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Abstract

The study of cellular glycosylation presents many challenges due, in large part, to the non-
template driven nature of glycan biosynthesis and their structural complexity. Chemoenzymatic
glycan labeling (CEGL) has emerged as a new technique to address the limitations of existing
methods for glycan detection. CEGL combines glycosyltransferases and unnatural nucleotide
sugar donors equipped with a bioorthogonal chemical tag to directly label specific glycan acceptor
substrates /n situ within biological samples. This article reviews the current CEGL strategies that
are available to characterize cell-surface and intracellular glycans. Applications include imaging
glycan expression status in live cells and tissue samples, proteomic analysis of glycoproteins, and
target validation. Combined with genetic and biochemical tools, CEGL provides new opportunities
to elucidate the functional roles of glycans in human health and disease.

Graphical abstract

Chemoenzymatic Glycan Labeling (CEGL)

Complex Glycosylation: Diversity and Challenges

Post-translational modifications are a major factor that distinguishes mammals from lower
organisms. As stated by Venter and coworkers in their landmark report on the sequence of
the human genome, “the finding that the human genome contains fewer genes than
previously predicted might be compensated for by combinatorial diversity generated at the
level of...post-translational modifications”. Among the different types of post-translational
modifications, glycosylation is the most chemically and biosynthetically complex.

The complexity of glycosylation arises from two factors: the diversity of the building blocks
and the multiple ways in which oligosaccharides can be assembled from these building
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blocks within the cell. For instance, at least five stereocenters are found in a monosaccharide
building block and in higher eukaryotes there are nine essential monosaccharides that can be
linked to each other at multiple positions, in either an a- or B-glycosidic linkage, to form
oligosaccharides?. The resulting linear or branched structures may be further modified by
secondary modifications such as: phosphorylation, sulfation, or lipidation, just to name a
few. Complex oligosaccharides are not assembled in a template-driven process like the
biosynthesis of proteins or nucleic acids. Instead, oligosaccharides are assembled through
stepwise, enzyme-catalyzed additions of monosaccharide building blocks in a
spatiotemporally-controlled process within the secretory pathway. Accordingly, the
ensemble of glycans contained within a particular cell, referred to as its ‘glycome’, is
primarily governed by the spatial arrangement and temporal availability of nucleotide sugar
donors, glycoprotein or glycolipid acceptors, as well as the glycosyltransferases and
glycosidases within the secretory pathway3. This non-template driven biosynthesis generates
enormous diversity and heterogeneity within the cellular glycome that enables diverse
biological roles for glycans.

As a consequence of the non-template driven nature of glycan biosynthesis, the study of
glycans is inherently challenging. In particular, genetically-encoded tags for tracking and
visualizing proteins cannot be used for studying glycans. The detection of glycans using
antibodies and lectins has well-documented drawbacks: glycan-binding antibodies can be
difficult to raise and are often low affinity (mainly of the IgM isotype)?, while the majority
of lectins lack stringent specificity®®, making it difficult to study individual sectors of
glycans. Chemical methods have long been used as alternative tools for the detection of
glycans. However, many of these approaches are destructive. For example, periodic acid and
alcian blue are widely used reagents for the detection of sialic acid and polysialic acid,
respectively, but both cause permanent damage to the treated carbohydrate chains preventing
downstream applications’.

An alternative method for glycan detection relies on metabolic oligosaccharide engineering
(MOE)8-10, Pjoneered by Reutter and Bertozzi, MOE offers a method for glycan detection.
Labeling and detecting sialylated811, fucosylated®12-14, and mucin-type O-linked
glycans815 in live cells and model organisms has become routine practice using this
approach. Harnessing the glycan metabolic machinery to incorporate unnatural
monosaccharide substrates to enable downstream imaging is a powerful application of this
approach, however, two complications can be encountered (Figure 1). First, one metabolic
precursor may enter multiple glycan biosynthetic pathways, be converted into distinct donor
substrates, and get incorporated into more than one sector of glycans!. Second, linkage
specificity cannot be controlled within the same sector of glycans due to the presence of
multiple glycosyltransferases that transfer the same donor substrate to different acceptors or
to the same acceptor substrate but form different linkages®-10. Consequently, MOE cannot
be used to detect a unique class of higher order glycans, e.g. disaccharides or trisaccharides,
which contains specifically linked monosaccharide building blocks. Neither can MOE be
applied to analyse glycosylation patterns in human tissue samples; the feasibility of treating
human patients with unnatural carbohydrate metabolic precursors, aside from 2-deoxy-2-
(*8F)fluoro-D-glucosel?, has yet to be verified. Because peripheral higher order glycans,
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rather than monosaccharides, encode information for cell-surface receptor recognition8,
there is an urgent and unmet need to develop methods for their detection.

Development of Chemoenzymatic Glycan Labeling: from Radioisotope

Probes to Bioorthogonal Probes

To address the unmet challenges encountered by using conventional glycan detection
methods, a new approach has emerged, which we refer to here as chemoenzymatic glycan
labeling (CEGL). It should be noted that this approach is also referred to as selective
exoenzymatic labeling (SEEL) in some publications!9-21; however we believe the use of
CEGL is more appropriate for this review since it has a broader scope encompassing both
intracellular and extracellular modifications, and it explicitly refers to its application for
glycan detection. In this approach, a recombinant glycosyltransferase is used to transfer a
monosaccharide analogue from a nucleotide sugar donor to a specific glycan acceptor
directly on the cell surface or in cell lysates (Figure 2). The transferred monosaccharide is
equipped with a reactive handle that can be further derivatized to incorporate a detection
probe.

The basis for CEGL finds its roots in early studies by Paulson and coworkers who
discovered that recombinant sialyltransferases catalyze the transfer of [14C]-sialic acid to
desialylated erythrocytes?2. This pioneering work demonstrated that recombinant
glycosyltransferases can be used to directly transfer monosaccharides onto the cell surface
from nucleotide sugar donors. Another early example of using enzyme-mediated labeling for
the direct detection of glycans relied on a bovine milk galactosyltransferase to incorporate
radiolabeled galactose onto accessible GICNAc residues on lymphocytes using a UDP-
[1-3H]galactose donor (Figure 3)23. Tracking the lability of the modified glycans, as well as
their location within the cells, led to the serendipitous discovery of a Peptide:N-Glycosidase
F (PNGaseF)-resistant, alkali labile, single O-linked GIcNAc modification located primarily
in the cytoplasm and nucleus of the cells. This paradigm-breaking form of glycosylation has
been shown to play essential roles in the modulation of signaling and transcription in
response to cellular nutrients or stress23,

Despite these early examples, the use of radioisotopes as tracing tools gradually diminished
because of the inherent issues of working with these materials. Advantages associated with
fluorescence-based detection, including high sensitivity and multiple transduction
approaches, have made fluorescent probes obvious candidates to replace radioisotope
probes; nevertheless, their use in CEGL awaited two key discoveries. The first breakthrough
came from studies in glycan biosynthesis revealing that many glycan biosynthetic enzymes
have a broad donor substrate scope?4-27. The second key discovery was the development of
bioorthogonal click chemistry reactions?8-30, CEGL takes advantage of the promiscuity of
glycosyltransferases for their nucleotide donors, which allows for the introduction of
monosaccharide analogues bearing bioorthogonal chemical tags. However, the specificity of
these enzymes towards their glycan acceptors is the key that allows their use in labeling
specific sectors of higher-order glycans, enabling the tagged monosaccharides to be
exploited during the second step of bioorthogonal click chemistry-enabled detection?4:26, In
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2004, Hsieh-Wilson and coworkers reported the first chemoenzymatic method for the
detection of O-GlcNAc-modified proteins via the introduction of a galactose analogue
bearing a ketone that can be derivatized into an biotin-bearing oxime using N-
(aminooxyacetyl)- A/ -(D-biotinoyl) hydrazine3L,

The timely development of bioorthogonal click chemistry provides a facile and
biocompatible means to conjugate fluorescent dyes or biotin probes to the tagged glycans in
their native environment or in crude cell lysates. In general, bioorthogonal probes need to be
small to minimize any perturbations to the native glycan structure2?:32:33 and inert under
biological conditions. To monitor a biological process that takes place in a minute time
scale, a bioorthogonal transformation must be selective and fast. Furthermore, to be
performed in a living system, it necessarily needs to be nontoxic. To date, only a small
number of reactions fulfill the stringent requirements of bioorthogonality, an in depth details
discussion of which can be found in the excellent review by Finn and McKay34, A
preeminent example of a biorthogonal reaction is the Staudinger ligation (Figure 4A), which
was the first bioorthogonal reaction used to target biomolecules in living animals3>:36. A few
other reactions have been rendered bioorthogonal by the use of specifically designed
reagents that circumvent their original limitations. The ligand-accelerated copper-catalyzed
azide-alkyne cycloaddition (CUAAC - Figure 4B)37 is one of the reactions that has been
modified to fulfill the conditions of bioorthogonality by the addition of a chelating ligand,
such as BTTPS (3-(4-((bis((1- tert-butyl-1+-1,2,3-triazol-4-
yl)methyl)amino)methyl)-1+-1,2,3-triazol-1-yl)propyl hydrogen sulfate) or BTTAA (2-(4-
((bis((1-tert-butyl-14-1,2,3-triazol-4-yl)methyl)amino)methyl)-1A4-1,2,3-triazol-1-yl)acetic
acid). The addition of the ligand has not only increased the reaction rates but also reduced
the toxicity of copper, allowing the use of CUAAC in biological environments38-40,

Today, the ligand-accelerated CUAAC and copper-free click chemistry, also known as Strain-
promoted alkyne-azide cycloadditions (SPAAC - Figure 4C)*1:42 remain the most popular
click reactions, which serve as the standard conjugation methods of CEGL (Figure 4).

It is also worth noting that constant innovations in carbohydrate chemistry have increased
the access to monosaccharide analogues equipped with a variety of chemical handles (e.g.
alkyne, azide, aldehyde, diazirine). In parallel, the discovery of previously unknown
glycosylation machineries in bacteria provides rich resources for kinases and phosphorylases
that tolerate increasing levels of substrate modifications#3-46, thus broadening the available
toolkit for the preparation of tagged nucleotide mono- or di-phosphate donors available for
the CEGL-based applications29:32.:37:41,42,

Available CEGL Methods and their Applications

The available CEGL methods, along with their unique features and documented
applications, are summarized in Table 1 and Figure 5. With the exception of GalT1, which is
mainly used to detect the intracellular O-GlcNAc-modified proteins, the enzymes listed in
Table 1 have been tested and validated for the labeling of cell-surface glycans (Figure 6A).
The development of biocompatible click reactions has enabled the utilization of these
methods in live cells and organisms for characterizing their glycosylation patterns. The
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installation of biotin tags for glycoprotein pull-down from complex cell lysates is probably
one of the most powerful applications enabled by CEGL. The enriched proteins can then be
used for mass spectrometry-based analysis to generate a comprehensive profile of proteins
of interest or for target validation to confirm the presence of a particular protein using
Western blot.

GalT1 for O-GIcNAc detection

Many human pathologies are marked by aberrant O-GlcNAcylation®1-53, Therefore, the
development of reliable methods for the profiling of proteins containing O-GIcNAc has
attracted the attention of glycobiologists for over 30 years. Inspired by the work of Torres
and Hart that employed GalT1 to incorporate radiolabeled UDP-[3H]-Gal onto GIcNAc
residues, the Hsieh-Wilson method3! exploits a mutated form of p1-4 Galactosyltransferase
(GalT1 Y289L) that tolerates unnatural substituents at the 2-acetamido position to enable the
transfer of a GICNAc bearing an unnatural ketone as a chemical handle (Figure 5A). This
functional group can be subsequently reacted with an aminooxy-biotin probe for detection
by streptavidin conjugates31:54. More recently, the substrate scope of this mutant GalT1 was
expanded to include an azide-bearing UDP-GIcNAC as the nucleotide sugar donor, allowing
the incorporation of a tag for detection through CuAAC, thus reducing non-specific labeling
in crude cell lysates—a disadvantage associated with the ketone/aminooxy reactive pair°®.

Subsequently, Hsieh-Wilson and colleagues developed a method to quantify the O-GIcNAc
glycosylation stoichiometry and dynamics®6. In this method, GalT1 is employed to install a
ketogalactose residue to O-GIcNAcylated proteins, which is subsequently reacted with an
aminooxy-functionalized polyethylene glycol (PEG) mass tag. In this fashion, tags with
defined molecular masses are affixed to O-GIcNAcylated proteins and the stoichiometry of
O-GIcNAc modifications can be resolved by SDS-PAGE by simple inspection of mass-
shifted bands. O-GlcNAcylated proteins of low abundance can also be visualized by
immunoblotting with antibodies for specific proteins of interest and quantified by the
relative intensities of each band. This method enables the monitoring of O-GIcNAc levels of
proteins ex vivo across different tissues, organs, or diseased states without the need for
protein purification, or complex instrumentation. Furthermore, this method enables the
quantification of changes in glycosylation on specific proteins. The use of GalT1-based
CEGL led to the discovery that pharmacological inhibition of O-GlcNAcase induced
significant changes to the glycosylation status of seven O-GIcNAc modified proteins,
including those essential for synaptic function, in cultured cortical neurons from embryonic
day-18 rats. Analogous to phosphorylation, the reversible O-GIcNAc glycosylation that
occurs in neurons may have important roles in mediating neuronal communication®’.

The Hsieh-Wilson method and antibody-based O-GIcNAc detection rely on mass
spectrometry and immunoblotting to characterize O-GIcNAcylation in the proteome.
Although useful for analyzing a small sample pool, these procedures are time-consuming,
limited by the relatively low affinity and specificity of anti-O-GIcNAc antibodies®®-60, and
preferably detect high abundance proteins. To address these issues, Bertozzi and coworkers
developed a fast and ultrasensitive detection method referred to as “Glyco-seek61. Based on
proximity ligation assay (PLA), Glyco-seek utilizes GalT1 and CUAAC to install a biotin tag

ACS Chem Biol. Author manuscript; available in PMC 2017 June 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aguilar et al.

Page 6

to O-GIcNAc. By conjugating two complementary single-stranded DNA PCR amplicons to
two antibodies—one binding to the protein of interest and the other to the biotinylated O-
GIlcNAc—the ssDNA can be joined by DNA ligase into a complete PCR amplicon to be
detected by quantitative polymerase chain reaction (qQPCR). This method can detect O-
GIcNAcylated samples at levels as low as 0.5 amol (3 orders of magnitude more sensitive
than Western blot)61.

al-3 FucT for LacNAc detection

The chemoenzymatic method for the detection of type 1l LacNAc-containing glycans,
developed by Wu and coworkers, was the first CEGL applied to detect glycans on the cell
surface (Figure 5B)%2, Many mammalian glycans associated with cell-surface receptors
contain LacNAc at the penultimate or terminal position, with functions such as regulation of
receptor dimerization and signaling. Such LacNAc-containing glycans have been reported to
have an aberrant expression in colorectal carcinoma®3. LacNAc is also a ligand for the
galectin family of glycan binding proteins involved in mediating apoptosis, proliferation,
and differentiation among other critical cellular processes®4-%6. The Wu method employs a
Helicobacter pylori a1-3 fucosyltransferase (1-3 FucT) to transfer an azide or alkyne-
bearing fucose to LacNAc on the cell surface, subsequent click ligation with fluorophores or
biotin probes functionalized in a complementary fashion enables rapid and sensitive
detection of the labeled LacNAc epitope.

LacNAc detection with 1-3 FucT was initially validated in various mutant CHO lines with
different glycan expression patterns (Lec2, Lec8 and Lec12)%:67. When using this method to
analyze glycosylation patterns of primary murine lymphocytes it was discovered that
activated T and B-cells (CD44M3INCD62L!°W, CD25%) express higher levels of LacNAc
compared to their naive counterparts (CD44-°WCD62LN9", CD257)40. Chemoenzymatic
LacNAc detection was also applied on zebrafish embryos to track glycan changes during
zebrafish embryogenesis®0.

The chemoenzymatic labeling of LacNAc has recently been translated into a histology
technique capable of labeling glycans in tissue sections, which was termed CHoMP
(CHemoenzymatic Histology of Membrane Polysaccharides; Figure 6B)28. It was
discovered that conventional immunohistochemistry does not interfere with the
chemoenzymatic labeling. Therefore, CHoMP can be applied to examine glycan expression
patterns on select cell types in a tissue sample when combined with antibody-based staining
of specific cell markers. Using this method to screen a lung adenocarcinoma microarray, a
13-fold decrease in LacNAc expression from normal lung to grade 1 adenocarcinoma was
observed. This observation has recently been validated by Miramoto, Lebrilla and coworkers
in a MS-based glycomics analysis®®, suggesting that LacNAc may be used as an early
detection marker for lung cancer. Although CHoMP has only been used for the detection of
LacNAc, the same labeling principle is applicable to examine the distribution and disease-
related changes of other glycan epitopes in tissue arrays or whole tissue sections by
employing the glycosyltransferases listed in Table 1.
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BgtA for Fucal-2Gal detection

This method exploits a bacterial homologue of human blood group A antigen
glycosyltransferase (BgtA) to transfer a GaINAc analogue to the C3 position of galactose
within the Fuca1-2Gal acceptor (Figure 5C). Fuca1-2Gal is often found at the non-
reducing terminus of cell-surface oligosaccharides, such as blood groups H1 and H2, the
glycolipid Globo H, and the Lewis-type structures LeB and LeY 48. BgtA accepts unnatural
donors (UDP-GalNAz or UDP-ketoGal) and is highly specific for the terminal Fuca1l-2Gal
epitope as found in a glycan array screening. This method was directly compared to the
lectin UAEI and antibody A46-B/B10 based approaches, both of which are routinely used
for detecting the Fuca1-2Gal epitope, with the chemoenzymatic method showing higher
sensitivity in identifying proteins known to have this glycan epitope?®.

BgtA-based CEGL was first applied to detect Fuca1-2Gal expression across different
cancer and non-cancer cell lines. It was found that cancerous cells known to express GloboH
(MCF-7, MDA-mb-231, LnCaP) express the highest level of Fuca1l-2Gal while the non-
cancerous cell PrEC had the lowest level. This observation suggests that the
chemoenzymatic labeling Fuca1-2Gal glycans can be used to discriminate cancerous cells
from normal cells*®. Similar to the work described above, proteomic analysis of Fuca.l-
2Gal-containing glycoproteins was conducted from neuronal lysates*8. Another application
of CEGL is target validation. For example, Hsieh-Wilson et a/. used BgtA-based CEGL to
track fucosylation changes in wild-type, a1-2-fucosyltransferase FUT1 and FUT2 knockout
mice®®. This study led to the discovery that FUT2 is primarily responsible for Fuca (1-2)Gal
biosynthesis in the mouse cortex.

WbwK and BgtA for TF-Antigen detection

BgtA when used in a tandem fashion with the fucosyltransferase WbwK can be used to
detect glycans containing terminal Galp1-3GalNAc, also known as the Thomsen—
Friedenreich (TF) antigen (Figure 5C). The TF antigen is highly expressed in various types
of human carcinomas, and has been shown to contribute to tumor development, progression,
and metastasis’?. WbwK has very high substrate specificity towards the TF antigen; it
transfers a fucose in a a1-2 linkage to the terminal galactose of the TF antigen. As
mentioned above, the Fuca1-2Gal epitope can be targeted by BgtA to introduce a
bioorthogonal chemical handle via the transfer of an unnatural UDP-GalNAc donor. Thus, a
combination of BgtA and WbwK can be used to convert the disaccharide TF antigen to a
tetrasaccharide containing a bioorthogonal functionality for detection.

This approach was used to visualize TF antigen-modified glycoproteins on the surface of
Jurkat cells by flow cytometry, as well as identify specific glycoproteins by proteomic
analysis in MCF-7 cells. Furthermore, the combination of two distinct unnatural donors
allowed the detection of two glycans on the same cell®. A ketoGal was introduced in an
initial blocking step by BgtA, followed by WbwK and BgtA introducing GalNAz.
Bioorthogonal ligation of the hydrazine/ketone and alkyne/azide pairs with different
fluorophores allowed the simultaneous identification of Fuca1-2Gal and Galp1-3GalNAc
by flow cytometry.

ACS Chem Biol. Author manuscript; available in PMC 2017 June 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aguilar et al.

Page 8

CgtA for Neu5Aca.2—-3Gal detection

The NeuSAca2-3Gal epitope can be detected using CgtA—a pl1-4 N-
acetylgalactosaminyltransferase from Campylobacter jejuni—based CEGL (Figure 5D).
This epitope is known as the receptor for many infectious pathogens, including the influenza
virus’t. Abnormal expression of NeuSAca2—-3Gal has also been observed in many
carcinomas’2. CgtA accepts the unnatural UDP-GalNAz donor and is highly specific for the
Neu5Aca 2-3Gal epitope, with only background activity observed for NeuSAca2-6Gal or
desialylated substrates. The specificity of this method was validated using NeuSAca2-3Gal
containing fetal bovine fetuin as a model system®0. Its application was then demonstrated by
imaging cell-surface Neu5Aca.2-3Gal epitopes and proteomic analysis of Neu5Aca.2-3Gal
modified proteins in human embryonic kidney 293T cells®.

ST6Gall for N-Glycan detection

ST3Gall for

Discovered by Boons and coworkers, sialyltransferase ST6Gall can be applied /17 situ on the
cell surface to label a much broader acceptor subset of N-glycans instead of a specific
oligosaccharide epitope (Figure 5E). ST6Gall adds a2—6-linked sialic acid and its analogs
mainly to the terminal GalB1-4GIcNAc disaccharide in N-linked glycans’3. This method has
been directly compared to MOE, proving that it has comparable sensitivity but much greater
specificity for N-glycans than metabolic labeling®®.

A recent report of a one-step ST6Gall CEGL strategy using CMP-Neu5Ac analogues
conjugated at C5 or C9 with biotin showed significantly enhanced labeling efficiency
compared to the two-step approach discussed above?0. As demonstrated by proteomic
analysis of HelLa cells labeled by the one-step vs. the two-step protocol, 294 proteins were
identified at <1% false-discovery rate using the one-step protocol, whereas 174 proteins
were identified with the two-step protocol. This one-step strategy was then applied to
visualize and identify cell-surface N-linked glycoproteins after the treatment with
chloroquine, a lysosomal inhibitor that suppresses protein degradation, to investigate how
different glycoproteins respond to lysosomal disruption. This study identified 40
glycoproteins, including IGF2R (cation-independent mannose 6-phosphate receptor) and
EPH2A (ephrin B receptor), that undergo internalization and degradation via the
endolysosomal system, but accumulate inside cells when lysosomal function is
compromised. By contrast, the turnover rate of another set of glycoproteins, including
caveolin-1 and mucin-1, was not affected upon chloroquine treatment, suggesting the
existence of a different cycling mechanism20,

O-Glycan detection

Complementarily, the same team has developed ST3Gal1l as an efficient reagent to label O-
glycans. ST3Gall transfers CMP-Neu5Ac and its analogues to Galp1-3GalNAcaSer/Thr
(TF antigen/core 1) and GIcNAcp1-6(Galp1-3)GalNAcasSer/Thr (core 2) in mucin type O-
linked glycans (Figure 5F)74. As mentioned above, while the TF antigen is exposed in a
variety of carcinomas, in healthy tissues core 1 and core 2 epitopes are generally elongated
or capped by sialic acid?. A pre-treatment of healthy samples with sialidases (or other
exoglycosidases) can therefore expose core 1 and core 2 epitopes to increase the sample pool
of O-glycans that can be detected by ST3Gall CEGL2L.
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With both ST6Gall and ST3Gall in hand, Steet, Wells and coworkers conducted a direct
comparison of CEGL with AcsManNAz-based MOE to identify N- and O-linked
glycoproteins containing terminal sialic acid in human erythroleukemia cells (HEL) cells. To
label sialylated glycoproteins via CEGL, HEL cells were first treated with neuraminidase to
reveal cell-surface substrates to be modified by ST6Gall or ST3Gall, in N-or O-glycans
respectively. Following CEGL and SPAAC-based pull down a total of 103 sialylated
glycoproteins were identified vs. 75 proteins identified by metabolic labeling?l. A
combination of ST6Gall and ST3Gall were also used to profile the expression of
glycoproteins in undifferentiated and differentiated HEL2L. It was found that in an
undifferentiated state, cells express mostly O-glycoproteins, whereas phorbol myristate
acetate (PMA)-activated cells undergo transition to express higher levels of N-
glycoproteins?L. This study also found that upon differentiation of HEL cells to adherent
megakaryocytes, there was increased expression of sialylated cell adhesion molecules, such
as the known megakaryocytic markers integrin 3 and CD4421,

Challenges and Future Direction

As a newcomer to the field of chemical glycobiology, CEGL-based methods are still under
development and remain relatively few in number. One of the biggest challenges for the
future expansion of CEGL is the identification of new glycosyltransferases with strict
acceptor specificity but promiscuity for modified nucleotide sugar donors, which can be
used for glycan labeling in a cellular system. In the past 30 years, numerous
glycosyltransferases from both mammalian and bacterial organisms have been identified and
used for the enzymatic synthesis of oligosaccharides’®. Pilot studies from our own
laboratory have discovered that many of the enzymes active to assemble oligosaccharides in
test tubes do not exhibit activity on the cell surface or in complex cell lysates (Wu, P.,
unpublished results). In addition, the loose acceptor specificity of certain
glycosyltransferases render them non-eligible for CEGL-based applications’®77. For
example, H. pylori Hpp3GIcNacT was identified as a GICNAc transferase that prefers -
linked galactoside acceptor type Il (Galp1-4GIcNAC), but later found to use type I (Galp1-
3GIcNAC), type 111 (Galpl-3GalNAca), and type IV (Galp1l-3GalNAcR) acceptors on both
linear and branched glycans as well. Therefore, while this enzyme is very useful for the in
vitro synthesis of oligosaccharides, it is of little use in CEGL for the detection of Galp1-
4GIcNAc-containing glycans’®79,

The challenges in identifying glycosyltransferases with strict acceptor specificity for
expanding the CEGL toolkit coincidentally reflect certain limitations of current methods.
For example, it is known that besides O-GIcNAc GalT1 Y289L also acts, with less
efficiency, on terminal galactoses on N-glycans 0. In addition, ST3Gal1 recognizes various
O-glycan epitopes as acceptors. Nevertheless, each method presented here has included
measures to ensure that the detection of the target glycans is specific. Lysates used for the
detection of O-GIcNACc are subjected to PNGaseF digestion or cell fractionation prior to the
GalT1 Y289L treatment to ensure removal of non-specific signals3L. In other cases, acceptor
promiscuity observed for ST3Gall has been harnessed to detect O-linked glycans in
generall%21, Notably, all current CEGL methods rely on ex-vivo treatments, and their
application /n vivo has yet to be explored.
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Besides the expansion of the CEGL toolkit for the detection of new glycan targets, coupling
of current methods with new probes and imaging technologies is the natural direction to
push forward this field. MOE has been coupled to state-of-the-art imaging technologies,
producing several very interesting applications. For example, a combination of MOE with a
genetically encoded protein (i.e. GFP) or peptide tag (LAP or LplA acceptor peptide) and
FRET (Forster resonance energy transfer) has permitted the imaging of a single sialylated
glycoprotein, such as GLUT4 and integrin aVp381:82 on the cell surface in the presence of
hundreds of other glycoproteins. Likewise, employing single-molecule tracking, Ovryn and
Wu were able to analyze the trajectories of metabolically labeled N- and O-glycoproteins on
the membrane of live cancer cells®3. These imaging techniques can be readily coupled with
CEGL to achieve linkage and protein specific glycosylation imaging.

Studies like those discussed in this review highlight the potential of CEGL for the
development of new diagnostic tools for human disease. With the effort of many experienced
chemical glycobiologists working tirelessly in the field, we expect in the near future the
emergence of innovative tools to monitor the changes of specific glycoforms throughout the
cell cycle or accompanying disease progression in real time.
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Figure 1. Inherent limitations of metabolic oligosaccharide engineering
(1) A metabolic precursor bearing an unnatural chemical tag (X) may be converted into

different donor substrates and may enter multiple glycan biosynthetic pathways. (2) Linkage
specificity cannot be controlled within the same sector of glycans.
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Figure 2. Chemoenzymatic glycan labeling (CEGL)
In the first step, a monosaccharide equipped with a reactive group (X) is transferred from a

nucleotide sugar donor to the target glycan acceptor on a glycoprotein either on the cell
surface (A) or in cell lysates (B) by a glycosyltransferase. Subsequently, X is derivatized
with a detection probe bearing a complementary reactive group (Y) via bioorthogonal click
reaction.
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Figure 3. Discovery of intracellular O-GIcNAc via the transfer of radiolabeled UDP-Galactose?3
Galactosyltransferase | incorporates radiolabeled galactose from a UDP-[1-3H]Galactose

donor onto an O-GIcNAc-modified protein.

ACS Chem Biol. Author manuscript; available in PMC 2017 June 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Aguilar et al.

Page 19

i ,a\
N 7—\
/(:CJ\ Staudinger Ligation 2
© i

g BITPSICUAAC %
— F
" i %\
—_— =

Figure 4. Examples of bioorthogonal reactions
(A) Staudinger Ligation2°:36, (B) Ligand-accelerated Copper-catalyzed Azide-Alkyne

cycloaddition (CUAAC)3’. (C) Cu-free cycloaddition between azides and cyclooctynes
known as Cu-free Click Chemistry or Strain-Promoted Alkyne-Azide Cycloadditions
(SPAAC)#1:84,

ACS Chem Biol. Author manuscript; available in PMC 2017 June 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Aguilar et al.

Page 20

A
OH OH
OH UDP-GalNAcX 19 <
o s _Q 0
HO GalT1 (Y2goL) HO o.
HO NHAc Ser/Thr NH He NHA ~ Ser/Thr
o
X
B
wo OH OH
_— NHAC
HO flo OR 13 FueT X OHO
OH NHAc OH
HO
OH
C
HO <0H
OH OH
HO HO A Ho OH Ho OH o _0 OHOH OH OH
0 Q . o o _ UDP-GalNAcX NH o 0
HO o WbwkK HO o o) 9] o
oH AcHN BgiA o AcHN
o e} AcHN ! J ‘ B
—~ () — N,
Ser/Thr W/OH S /W - Ser/Thr
HO
HO
OH OH
D HO OH
o
HO
NH\
HO  on HO OH E
coo 6 o \
A}:S':‘ o o OR UDP-GalNAcX s HO OH X _O OH
e OH CgtA €00 o
HE< 070 OR
AcHN o
HO
E
HO OH HO OH X oH OH OH OH OH
o o CMP-NeusAcX £00 o o
HO o ——> Ho» 070 o
OH AcHN ST3Galt ACEN " OH AcHN
o o
~Sser/Thr ~Ser/Thr
F

coo
Ho oM OH HO»
CMP-Neu5AcX (¢]
o e} ) - AcHN fo)
HO %o OR" " sT6Galt HO' Ho OH
OH NHAc N 2
HO %% OoR'

Figure 5. Available chemoenzymatic glycan detection methods
Highlighted in green are the positions where the new linkages are created, shown in red are

the new monosaccharides added, and in blue are the bioorthogonal reactive groups (X);
R=linked oligosaccharides, R’=linked oligosaccharides specifically on N-glycans. (A)
GalT1-enabled O-GIcNAc detection. (B) a1-3FucT-enabled LacNAc detection. (C) TF-
Antigen detection by a tandem approach using WhwK and BgtA, and Fuca.1-2Gal detection
enabled by BgtA. (D) CgtA-enabled NeuSAca2-3Gal detection. (E) A example of O-glycan
detection enabled by ST3Gall. (F) A example of N-glycan detection enabled by ST6Gal1.
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Figure 6. Chemoenzymatic glycan detection applications
(A) Imaging of cell-surface glycans with LacNAc. Lec2 cells stained with chloromethyl

fluorescein diacetate (CMFDA, green) and unstained Lec8 cells were mixed at a 1:5 ratio
and were cultured for 3 days. The cells were treated with 500 mM GDP-FucAz and 30 mU
a1-3 FucT for 15 min, then labeled with 20 mM DIFO-647 for 25 min. Top: Alexa Fluor
647 image merged with fluorescein (green) and Hoechst 33342 stain (blue); middle: Alexa
Fluor 647 image merged with the Hoechst 33342 image; bottom: the bright-field image.
Scale bars: 20 mm. Reprinted from 40 with permission from Wiley-VHC Verlag & Co ©
2011. (B) CHoMP LacNAc labeling method applied to 5 pm, FFPE mouse heart, kidney,
lung, skin, spleen, and preputial gland tissues, next to serial sections of the same tissues
stained with H&E (Hematoxylin and eosin). Green: LacNAc staining; Blue: DAPI nuclear
staining. Reprinted from 47 with permission from Wiley-VHC Verlag & Co © 2014.
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Table 1

Currently available enzymes for chemoenzymatic glycan detection.
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Glycosyltransferase Acceptor Donor Applications Ref
GalT1 (B1-4 Galatosyltransferase) GIcNAc-O-R UDP-GalNAc Proteomics, In-gel fluorescence | 3!

1-3 FucT (a1-3 Fucosyltransferase 3) LacNAG GDP-Fucose E,fé%fog’r’g,t'go‘,ﬂ}'fs'mag'”g’ 13,37.40, 47
BgtA (Human blood group A antigen N . In-gel fluorescence, WB, IHC, 48
glycosyltransferase) Fuca.1-2Gal UDP-GalNAc FACS

‘é‘g}‘&"K (a1-2 Fucosyltransferase) Galp1-3GalNAc GDP-Fucose, UDP-GalNAc | FACS, WB 49

CgtA (B1-4 N-acetylgalactosaminyltransferase) | Neu5Aca2-3Gal UDP-GalNAc \Fl,\ﬁé(l)%\i’ggo imagining, FACS, 50
ST6Gall (B Galactoside a.2—-6 sialyltransferase ] qi FACS, WB, Proteomics, In 19-21

1) N-Glycans, mostly LacNAc | CMP-Sia vivo imaging

ST3Gall (B Galactoside a2-3 sialyltransferase | O-Glycans, mostly core 1 CMP-Sia FACS. WB. Proteomics 21

1)

and 2

WB - Western blot; FACS - Flow cytometry; IHC - Immunohistochemistry, CHoMP- CHemoenzymatic labeling of Membrane Polysaccharides.
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