flag-EPEA (highlighted in red)
compared to expression of JunB-Flag-EPEA alone (control). (B)
Venn diagram and list of unambiguous glycosite assignments for
JunB-Flag-EPEA. (C) Venn diagram and list of unambiguous
glycosite assignments for Nup62-Flag-EPEA. The target protein was
co-expressed with the indicated OGT fusion protein in α-syn KO
HEK293T cells, immunoprecipitated, and analyzed by MS. Only
monoglycosylated peptides with unambiguous assignments and a
PSM count of >2 across biological replicates are shown. Three
biological replicates were performed per experiment.

Figure 5. Western blot and quantification of O-GlcNAc introduced
into α-synuclein by a mass shift assay. The indicated nanobody-OGT
construct was expressed in HEK293T cells, and the cells were lysed,
chemoenzymatically labeled, and analyzed by a mass shift assay.
Global O-GlcNAc levels and the expression of the nanobody-OGT
constructs were verified by Western blot analysis (10% input). Six
biological replicates were performed per experiment. Error bars
represent the standard deviation. Under a two-tailed t test or one-way
analysis of variance, ns represents p ≥ 0.05, one asterisk represents p
≤ 0.05, two asterisks represent p ≤ 0.01, and four asterisks represent p
≤ 0.0001. Full blots can be found in Figure S10.
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sialic acid analog was not incorporated owing to competition with
the endogenous pool of NeuAc, a general problem encountered
when using metabolic labeling techniques. These results emphasize
the generality and efficiency of periodate oxidation and aniline-
catalyzed oxime ligation (PAL) for introducing aminooxy-labeled
tags onto sialylated glycoproteins on living cells.
We found that PAL can also be adapted to a convenient one-pot

reaction, with little loss of labeling efficiency when compared to
sequential periodate oxidation and oxime ligation (Fig. 1d), mak-
ing it useful for applications that do not require optimal labeling of
glycoproteins. Cell viability using the standard PAL (Supplemen-
tary Fig. 3 online) and one-pot reactions (data not shown) was
B88–93% compared to cells incubated with buffer alone. PAL
was equally efficient whether the oxime ligation was conducted for
90min at room temperature (18–22 1C) or at 4 1C (Supplementary
Fig. 4 online).
To determine the amount of cell-surface sialylated glycoprotein

labeling using PAL, we examined the biotinylation of glycoproteins
of K20 cells labeled with 3H-NeuAc using cytidine monophosphate
CMP–[3H]NeuAc and a sialyltransferase, b-galactoside a2,6-sialyl-
transferase (ST6Gal I) (Supplementary Methods). Glycoproteins
from cell lysates of [3H]NeuAc-labeled K20 cells before and after
PAL were quantitatively precipitated with streptavidin, resolved
by gel electrophoresis and visualized by fluorography (Fig. 2a).
Without PAL treatment, no glycoproteins were precipitated by
streptavidin. In contrast, the [3H]NeuAc-labeled glycoproteins
were precipitated by streptavidin from lysates of cells subjected to
PAL (Fig. 2a). In triplicate independent experiments, B40–55%
of 3H-labeled glycoproteins from cells subjected to PAL were

precipitated by streptavidin as assessed by scintillation count-
ing, demonstrating the high efficiency of biotin labeling (data
not shown).
Western blot analysis of CD45, a major glycoprotein of B cells,

showed biotinylation of 40% and 100% of CD45 in lysates of K20
cells subjected to PAL using 100 mM and 250 mM aminooxy-biotin,
respectively (Fig. 2b). Other glycoproteins examined were precipi-
tated by streptavidin to varying extents (10–100%), presumably
reflecting differences in the extent of sialylation (Supplementary
Fig. 5 online).
In accord with the nature and localization of the glycosyl-

ation machinery, sialylated glycoproteins are restricted to the
plasma membrane and the subcellular organelles of the secretory
and endocytic pathways of cells. To assess whether intra-
cellular glycoproteins were labeled by PAL, we analyzed Chinese
hamster ovary (CHO) cells using confocal microscopy. After PAL at
4 1C, we permeabilized the cells and stained them with DTAF-
streptavidin. CHO cells were intensely stained on the cell surface,
with no apparent intracellular staining (Fig. 2c). Staining was
completely dependent on periodate oxidation and only weak
staining was evident after labeling with aminooxy-biotin in the
absence of aniline (Fig. 2c). Staining was also completely dependent
on the presence of sialic acids, as demonstrated by staining
low-density lipoprotein D–CHO cells grown in the presence and
absence of galactose required for sialylation (Supplementary
Fig. 6 online).
To determine whether labeled proteins would be endocytosed,

we left CHO cells at 4 1C or warmed them to 37 1C for 1 h after PAL
labeling at 4 1C. We permeabilized the cells before staining with
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Figure 1 | Labeling cell-surface sialylated
glycoproteins by aniline-catalyzed oxime ligation.
(a) Scheme for aminooxy-biotin labeling of
aldehydes on cell-surface sialic acids introduced
by periodate oxidation (top) or metabolic labeling
with BA-NeuAc (bottom). (b) Flow cytometry
results of K88 cells biotinylated by PAL. K88 cells
subjected to periodate oxidation (1 mM NaIO4
at 4 1C for 30 min) were reacted with 100 mM
aminooxy-biotin in the presence or absence
of 10 mM aniline (pH 6.7, at 4 1C for 90 min).
Incorporated biotin was detected by staining with
DTAF-streptavidin by flow cytometry. Untreated
K88 cells were used as the control (n ¼ 3).
(c) Extent of aminooxy-biotin ligation to K88
and K20 cells with (top) or without (bottom)
prior periodate oxidation (1 mM NaIO4 at 4 1C
for 30 min) as measured by the mean channel
fluorescence by flow cytometry. K88 and K20
cells were cultured in serum-free medium with or
without NeuAc or BA-NeuAc, subjected to ligation
with aminooxy-biotin in the presence or absence of
10 mM aniline, stained with DTAF-streptavidin and
analyzed by flow cytometry. Error bars, s.d. (n = 3).
(d) Flow cytometry analysis of K20 cells subjected
to one-pot or sequential labeling of surface sialic
acids and stained with DTAF-streptavidin. For the
one-pot reaction cells were incubated with 1 mM
NaIO4 and 250 mM aminooxy-biotin with 10 mM
aniline at pH 6.7 at 4 1C for 30 min. The sequential
reaction involved periodate oxidation at pH 7.4 for
30 min followed by the aniline-catalyzed oxime
ligation at pH 6.7 for 30 min (n = 3).
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Summary: Glycan Engineering in Living Cells 37

- Introduction
- Glycans play crucial roles in a myriad of biological processes. 
- A growing number of glycan-associated diseases are discovered.
- Because of their high complexity, the study of glycans is quite difficult.

- 1. Bump-and-hole
- The first glycotransferase bump-and-hole system in the living cell was established.
- This system allowed isoenzyme-specific labeling in the endogenous environments.

- 2. Two-step exogenous enzyme reaction
- N-glycan selective editing was achieved by two step enzymatic reaction.
- The heterogeneity of live-cell surface glycans became much lower after reaction.
- This system may be practical tools to elucidate the functions of a certain type of glycosylation.

- Perspective
- Glycobiology is receiving increased attention.
- Various tools for glycan engineering is growing.


