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Advances in chemical probing of protein
O-GlcNAc glycosylation: structural role and
molecular mechanisms

Abhijit Saha, (2@ Davide Bello (22 and Alberto Fernandez-Tejada (2 *2°

The addition of O-linked-B-b-N-acetylglucosamine (O-GIcNAc) onto serine and threonine residues of nuclear
and cytoplasmic proteins is an abundant, unique post-translational modification governing important biological
processes. O-GIcNAc dysregulation underlies several metabolic disorders leading to human diseases, including
cancer, neurodegeneration and diabetes. This review provides an extensive summary of the recent progress in
probing O-GlcNAcylation using mainly chemical methods, with a special focus on discussing mechanistic insights
and the structural role of O-GIcNAc at the molecular level. We highlight key aspects of the O-GIlcNAc enzymes,
including development of OGT and OGA small-molecule inhibitors, and describe a variety of chemoenzymatic
and chemical biology approaches for the study of O-GlcNAcylation. Special emphasis is placed on the power of
chemistry in the form of synthetic glycopeptide and glycoprotein tools for investigating the site-specific functional
consequences of the maodification. Finally, we discuss in detail the conformational effects of O-GIlcNAc
glycosylation on protein structure and stability, relevant O-GIcNAc-mediated protein interactions and its
molecular recognition features by biological receptors. Future research in this field will provide novel, more
effective chemical strategies and probes for the molecular interrogation of O-GlcNAcylation, elucidating new
mechanisms and functional roles of O-GIcNAc with potential therapeutic applications in human health.

1. Introduction

O-GlcNAc glycosylation (also known as O-GlcNAcylation) is a
key posttranslational modification (PTM) based on addition of
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Fig. 1 The enzyme O-GlcNAc transferase (OGT) catalyses the addition of
O-GlcNAc to nuclear and cytoplasmic proteins, whereas the enzyme
O-GlcNAcase (OGA) catalyses the removal of the sugar.

a single monosaccharide, B-O-p-N-acetylglucosamine (B-O-
GlcNAc), onto serine or threonine residues of nuclear, cytoplas-
mic and mitochondrial proteins.” It is a widespread and
unique form of glycosylation that has been found in prokaryotic
and eukaryotic organisms and differs from other types of
protein O- and N-glycosylation involving the attachment of
several glycan units to cell surface and extracellular proteins.
The O-GlcNAc modification is a highly dynamic process that
occurs in an analogous fashion to protein phosphorylation, and
there is an extensive crosstalk between both PTMs.® The addi-
tion and removal of O-GlcNAc in proteins takes place by the
action of two tightly regulated enzymes highly conserved in
eukaryotes, which make this modification reversible and serve
to maintain cellular O-GlcNAc levels well-balanced (Fig. 1).
O-GlcNAc transferase (OGT) catalyses the incorporation of f-
O-GlcNAc using the donor substrate uridine-5"-diphospho-N-
acetylglucosamine (UDP-GlcNAc),"” biosynthesised from glu-
cose via the hexosamine biosynthetic pathway (HBP), while the
enzyme O-GlcNAcase (OGA) catalyses the removal of O-GlcNAc
from the glycosylated substrates.*” O-GlcNAc-modified pro-
teins are involved in multiple cellular processes, including
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transcription and translation, nutrient and stress sensing,
neuronal function and cell cycle.® As a nutrient sensor, human
O-GIcNAc glycosylation underlies the fundamental mecha-
nisms of chronic diseases related to metabolism and aging, such
as diabetes, cancer and neurodegeneration, which has been
extensively reviewed elsewhere.”™"* O-GlcNAc plays fundamen-
tal roles in diabetes, where increased O-GlcNAcylation asso-
ciated to hyperglycemia has been shown to be the molecular
reason for glucose toxicity, insulin resistance, and impaired
B-cell function.™® Moreover, key transcription factors control-
ling proinsulin expression are dynamically regulated by
O-GlcNAc modification. In cancer, there is increasing evidence
that O-GlcNAcylation contributes to the oncogenic features and
progression of tumour cells.””*° In general, O-GlcNAc cycling is
increased in most cancer cells, which have been found to show
elevated OGT expression and depleted OGA levels®® leading to
increased O-GlcNAcylation. Indeed, blocking O-GlcNAc modifi-
cation resulted in reduced tumour growth, invasion and angio-
genesis, although the mechanistic details of these events are
not fully understood.>* Recent work points to a direct role for
O-GlcNAcylation in the “Warburg effect””,”> whereby acceler-
ated glucose uptake and glycolysis in cancer cells confers them
a selective growth advantage. In addition, many critical signal-
ling pathways (e.g.,, PI3K/mTOR), oncoproteins (e.g., c-Myc,
SV40 large T antigen), tumour suppressor proteins (e.g., p53)
and transcription factors (e.g, p65/NF-kB) are O-GlcNAc-
modified,>® with site-specific O-GlcNAcylation playing distinct
molecular roles in their protein stability and function. Notably,
O-GlcNAc is highly abundant in the brain, where decreased
O-GlcNAcylation of proteins involved in neurodegeneration has
been observed to be associated with Alzheimer’s and Parkin-
son’s diseases.'*** Indeed, O-GlcNAc modification has been
shown to block proteotoxic aggregation of such proteins
(e.g, tau, a-synuclein) suggesting a protective role for O-GlcNA-
cylation in preventing neurodegeneration.>>2® Notwithstanding
these important links, more detailed investigations are
required to completely elucidate the precise function and
molecular mechanisms of O-GlcNAc in disease, further reveal-
ing its promise as a potential clinical target.

Despite its ubiquitous nature and crucial role in biology and
medicine, the molecular bases of O-GlcNAcylation have not yet
been fully understood. This has been partly due to the scarcity
of powerful chemical tools to identify and study this modifica-
tion, which has hampered the elucidation of its functional roles
and structural recognition mechanisms at the molecular level.
The challenge in detecting O-GlcNAcylated proteins has been
partially addressed over the years with the development of
metabolic and chemoenzymatic labelling approaches, which
in combination with modern mass spectrometry (MS)-based
proteomics techniques have enabled the identification of many
of these proteins, albeit site-mapping remains difficult.”” None-
theless, new proteins not detected using the available strategies
are likely yet to be discovered and functionally investigated as
novel, improved approaches are being developed. Herein, we
provide a comprehensive, critical overview of current chemical
biology tools for the study of O-GlcNAc modification, including

This journal is © The Royal Society of Chemistry 2021
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development of inhibitors of O-GIcNAc processing enzymes.
Moreover, we highlight existing gaps and future perspectives in
chemical probing of protein O-GlcNAc glycosylation, with par-
ticular emphasis on shedding light on the molecular mecha-
nisms and recognition processes of O-GlcNAcylated proteins and
their interacting partners. With this review, we aim to provide
critical insights into the chemical prospects for molecular inter-
rogation of O-GlcNAcylation, leading to new directions in the field
and a better understanding of the key functional and structural
roles of this protein modification, with implications for human
health and disease.

2. Enzymes regulating O-GIcNAc
cycling and chemical inhibitors

2.1. O-GlcNAc transferase (OGT)

OGT is a multidomain protein belonging to the CAZy GT-B
glycosyltransferase superfamily that is encoded by a single gene
(OGT) on the X chromosome. There are three different types of
OGT isoforms expressed in human cells, all containing a C-
terminal catalytic domain but differing in the number of N-
terminal tetratricopeptide repeats (TPR) and subcellular locali-
sation: nucleocytoplasmic OGT (ncOGT, 116 kDa), mitochon-
drial OGT (mOGT; 103 kDa), and short OGT (sOGT; 78 kDa).>®
While the TPRs have been suggested to be involved in direct
substrate recognition and glycosite selection,”**° the precise
functional roles are still being elucidated and further binding
modes have also been investigated." Therefore, the molecular
mechanisms by which OGT recognises its substrate proteins
are not entirely understood as this modification occurs only in
certain classes of proteins and in specific protein regions. In
fact, no strict consensus sequence has been identified for OGT,
albeit some structural motifs associated to sequence prefer-
ences dictate substrate selectivity.’ Crystallographic and
kinetic studies with truncated human OGT (hOGT) and
hOGT-substrate complexes®*~* have provided important struc-
tural insights into substrate preferences and reaction mechan-
isms, leading to the proposal of an ordered bi-bi kinetic
mechanism for OGT glycosyl-transfer. According to this model,
UDP-GIcNAc binds the active site first followed by the acceptor
peptide, making a polar contact with the nucleotide-sugar a-
phosphate through the amide of the amino acid that becomes
glycosylated and with its hydroxyl group projecting directly into
the binding site (Fig. 2a). The peptide acceptor binds OGT
mainly in an extended conformation via amide backbone
hydrogen bonds with adjacent TPR residues, with limited
interactions through their side chains, which may explain the
broad substrate tolerance of OGT.***® Recent biochemical and
chemical strategies have revealed the importance of an aspara-
gine ladder (conserved asparagine residues within the TPR
lumen that anchor the peptide backbone of the substrates)®”*
and of luminal aspartate residues (Asp386, Asp420, Asp454)
that define glycosite positioning,*® overall contributing to OGT
interactions with different acceptor proteins and driving sub-
strate selection. Moreover, interactions with adaptor/modulator
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proteins have also been implicated in regulating OGT function
by altering its activity toward specific substrates.*® While these
chemical biology and structural studies have identified impor-
tant clues into substrate recognition and the existence of
an electrophile migration mechanism of glycosylation,** other
binding modes of OGT may exist. Further structural and
biochemical investigations are therefore required to define
these interactions and to gain a better understanding of the
molecular mechanisms regulating OGT activity and function.

OGT inhibitors. The structural insights obtained from the
studies on the OGT crystallographic structures have also aided
the development of specific and potent small-molecule OGT
inhibitors (Fig. 2b and c). In addition to their utility for probing
the biological functions of OGT, they also represent valuable
chemical tools to control O-GlcNAcylation for therapeutic appli-
cations. In recent years, several promising inhibitors have been
discovered in the form of new chemical entities by using library
screening”" or, alternatively, as substrate analogues by rational
design. High-throughput screening (HTS) led to the identifi-
cation of benzoxazolinone (BZX1, ICs, = 10 uM) and
quinolinone-6-sulfonamide (Q6S) scaffolds®' that inhibited
OGT activity in vitro (Fig. 2b). Structural optimisation of these
compounds using medicinal chemistry identified more potent
inhibitors, namely BZX2 (ICs, < 10 uM) as a neutral dipho-
sphate mimic that inhibits OGT covalently**> and OSMI-1 (ICs, =
2.7 uM), whose Q6S moiety mimicked the uridine unit of UDP-
GlcNAc.”® These derivatives showed improved inhibitory
potency and properties in vitro, but their utility in cells was
limited. Iterative structure-based evolution of the Q6S scaffold
led to new cell-permeable inhibitors with low nanomolar
potency in cells and on-target cellular activity.** Among them,
OSMI-4 (IC5o = 60 nM, EC5 ~ 3 puM, Kq = 8 nM for its
deacylated active form) emerges as one of the most potent
inhibitors to date, although its specificity and potency in
animal models need to be further investigated.

The identification of these OGT inhibitors validates HTS
strategies for the discovery of other glycosyltransferase
inhibitors®® and provides opportunities for the development
of more potent and specific inhibitors better suited to inter-
rogate OGT in vivo. Alternatively, analogues of UDP-GlcNAc
have also been rationally designed for metabolic OGT inhibi-
tion (Fig. 2c). A cell-permeable per-O-acetylated-5S-GlcNAc
(ICso = 11 puM, ECso = 5 uM) derivative is converted in cells to
UDP-5S-GlcNAc, which acts as a potent OGT inhibitor in vitro
(K; = 8 uM) and in cell lines.*® With a view to inhibiting OGT
in vivo, more water soluble, cell-permeable analogues incorpor-
ating hydrophobic N-acyl substituents were developed, such as
55-GlcNHex (ICs = 11 uM, ECs, = 5 uM) which is metabolically
converted to the same UDP-5S-GlcNAc active compound and
exhibited OGT inhibitory activity in mice.*” Despite their high
potency, these analogues hijack the HBP and reduce the native
UDP-GIcNAc pool within the cell, potentially causing undesired
inhibition of other necessary glycosyltransferases, which might
affect other cellular processes. Another example of rational
development of OGT inhibitors is UDP-peptide bisubstrate
conjugates such as goblin 1 (ICso = 18 puM in vitro)*® and more

Chem. Soc. Rev., 2021, 50, 10451-10485 | 10453
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Fig. 2 (a) Active site view of truncated OGT in complex with UDP-5S-GIcNAc and CKIl peptide (PDB: 4GYY) showing key interacting residues and polar
contacts (black dashed lines) (left panel);*> mechanism of O-GlcNAcylation by OGT highlighting important active site enzyme residues and interactions
(right panel). (b and c) Chemical structures of some OGT inhibitors and their reported potencies: (b) BZX1, BZX2, OSMI-1, OSMI-4 identified via high-
throughput screening, (c) Ac4-5S-GlcNAc, 5S-GlcNHex, goblinl and its S-linked analogue, designed based on the structures of the UDP-GIcNAc donor
substrate and the UDP reaction product.

potent thio-linked derivatives (IC5, = 2 uM),*® which are how- breakdown of a transient oxazoline intermediate facilitated
ever not cell-permeable due to the negative charge of the by two catalytic acid-base residues (Asp174 and Aspl75)
diphosphate moiety, precluding their use in vivo. (Fig. 3a).>"> Thus, the N-acetamido group of the substrate acts

Overall, these studies have provided useful OGT inhibitors as a nucleophile displacing the protein hydroxyl group to
for in vitro and even animal models.’® Nonetheless, novel generate the transient enzyme-bound oxazoline, which then
chemical strategies are needed for the development of wundergoes hydrolytic ring-opening to provide the corres-
improved, substrate-specific inhibitors that can be used to ponding GlcNAc hemiacetal. The structures of truncated hOGA
probe O-GlcNAcylation on selected protein(s) and that show in apo form and in complex with small molecule inhibitors
sufficiently high potency to be applied in vivo. (thiamEt-G, PUGNAc-imidazole, and VV347) as well as
different glycopeptide substrates were solved in 2017 by three
research groups independently.’* > These studies revealed an
In humans, OGA is encoded by the OGA gene in the form of two  unusual dimeric structure and general principles for OGA
major splice variants differing by the presence or absence of a  substrate recognition, whereby the glycopeptide is bound
C-terminal region: a long OGA (I0GA) and a short OGA (sOGA), in a substrate-binding cleft created by the dimerisation of
respectively. Human long OGA (hOGA) is made up of an N- hOGA.>>"® The interactions of the GlcNAc sugar with the OGA
terminal catalytic domain similar to the CAZy glycoside hydro- catalytic pocket are significant and highly conserved, whereas
lase family 84 (GH84) and a C-terminal pseudo-histone acetyl- the peptides adopt a similar V-shaped conformation binding in
transferase (HAT) domain, connected by an ordered stalk a bidirectional orientation, with some side chain-specific inter-
domain in-between. After cloning and biochemical character- actions with OGA residues in the cleft. Future structural studies
isation of hOGA in 2001,” the matter of OGA substrate recogni- are expected to illuminate how OGA interacts with specific
tion beyond the GlcNAc unit has been a long-standing protein substrates beyond the catalytic domain, yielding a more
question. OGA follows a double-displacement, substrate- in-depth understanding of the molecular details of OGA sub-
assisted catalytic mechanism, involving the formation and strate recognition. The three structures of hOGA complexed

2.2. O-GlcNAcase (OGA)

10454 | Chem. Soc. Rev,, 2021, 50, 10451-10485 This journal is © The Royal Society of Chemistry 2021
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Fig. 3

(a) Catalytic mechanism of human O-GlcNAcase (hOGA) deglycosylation (hydrolysis) proceeds through an oxazoline intermediate with the

assistance of Aspl174 and Aspl75 as catalytic acid—base residues. (b) Active site view of OGA in complex with thiamEt-G (depicted as an overlay of three
different PDB structures (5SUN9, 5M7S, 5UHL)) showing key interacting residues and contacts (black dashed lines).*® (c) Chemical structure of some OGA
inhibitors with their reported potencies: PUGNAc, GlcNAcstatin G, NAG-thiazoline, NButGT, thiamEt-G, its methyl analogue thiamMe-G, its difluoro

congener MK-8719, and iminocyclitol derivative VV347.

with its inhibitor thiamEt-G (thiazoline amino ethyl gluco-
configured)®*™® revealed strong interactions with active site
residues (e.g., Lys98, Asp174, Asp175 Asp285, Asn313) (Fig. 3b),
and yielded direct structural evidence of the proposed
substrate-assisted mechanism for OGA.*> Moreover, the struc-
tures of hOGA in complex with the three previous inhibitors
provide valuable insights to assist future efforts in inhibitor
design.

OGA inhibitors. The development of new OGA inhibitors has
been a topic of interest, both for O-GlcNAc functional studies
and for potential applications in therapy, for instance, in
neurodegenerative diseases.””> Most of the reported OGA inhibi-
tors with high potency and selectivity are mimics of the transition
state species proposed in the substrate-assisted catalytic mecha-
nism for OGA (Fig. 3c).51,57 PUGNAc [O-(2-acetamido-2-deoxy-p-
glucopyranosylidene)amino-N-phenylcarbamate] is one of the

This journal is © The Royal Society of Chemistry 2021

earliest and most widely used potent OGA inhibitors (K; = 46 nM).>*®
However, due to its structural design features it is a
poor catalytic transition state analogue®® and suffers from
selectivity issues against other glycoside hydrolases of the
GH20 family (e.g. human lysosomal B-hexosaminidases),®
increasing the risk of off-target effects and limiting its utility
in functional cellular studies. To address this problem, new
potent and very selective OGA glucoimidazole derivatives,
termed GlcNAcstatin, were rationally developed based on PUG-
NAc and its crystal structure with OGA.°™®* In particular,
the cell-penetrating GlcNAcstatin G displayed low nanomolar
inhibition (K; = 4 nM) and extremely high selectivity (> 900 000-
fold) for hOGA over B-hexosaminidases,®® inducing hyper
O-GlcNAcylation in cells and emerging as a useful tool to
study the role of O-GlcNAc in cellular biology. NAG-thiazoline
(1,2-dideoxy-2’-methyl-a-p-glucopyranoso-[2,1-d]-A2’-thiazoline),

Chem. Soc. Rev., 2021, 50, 10451-10485 | 10455
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designed as a mimic of the catalytic oxazoline intermediate,* is
another potent (K; = 70 nM) but not selective OGA inhibitor. This
led to the rational development and study of several derivatives
bearing longer alkyl substituents in the thiazoline ring that
exhibited enhanced selectivity but decreased potency, including
the partially unstable inhibitor NButGT (K; = 230 nM).>*° A subtle
modification of NButGT, in which the proximal methylene group
of the alkyl chain was replaced with an amine with a view to
increasing electrostatic interactions, provided the very potent
inhibitor thiamEt-G (K; = 21 nM later redetermined as 2.1 nM)**
with excellent selectivity (35000-fold) over B-hexosaminidases.®®
Moreover, its further beneficial properties, namely streamlined
chemical synthesis, improved stability and cell-permeability, as
well as its ability to cross the blood-brain barrier, have made
thiamEt-G a leading OGA inhibitor in a number of in vitro and
in vivo studies.

For instance, thiamEt-G has been used to increase O-GIcNAc
levels in mouse models of Alzheimer’s disease, hindering protein
aggregation and reducing neurodegeneration.®® Based on the
thiamEt-G structure, 2’-aminothiazoline derivatives with different
alkyl groups at the 2’ position were developed as genuine transi-
tion state analogues, the most potent of which (thiamMe-G)
showed subnanomolar inhibition (K; = 0.5 nM) and even greater
selectivity (1800000-fold) over B-hexosaminidases.*® Recently,
medicinal chemistry optimisation of the (thiamEt-G) parent com-
pound by reducing its polar surface area led to the identification
of a highly potent (K; = 7.9 nM) and selective difluoro-substituted
congener (MK-8719), which showed improved drug-like properties
and has been advanced for clinical trials.®” Another approach to
potent OGA inhibitors has taken the form of stereoisomeric
pyrrolidine-based iminocyclitols.®® Among them, Vv347 stood
out, which exhibited single digit nanomolar potency (K; =
7.6 nM), good bioavailability and biodistribution in mice, being
able to cross the blood-brain barrier.*®

Taken together, the detailed understanding of the OGA
catalytic mechanism and structure has made it possible to
successfully develop a range of rationally designed, highly
potent and selective inhibitors as useful chemical tools for
further functional studies and therapeutic applications of
O-GlcNAcylation.

3. Approaches for investigating
O-GIlcNAc modified proteins

While O-GlcNAcylation is widespread among cellular regulatory
proteins, progress in understanding its molecular roles has
been slow, partly due to the difficulties in identifying
and studying this modification (which remained undetected
until the 80s), owing to several intrinsic features. First,
O-GlcNAcylation is dynamic, prevalent on low-abundance
regulatory proteins, and substoichiometric. Second, the GlcNAc
O-glycosidic linkage is inherently labile, both enzymatically
and chemically, falling off upon fragmentation during
standard mass spectrometry (MS) methods; moreover,
O-GlcNAc-peptide ion signals are suppressed in favour of ions
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from unmodified peptides.®® Lastly, while some insights into
particular motifs for O-GlcNAcylation have been provided,*”°
the lack of a definite consensus sequence for OGT has ham-
pered the specific determination of in vivo modification sites
based on the primary sequence alone. Despite these challenges,
a variety of approaches have been developed over the years for
the detection and site mapping of O-GlcNAc, enabling the
identification of over 5000 human O-GlcNAcylated proteins
and 7000 glycosylation sites.”” In the following sections, we
discuss some of these strategies as well as their applications,
advantages and limitations in detecting O-GlcNAc in vitro and
in vivo and provide some insights into the functional signifi-
cance of this modification. We also introduce future perspec-
tives in the development of new chemical tools for identifying
unknown O-GlcNAc proteins.

3.1. Antibodies and lectins for O-GlcNAc research

Several antibodies able to detect O-GlcNAc in cytosolic and
nuclear extracts have been developed. A number of O-GlcNA-
cylated proteins have been identified by Western blotting using
the pan-specific O-GlcNAc monoclonal antibodies RL2 (an IgG
type antibody raised against O-GlcNAc modified fragments of
glycosylated nucleoporins)’> and CTD110.6 (an IgM class anti-
body developed using a synthetic O-GlcNAcylated repeat of the
RNA polymerase II C-terminus as the immunogen).”® However,
these antibodies suffer from limited specificity, cross-reactivity
issues” and relatively low binding affinities, which preclude
the efficient detection of single-modified, low-abundance
O-GlcNAc proteins.® Several other anti-O-GleNAc mouse mAbs
are also known, such as HGAC39 and 85,”” 10D8,’® and three
IgG mAbs (18B10.C7(#3), 9D1.E4(#10), and 1F5.D6(#14)), which
were developed wusing synthetic O-GIcNAc glycopeptide
antigens.”” The specificity of these mAbs towards terminal
O-GlcNAc versus other forms of exposed GlcNAc has been
investigated. In particular, IgM CTD110.6 and IgG mAbs
18B10.C7(#3) and 9D1.E4(#10) were reported to detect
O-GlcNAc specifically on cell surface glycoproteins,”® and
together with 1F5.D6(#14), these antibodies were also able to
bind terminal B-GlcNAc on N-glycans.”®”® Most recently, a new
antibody mixture for O-GIcNAc has been made available for
Western blotting applications (O-GlcNAc MultiMab Rabbit mAb
mix #82332S by Cell Signaling Technology) that specifically
recognises endogenous levels of O-GlcNAcylated proteins.
Moreover, a few site-specific O-GlcNAc antibodies have been
developed targeting defined O-GlcNAc epitopes within particu-
lar proteins, including c-Myc (Thr58),%° tau (Ser400)," histone
H2A (Ser40, Thr101),*> and TAB1 (Ser395),*> which have
enabled more precise investigations into O-GlcNAc function.
Thus, while all these antibodies have been useful in probing
protein O-GlcNAcylation in a number of applications, there is a
need for additional O-GlcNAc-specific IgG antibodies as power-
ful probes to glean mechanistic insights into site-specific
O-GlcNAc modification to continue bringing fastest, significant
developments in the field.

In addition to antibodies, some plant lectins, and in parti-
cular wheat germ agglutinin (WGA), have been long used for
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research in the field as relatively specific carbohydrate-binding
proteins recognising O-GlcNAc. WGA binds intracellular
O-GlecNAc-modified proteins, but it also recognises N-acetyl-p-
neuraminic acid (Neu5Ac) and terminal GlcNAc residues on
glycoconjugates and oligosaccharides.?® Although succinyla-
tion of WGA (sWGA) increases its specificity for O-GlcNAc,
it also reduces the already low affinity of unmodified WGA
(Ka ~ 2.5 mM for free GlcNAc), making this lectin useful
mainly as an enrichment tool for purification and for
immunoblotting.®> Thus, the low affinity and selectivity of
WGA for single GlcNAc limits its further utility, unless these
residues are closely clustered in a peptide, as demonstrated
with the development of the WGA-based lectin weak affinity
chromatography technique.®® More recently, additional lectins
originally derived from fungi have been identified with stronger
affinity for O-GleNAc (Kq ~ 200 uM).*”®8 Moreover, although
remarkable synthetic lectins have been developed by Davis and
coworkers that show much higher affinity and specificity for
O-GleNACc*>® (see Section 4.4.2), these promising biomimetic
analogues have not yet been applied for the detection of
O-GlcNAcylated proteins.

As another tool for O-GIcNAc detection, van Aalten and
coworkers identified a bacterium Clostridium perfringens OGA
(CpOGA), in which Asp-to-Asn mutation led to an engineered
CpOGAP?*®Y variant that lost hydrolytic activity but retained
substrate binding.”’ This impaired OGA mutant bound
O-GlcNAc peptides with notable nanomolar affinity, although
with preferential binding to Ser- over Thr-O-GlcNAc substrates,
and has been successfully applied to identify a number of
0-GlcNAcylated proteins in embryonic Drosophila.®?

3.2. Metabolic chemical reporters (MCRs) for labelling
intracellular O-GlcNAcylation

To overcome the above limitations in specificity and efficiency
when probing O-GlcNAcylation, various methods have been
developed through metabolic oligosaccharide engineering
(MOE) (also known as metabolic glycan labelling, MGL) by
using chemically synthesised metabolic chemical reporters
(MCRs) incorporating unnatural chemoselective handles. The
substrate UDP-GIcNAc is produced de novo by the HBP, but can
also be generated by the GlcNAc salvage pathway from the
exogenous GlcNAc (Fig. 4a). Notably, OGT has been found to be
able to tolerate subtle structural changes in the donor sub-
strate, recognising modified UDP-GIcNAc derivatives for further
sugar transfer. This feature has allowed the development of a
variety of acetylated GlcNAc-derived chemical reporters that
upon internalisation into cells and metabolic processing into
unnatural UDP sugar donors can be incorporated into the
target proteins by OGT. Subsequent bioorthogonal reaction
between the chemically tagged glycoprotein and fluorescent
and/or biotinylated probes enables visualisation and/or isola-
tion of the O-GlcNAcylated proteins.®® The first reported exam-
ple of metabolic labelling of intracellular O-GlcNAcylation
was demonstrated by the Bertozzi group and made use of
2-azidoacetamido-2-deoxy-glucopyranose (AcsGlcNAz).** The
biologically inert azide group chemically incorporated into
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the GlcNAc acetamido moiety was shown to be well tolerated
by the biosynthetic enzymes of the salvage pathway, leading to
metabolic formation of UDP-GIcNAz. This unnatural sugar
donor was then utilised by OGT to incorporate O-GIcNAz into
Ser/Thr residues, thus generating chemically tagged proteins
bearing an azide functionality for further detection by bioortho-
gonal reactions (e.g., Staudinger ligation or copper-catalysed
alkyne—azide cycloaddition (CuAAC)). The good degree of
tolerance of the GlcNAc salvage pathway and the OGT promis-
cuity towards the azide-modified GIcNAz moiety have been
applied in chemical proteomics approaches® to identify
O-GlcNAcylated proteins in different cell lines (e.g., glucose-6-
phosphatase, elF-5, galectin 3 identified in HeLa cells®®), albeit
weak metabolic labelling was observed.

A limitation of peracetylated Ac,GlcNAz as a metabolic
reporter is the relatively high degree of non-specific glycosyla-
tion. Previous studies showed that GIcNAz is incorporated not
only into intracellular O-GlcNAcylated proteins, but also
directly into the core pentasaccharide of N-linked glycans.’”
Moreover, as UDP-GIcNAc can be interconverted to UDP-
GalNAc (and vice versa) by the UDP-galactose-4’-epimerase
(GALE) enzyme, the corresponding GIcNAz can also be alter-
natively incorporated into mucin-type O-linked glycans,”®
further compromising the specificity and efficiency of the
labelling. In this context, a study investigating the metabolic
cross-talk between O-GlcNAcylation and the GalNAc salvage
pathway found that treating cells with peracetylated GalNAz
(Ac,GalNAz) resulted in UDP-GIcNAz biosynthesis via GALE and
more robust labelling of O-GlcNAcylated proteins than that
with Ac,GlcNAz.*® These MCR approaches have been success-
fully applied for the identification of many O-GlcNAcylated
proteins. For instance, an elegant proteomics approach using
Ac,GIlcNAz and click chemistry-based protein enrichment
followed by on-resin proteolysis and selective -elimination of
the O-GlcNAc-peptide moieties enabled the profiling and site-
mapping of hundreds of O-GlcNAcylated proteins (e.g., the E3
ubiquitin-protein ligase CBL and ubiquilin-2 identified in
HEK293 cells)."®® Most recently, a tandem metabolic glycan
engineering strategy has been developed by Vocadlo and
coworkers to assess whether the de novo, ribosome-
synthesised nascent peptide chains are substrates of OGT and
cotranslationally glycosylated with O-GleNAc.'! Ac,GalNAz was
employed to incorporate O-GlcNAz into the nascent peptides
(via metabolic conversion of UDP-GalNAz to UDP-GIcNAz by
GALE as described above), and the cells were then treated with
O-propargyl-puromycin (OPP), leading to incorporation of an
alkyne moiety into the nascent peptide C-terminus and termi-
nation of translation. This strategy allowed for subsequent
labelling via two sequential rounds of bioorthogonal reactions
(Staudinger ligation onto the GlcNAz fragment and CuAAC on
the terminal alkyne), enabling both visualisation and enrich-
ment of the doubly tagged proteins for proteomics analysis.
This technique identified around 500 O-GIlcNAc candidate
proteins, and 75 of them were considered to be good candi-
dates for further validation as OGT substrates for cotransla-
tional glycosylation. Subsequent gene ontology studies showed
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(a) Schemes of the GlcNAc de novo hexosamine biosynthetic pathway (HBP) and salvage pathway from exogenous GlcNAc, showing a range of

synthetic metabolic chemical reporters (MCRs). The engineered GlcNAc analogues enter the salvage pathway and are converted to the corresponding
UDP-GIcNAc derivatives in the cell; subsequent OGT-catalysed O-GlcNAcylation enables labelling of the relevant O-GlcNAc modified proteins.

(b) General workflow showing how the probes are applied for the identification of the O-GlcNAcylated proteins.

significant enrichment of proteins in functional categories that
suggest physiological roles for cotranslational O-GlcNAcylation.
Further application of this approach on three candidate pro-
teins (Ataxin-2L, Nup153 and HCF-1) confirmed the occurrence
of cotranslational O-GlcNAcylation, thus validating this strategy
as a powerful tool for the identification of O-GlcNAc modified
nascent proteins.

Another synthetic chemical reporter for detecting O-
GlcNAcylated proteins is Ac,GleNAlk, which was developed
by Pratt and coworkers, featuring a built-in alkyne tail at the
2-acetamido position.'®® GleNAlk was found to be incorporated
and removed from target proteins at rates similar to those of
GIcNAz, and was not readily interconverted to GalNAlk via
GALE, leading to a low level of labelled O-linked mucin glyco-
proteins. This makes GIcNAlk a more specific reporter of
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O-GlcNAcylation compared to GlcNAz and GalNAz, and was
exploited in combination with bioorthogonal labelling using a
cleavable biotin affinity tag for the identification of 374
O-GlcNAc proteins, most of them not previously reported
(e.g., the ubiquitin ligase NEDD4-1). However, GlcNAlk was
still incorporated into N-linked glycans, preventing its utility
as a completely selective O-GlcNAcylation reporter. Therefore, a
new acetylated MCR was synthesised bearing an azide substi-
tuent at the 6-position, Ac;6AzGleNAc,'*® which enabled selec-
tive O-GlcNAc probing. Due to the absence of the C6 hydroxyl
group, this compound cannot be metabolised to the corres-
ponding UDP-sugar donor by the canonical GIcNAc salvage
pathway, which begins with phosphorylation of the monosac-
charide at the 6-position. Instead, 6AzGIcNAc can bypass this
initial biosynthetic step through direct phosphorylation at its
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C1-hydroxyl by the enzyme phosphoacetylglucosamine mutase
(AGM1), and then enter the salvage pathway to give the corres-
ponding UDP-6AzGlcNAc, which can be finally used by OGT for
0-6AzGlcNAcylation. Comparative proteomics experiments
using peracetylated 6AzGlcNAc, GIcNAz, and GalNAz revealed
that 6AzGlcNAc is highly specific towards O-GlcNAcylated pro-
teins, while GlcNAz and GalNAz were less specific, labelling
other types of glycosylation.*?

Subsequently, an additional 6-modified MCR was developed
incorporating an alkyne group at that position, named
Ac36AIKGIcNAc. % This alkyne GleNAc analogue was found to
label proteins with faster kinetics and improved signal-to-noise
ratio than Ac;6AzGlcNAc, because the reverse orientation of the
CuAAC chemistry employed reduced the background labelling.
The chemical proteomics experiments with Ac;6AlkGlcNAc
enabled the identification of more potentially O-GlcNAcylated
proteins (including caspases-3 and -8) and generally with higher
efficiency and selectivity than previously developed MCRs. Strik-
ingly, other non-N-acetyl-glucosamine monosaccharides, e.g., 2-
and 6-azido modified glucose analogues (2AzGle/GlcAz and
6AzGlc), have also been reported to act as MCRs of O-GlcNAc
glycosylation."® "% This unexpected substrate tolerance of OGT,
being also able to transfer glucose analogues to protein substrates,
enabled the discovery of intracellular O-glucose modification of
proteins using 6AzGlc.'”

The approaches described above rely on widely used
bioorthogonal labelling reactions (e.g.,, copper-catalysed
(CuAAC) or strain-promoted azide-alkyne cycloaddition
(SPAAC) (see Section 3.5)) that, however, suffer from several
limitations. These are mainly associated to the toxicity of
copper in living cells, which precludes the use of CuAAC
in vivo, and the high background noise of SPAAC due to
unwanted reactions of strained alkynes with intracellular
thiols. A potential fully orthogonal and well tolerated method
relies on the implementation of the inverse electron demand
Diels-Alder (iEDDA, see Section 3.5) reaction, using chemically
inert, dienophile-bearing MCRs that react rapidly with suitable
electron-deficient diene derivatives. Notably, applications of
metabolic labelling of glycans incorporating strained"'® or
terminal alkenes'' with 1,2,4,5-tetrazine tags have been
demonstrated in living cells. In this context, carbamate-linked
methylcyclopropene derivatives appeared to be especially well
suited for bioorthogonal in vivo chemistry."'>'** A number of
examples using the methylcyclopropene-tetrazine pair have
been reported, culminating in the development of a strategy
for direct visualisation of the glycosylation state of selected
intracellular proteins within living cells by the Wittmann
lab."** In this case, a peracetylated GIcNAc incorporating a
methylcyclopropene tag (Ac,GlcNCyoc) was incubated with cells
expressing several proteins of interest (e.g., OGT, FOXO1, p53,
and Akt1) that had been genetically fused with enhanced green
fluorescent protein (EGFP). The resulting proteins incorporat-
ing GlcNCyoc were then specifically labelled with suitable
tetrazine-fluorophore conjugates via an iEDDA reaction,
enabling subsequent direct monitoring of protein O-
GlcNAcylation by measuring Forster resonance energy transfer
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(FRET) between EGFP and the sugar-conjugated fluorophore by
fluorescence lifetime imaging.

Another application of metabolic glycan labelling involved
the development of a GlcNAc photoaffinity probe (GlcNDAz)
that was used in photocrosslinking studies for the identifi-
cation of binding partners of O-GleNAc modified proteins,"*
which will be discussed in detail in Section 3.3. More recently, a
one-step metabolic feeding strategy was developed that enabled
direct labelling of O-GlcNAc modified proteins in vitro and in
live cells using a fluorescent glucosamine derivative.'*® The
small fluorophore 4-nitro-2,1,3-benzoxadiazole (NBD) was
incorporated through the 2-acetamido position (via a short
B-Ala spacer) into a suitably protected precursor for metabolic
feeding, in which besides the peracetylated hydroxyl functions,
the phosphate was masked with two S-acetyl-2-thioethyl
(Ac-SATE) groups (Ac;GlcN-B-Ala-NBD-o-1-P(Ac-SATE),, Fig. 4)).
This advanced metabolic intermediate was deacetylated within
cells to the corresponding a-phosphate sugar, which was found
to be tolerated by AGX1 (the last enzyme in the GlcNAc salvage
pathway) to be converted into the UDP-GlcN-B-Ala-NBD donor.
Remarkably, OGT was able to transfer the GIcN-NBD conjugate,
leading to fluorescent labelling of O-GlcNAcylated proteins
within living cells. This powerful strategy opens up new oppor-
tunities to further explore the roles of O-GlcNAcylation in a
cellular context.

While the development of MCRs has expanded the chemical
toolbox and facilitated the investigation of O-GlcNAcylation, these
reporters are not devoid of limitations. Some metabolic GlcNAc
probes suffer from selectivity issues, which results in nonspecific
labelling of other glycosylation forms, including cell-surface, O- and
N-linked glycoproteins as well as intracellular O-glucosylation.
Moreover, metabolic oligosaccharide engineering can perturb
metabolic pathways in living cells, and thus, the captured glycosy-
lation state of proteins may not be relevant. Most recently, reported
data have alerted about unwanted side reactions occurring with
peracetylated MCRs, which in addition to OGT-catalysed S-
GlcNAcylation'””''® can result in non-enzymatic labelling of
cysteine residues, potentially interfering and causing false positives
in the proteomic identification of O-GleNAcylated proteins.™*® This
artificial side reaction, termed S-glyco-modification, occurs through
a mechanism that involves base-promoted f-elimination of the
3-acetoxy group to provide o,B-unsaturated aldehydes, followed
by thio-Michael addition to give the S-glyco modified, 3-thiolated
sugar.'*® Based on this knowledge, a new unnatural monosaccharide
unprotected at C3-OH [1,6-di-O-propionyl-GalNAz (1,6-Pr,GalNAz)]|
was rationally developed, which exhibited high labelling effi-
ciency for protein O-GlcNAcylation without undesired S-glyco-
modification.'”® These partially protected metabolic glycan probes
emerge therefore as a next-generation of improved MCRs of choice
for a more efficient probing of O-GlcNAc in vivo.

3.3. Chemical biology strategies to identify O-GlcNAc
interacting partners and reader proteins

Despite the significant pathophysiological implications arising
from protein O-GlcNAcylation, the functional roles and
mechanisms of this ubiquitous modification in cellular
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signalling remain unclear. It has been proposed that the
O-GlcNAc modification of proteins may impact their down-
stream function by altering their interaction with specific
partner proteins. To identify such potential binding partners,
a MGL based, photocrosslinking approach was developed by
Kohler and coworkers leading to the identification of O-GlcNAc
binding proteins in live cells."*> This strategy started with the
synthesis of a photoreactive GlcNAc analogue (GlcNDAz) mod-
ified at the 2-acetamido position with a diazirine moiety
(Fig. 5), which under UV light generates a reactive carbene that
crosslinks with amino acids of interacting proteins. Before
the actual crosslinking experiments with the corresponding
O-GIcNDAz modified proteins, OGT was first confirmed to be
able to accept UDP-GIcNDAz and transfer the unnatural sugar
into acceptor peptides. Initial attempts to make use of the
GIcNAc salvage pathway to produce the photocrosslinking
nucleotide sugar (UDP-GIcNDAz) in cells from peracetylated
Ac,GIcNDAz were unsuccessful. To overcome this issue, a
suitably protected, membrane-permeable metabolic intermedi-
ate (Ac3GlcNDAz-1P-(Ac-SATE),) was prepared (Fig. 5) and then
added to cells, which upon hydrolysis by intracellular esterases
resulted in accumulation of GlcNDAz-1-P but no conversion to
UDP-GIcNDAz, suggesting that GlIcNDAz-1-phosphate is a poor
substrate for AGX1. Structure-guided engineering of the
enzyme yielded an AGX1 mutant having an expanded binding
pocket for the diazirine substituent that enabled production of
UDP-GIcNDAz in transfected cells. Thus, suitably engineered
cells treated with Ac;GlcNDAz-1P-(Ac-SATE), led to O-GlcNDAz
modified proteins, subsequently identified by immunoblot as
FG-repeat nucleoporins, which upon UV irradiation underwent
crosslinking with nuclear transport factors (e.g., transportin-1)
as assessed by tandem MS analysis of the purified covalent
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complexes. These results suggested that O-GlcNAc modification
is associated with recognition events that occur during nuclear
transport, although they did not unambiguously confirm
the direct involvement of the O-GlcNAc moiety in these inter-
actions. This study validated the utility of O-GlcNDAz-based
crosslinking as a tool for probing the interactions between
O-GlcNAcylated proteins and their putative partners and could
be applicable for investigating the functional consequences of
O-GleNAc modification. Building upon this work, mutagenesis
of the UDP-GIcNAc binding pocket of OGT provided an OGT
mutant (C917A) with preference for the unnatural substrate
that increased enzymatic transfer and incorporation of
GIcNDAz into proteins in vitro and in cells.*?* This technical
improvement enabled enhanced crosslinking of O-GlcNDAz
modified molecules and, hence, more efficient identification
of O-GlcNAc mediated protein—protein interactions, which, in
turn, could be exploited to provide insights into the molecular
mechanisms of O-GIcNAc function.

To elucidate the structural basis of O-GlcNAc recognition, a
biochemical probing strategy was subsequently developed by
the Boyce lab to identify putative O-GlcNAc “‘reader” proteins
that specifically recognise O-GlcNAc.'”> By overlapping 802
mapped Ser-O-GIcNAc sites, a consensus O-GlcNAcylated pep-
tide sequence was first deduced that encompassed a previously
observed Pro-Val-Ser tripeptide, suggesting its importance as a
potential motif for O-GlcNAc modification and recognition.
Initial experiments demonstrated that OGT was able to
O-GlcNAcylate a “bait” peptide that contained this consensus
sequence and a polyethylene glycol-biotin tag, transferring one
GIcNAc moiety onto the expected serine residue. This “bait”
glycopeptide was then used in pulldown experiments to selec-
tively affinity-enrich putative O-GlcNAc binding partners from
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Fig. 5

Photocrosslinked complex Interacting pkér‘mer association

Identification of O-GlcNAc-mediated protein interactions and binding partners using a metabolic labelling photocrosslinking approach. Cells are

cultured with a synthetic diazirine-functionalised, cell-permeable precursor [AczGIcNDAz-1-P(Ac-SATE),], which is deprotected inside the cell by
esterases and converted to UDP-GIcNDAz by an AGX1 mutant. OGT (or an engineered OGT with enhanced substrate preference) transfers GIcNDAz to
its native substrates, labelling O-GlcNAcylated proteins with the unnatural modification. Short UV irradiation (365 nm) activates the diazirine for carbene-
mediated crosslinking with the neighbouring binding partners. After cell lysis, immunoprecipitation of the covalent protein complex with an anti-O-
GlcNAc antibody, followed by SDS-PAGE separation, in-gel tryptic digestion and subsequent proteomics analysis by LC-MS/MS, enables the
identification of O-GlcNAc interacting proteins.
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cell lysates. Subsequent MS proteomics analysis enabled the
identification of several endogenous nuclear and cytoplasmic
proteins, including importin-f1, a mediator of nuclear cargo
trafficking that had been previously found to interact with
0-GlcNAcylated nucleoporins.'*

Further analysis of other hit proteins the
glycopeptide-enriched pool of O-GIcNAc binders, namely
human o-enolase, EBP1, and 14-3-3f/a and v, revealed that
they bind the O-GlcNAc moiety directly and specifically. Addi-
tional confirmation that these “reader” proteins interact with
native OGT substrates and bind to O-GlcNAc in living cells was
obtained using photocrosslinking experiments by metabolic
labelling with GlcNDAz (see above). Moreover, X-ray crystal
structures of the bait glycopeptide in complex with the 14-3-
3B/a isoforms revealed peptide/protein backbone interactions
as well as hydrogen bonds with the O-GlcNAc residue, which
bound in a similar orientation as the O-phosphate group
of previously solved phosphopeptide/14-3-3 complexes.
These structural data provided biophysical insights into the
O-GlcNAc-selective recognition by 14-3-3 to advance the inves-
tigation of their role as reader proteins in O-GlcNAc signaling,
albeit the natural O-GlcNAc binding partners of 14-3-3 proteins
are still unknown. This elegant biochemical approach together
with complementary structural studies is expected to contri-
bute to the identification of other candidate O-GlcNAc readers
and to provide the structural basis for the recognition of
O-GlcNAc by human proteins, setting the stage for further
functional studies into the molecular mechanisms of O-GlcNAc

signaling.

within

3.4. Chemoenzymatic approaches for the detection and study
of O-GlcNAcylated proteins

The classical chemoenzymatic strategy developed by Hart and
coworkers'*® to detect O-GleNAc modification in cells relied on
the enzyme p-1,4-galactosyltransferase (GalT), which trans-
ferred a tritium labelled [*H]-galactose to the C4-hydroxyl of
terminal O-GlcNAc residues in glycoproteins using UDP-[*H]-
galactose as a donor. Because this method requires handling of
radioactive materials and long exposure times not suitable for
routine application, an improved approach was implemented
by the Hsieh-Wilson lab leveraging the altered substrate toler-
ance of a GalT mutant (GalTY289L)"** that features a larger
active site able to accommodate C2-modified galactose analo-
gues. This engineered mutant was exploited to catalyse the
transfer of 2-keto-Gal residues from the corresponding unna-
tural sugar-nucleotide to terminal O-GlcNAc residues without
compromising enzyme specificity and catalytic efficiency'
(Fig. 6a). The unnatural ketone group was used as a chemical
handle for labelling the tagged O-GlcNAc-modified proteins
with aminooxy-functionalised biotin probes via oxime ligation,
permitting subsequent detection of the target proteins by
chemiluminescence. This biotin tagging strategy was applied
to enrich O-GlcNAcylated proteins from cell lysates for further
proteomics analysis, leading to the high-throughput identifi-
cation of a number of functionally diverse O-GlcNAc proteins
from the mammalian brain, which suggests a key role for this
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modification in modulating neuronal function.'*® The che-
moenzymatic approach was subsequently expanded to ketone-
biotin labelling of glycoproteins from two cell states (e.g,
stimulated versus unstimulated) followed by an additional
isotope tagging step after tryptic digestion involving incorpora-
tion of light/heavy methyl groups into the amines of the peptide
via reductive amination, enabling relative quantitative MS-
based analysis.’*” This integrated method, named quantitative
isotopic and chemoenzymatic tagging (QUIC-Tag), was applied
to identify O-GlcNAcylated proteins undergoing changes in
glycosylation in response to cellular stimuli, and in combi-
nation with electron-transfer dissociation (ETD) fragmentation
permitted site mapping of those dynamic O-GlcNAc modifica-
tions in the brain.

This study revealed the reversible and differential modula-
tion of O-GIcNAcylation in neuronal cells and in vivo as a key
regulatory PTM analogous to phosphorylation.'?” Another addi-
tion to this approach is the selective installation of molecularly
defined, aminooxy functionalised PEG tags (‘“mass tags”),
which cause shifts in protein migration on SDS-PAGE that
can be detected by immunoblotting (Fig. 6a). This technique
enables monitoring of the glycosylation stoichiometry and state
(i.e., mono-, di-, etc., O-GlcNAcylated) as well as dynamics of
endogenous O-GlcNAc proteins.’*® This chemoenzymatic tag-
ging strategy in combination with biochemical and neurobio-
logical approaches was then applied to characterise the roles of
O-GlcNAc in the CREB transcription factor as a regulator of
important neuronal functions and long-term memory.'*°

Hsieh-Wilson and co-workers further extended the scope of
this probing tool by using an alternative, azide-containing
galactosamine donor (UDP-GalNAz) that was well tolerated by
GalT(Y289L) for transfer of the unnatural GalNAz residue to
O-GlcNAcylated proteins (Fig. 6b). This modified strategy
enabled sensitive, faster and more specific CuAAC labelling
with alkyne-functionalised biotin and fluorescent probes in
comparison with the corresponding aminooxy tags and was
utilised for direct in-gel fluorescence detection and proteomic
identification of O-GlcNAc-glycosylated proteins within cells.'*°

This advanced chemoenzymatic strategy was then applied to
detect and validate O-GlcNAcylation in a number of important
regulatory proteins in the nervous system and in metabolism,
including phosphofructokinase 1 (PFK1), which was deter-
mined to be dynamically glycosylated at Ser529 in response to
hypoxia, acting as a key metabolic regulator of glucose meta-
bolism associated with cancer cell growth in vivo.”> UDP-
GalNAz has also been used in combination with SPAAC for
optimising the chemoenzymatic mass tagging protocol men-
tioned above for improved quantification of O-GlcNAc stoichio-
metry and state by Western blotting."*" To further enhance the
detection capability of the method, a UV-cleavable biotin affi-
nity probe (Biotin-PC-alkyne) was developed to improve the
release of tagged peptides from streptavidin, increasing
the analytical sensitivity for more efficient identification of
O-GlcNAcylated proteins (Fig. 6b)."*> Moreover, the moiety
retained upon cleavage yielded a positively charged amino
group tag, providing higher overall peptide charge and
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Fig. 6 Chemo-enzymatic labelling of endogenous O-GlcNAcylated proteins by enzymatic modification with unnatural UDP-Gal analogues ((a) keto or
(b) azide-functionalised) using a mutant GalT(Y289L). Subsequent chemical probing with (cleavable) biotin, fluorescent or PEG mass tags using (a) oxime

or (b) click-chemistry for identification of the O-GlcNAcylated proteins.*®

improved ionisation by ETD for precise O-GlcNAc site
mapping.'*>"'** Despite its use in various applications, cleavage
of the photolinker upon UV irradiation was not complete,
hampering the quantitative release of O-GlcNAcylated proteins
for proteomics analysis. Thus, a chemically cleavable biotin tag
was developed containing the well-known 1-(4,4-dimethyl-2,6-
dioxocyclohex-1-ylidene)ethyl (Dde) moiety, extensively used as
a protecting group for lysine in peptide synthesis."** The
corresponding Dde-biotin probe showed stability to harsh
denaturing conditions and could be completely cleaved under
mild chemical conditions, providing a relatively small, cationic
fragment that facilitated peptide sequencing by ETD-MS. This
combined chemoenzymatic tagging and chemical cleavage
approach enabled an improved labelling efficiency and recovery
of O-GlcNAcylated proteins as well as extensive identification of
O-GleNAc sites on a-crystallin and OGT."*®

Another chemoenzymatic histological method was devel-
oped by Wu and coworkers in which GalT(Y289L) accepted an
alkyne-bearing GalNAc donor, UDP-N-pentynylgalactosamine
(UDP-GalNAl), and transferred the modified GalNAl residue
to O-GlcNAcylated proteins, albeit less efficiently than the
corresponding azide analogue."®” Subsequent CuAAC with an
azide-functionalised biotin probe accelerated by the Cu(i)-
ligand BTTP enabled a faster and more efficient O-GlcNAc
labelling in histological samples following neutravidin-HRP
imaging. Because GalT(Y289L) has been reported to accept
terminal GlcNAc residues in N-glycans,'*® pretreatment of the
tissues with PNGaseF before the chemoenzymatic tagging
was necessary to increase specificity. Application of this
approach led to high-resolution visual identification of distinct

10462 | Chem. Soc. Rev, 2021, 50, 10451-10485

O-GlcNAcylation patterns and levels within various murine
organs as well as normal versus diseased human histological
samples, highlighting the power of this method to study
O-GIcNAc biology in physiopathological processes. An addi-
tional chemoenzymatic method was also developed that com-
bined recombinant glycosyltransferases (B3GALNT2 and OGT)
and bioorthogonal chemical probing for the detection and
visualisation of O-GlcNAcylation as well as of potential sites
for O-GleNAc modification in biological samples.'** B3GALNT2
is a p-1,3-N-acetylgalactosaminyltransferase that recognises
terminal B-GlcNAc residues and was found to accept UDP-
GalNAz and transfer the clickable GalNAz moiety with good
selectivity to O-GlcNAcylated proteins (i.e. closed sites), which
were detected via SPAAC with an alkyne-biotin probe and
subsequently visualised with streptavidin-conjugated fluoro-
phores. In this study, open sites (defined as potential sites for
O-GlcNAcylation) were also detected by using OGT in the
presence of UDP-GIcNAz followed by click-chemistry probing
of the resulting O-GlcNAzylated protein. This approach for
assessing open and closed O-GlcNAc sites was applied in vitro
and in cells, revealing 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase (PFKFB3) as a previously unidentified target
protein for O-GlcNAcylation, which could be a novel mecha-
nism to regulate cellular metabolism in connection with can-
cer. Most recently, another chemoenzymatic strategy has been
reported that uses two enzymatic transformations with easily
accessible enzymes to tag O-GlcNAcylated proteins, followed by
hydrazide chemistry for their enrichment.'*® First, wild-type
GalT tags the O-GlcNAcylated proteins with natural f-1-4-
galactose, whose C6-hydroxyl group is then selectively oxidised
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by galactose oxidase (GAO) to give the corresponding
Cé6-aldehyde. This aldehyde serves as a chemical handle for
capturing the galactosylated O-GlcNAcylated proteins using
hydrazide resins, and elution with methoxyamine via oxime-
bond formation then provides the corresponding released
proteins for site-specific analysis of O-GlcNAcylation by LC-
MS/MS. Despite the accessibility of the method and the com-
parable results to the original chemoenzymatic strategy, the
relative promiscuity of GalT and GAO led to the identification of
O-glucosylated and TF [Gal{B-1-3)GalNAc-(o-O-Ser/Thr)}-bearing
proteins, indicating the non-specificity of the technique.

These chemoenzymatic approaches and their extensions
have been extensively used in probing O-GlcNAcylation at the
cellular level with a good degree of success, especially in
denatured protein samples, although less in native, fully folded
proteins in vivo. However, the use of engineered enzymes and
unnatural substrates may lead to specificity and reactivity
issues inherent to the enzymes’ substrate preferences and
recognition, while can also alter cellular metabolic pathways,
potentially providing incomplete, inaccurate and/or non-
physiologically relevant information. Therefore, there is still
room for novel and improved chemoenzymatic tools for a more
efficient identification and site-mapping of O-GlcNAcylated
proteins to decipher their functional roles and molecular
mechanisms.

3.5. Bioorthogonal ligation strategies for probing
O-GlcNAcylation

Amongst the various two-step labelling strategies for detecting
the O-GIlcNAc modification, the first step involves the incor-
poration of some kind of chemical reporter group into the
glucosamine residue. This unnatural chemical functionality
should be stable but sufficiently reactive and display a good
degree of bioorthogonality under physiological conditions to
enable fast chemoselective ligation with a suitably designed
molecular probe for subsequent detection of the tagged GlcNAc
derivative. In studies probing O-GlcNAcylation, several reporter
groups such as azide,’* ketone'>>'*® alkyne,"** isonitrile,*! or
alkene''™*? have been used as chemical handles to label
O-GleNAc modified proteins by subsequent reaction with dif-
ferent fluorescent and affinity probes using a variety of
bioorthogonal ligation chemistries (Fig. 7)."*3

For instance, as discussed above, Hsieh-Wilson and cow-
orkers introduced a ketone functionality into the N-acetyl group
of the galactosamine residue that gets enzymatically trans-
ferred to O-GlcNAcylated proteins, and then used an
aminooxy-biotin affinity probe to detect the O-GlcNAc modifi-
cation via oxime ligation under mild conditions.'*® However,
oxime ligation suffers from two major issues: firstly, the reac-
tion is not truly bioorthogonal, as many biomolecules
present ketone groups that can react non-specifically with the
aminooxy affinity probe; secondly, the reaction generally pro-
ceeds with relatively slow kinetics (k = 1072 M~ s ' at
neutral pH),"** and slightly acidic pH values are required for
efficient ligation. Despite several examples demonstrating
applications of this oxime ligation based methodology in
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studying O-GlcNAcylation,"**'?%'2 these drawbacks may limit
the further use of this reaction in the development of new
strategies for detecting O-GlcNAcylation, especially in vivo. The
Staudinger ligation developed by Bertozzi'*>'*® enables the
formation of an amide bond by coupling an azide incorporated
into the glycan structure with a specifically engineered phos-
phine probe. This ligation has been extensively used in
chemical biology applications,"’ including identification of
O-GlcNAcylated proteins from cell extracts using phosphine-
containing probes.’***?>'*® While the Staudinger ligation has
sufficient biocompatibility for in vivo applications, it suffers
from several shortcomings, namely slow reaction kinetics (k =
107° M~ 57 as well as low water solubility and oxygen
sensitivity of the phosphine reagents. Moreover, its optimisa-
tion for increased reaction rates and solubility is synthetically
challenging, which led to the development of alternative
bioorthogonal ligation methods.

As mentioned above, the CuAAC, commonly known as
“click” reaction,™® has been widely used for tagging metabo-
lically incorporated azide or alkyne-modified O-GIcNAc moi-
eties with the corresponding alkyne or azide-functionalised
probes, respectively, enabling identification of a number of
O-GlcNAcylated  proteins.'°19%10%131  Degpite its superior
kinetics (k ~ 10-100 M ' s™') and sensitivity under physio-
logical conditions,"> the toxicity of the Cu(I) ions in living cells
compromises the biocompatibility of the reaction, precluding
its application in vivo for live cell labelling. Thus, the copper-
free non-toxic SPAAC was subsequently developed by the Ber-
tozzi lab. This reaction is driven by the favourable ring-strain
release of the cyclic alkyne and occurs readily in living cells
without the need for copper catalysis.">*'** A number of
structurally varied strained cyclooctyne scaffolds with different
properties have been developed and further applied in
bioconjugation.””*'** Among them, the aliphatic derivative
DIFO and the dibenzoannulated cyclooctyne DBCO, also known
as DIBAC (dibenzoazacyclooctyne), have been explored as affi-
nity tags for labelling azide-modified glycan moieties in the
detection of O-GlcNAcylated proteins.'®*'3115¢7158  Thege
SPAAC reagents exhibit good reactivity, with reaction rates
generally lying in between those of the Staudinger ligation
and the CuAAC reaction (k=10"2-1.0 M ' s~ 1)."*

However, the relatively large size and hydrophobicity of the
cyclooctynes together with their cross-reactivity with cellular
free-thiol nucleophiles*>>*®° limit the use of SPAAC for detect-
ing intracellular O-GIcNAcylation events. Comparative studies
of these “click-chemistry” methods have been performed
using ManNAz and GlcNAz for live cell labelling of cell surface
glycoproteins'®® and for O-GlcNAc proteomics analysis."””
While both ligations can efficiently label azido-modified
glycoproteins, CuAAC emerged as the method of choice for
proteomics due to its superior sensitivity, enabling more accu-
rate and efficient protein identification compared to SPAAC.
However, the toxicity of the copper catalyst makes it
unsuitable for in vivo applications, highlighting the need
for labelling strategies that are both highly sensitive and
biocompatible.
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Fig. 7 Bioorthogonal ligation reactions employed for probing O-GlcNAcylation: oxime ligation, Staudinger ligation, “click” chemistry (CUAAC and

SPAAC), iEDDA reaction, and isonitrile—tetrazine ligation.

For these reasons, the recent focus has shifted to the
development of alternative, faster and non-toxic bioorthogonal
reactions involving other chemical functionalities. The iEDDA
reaction is a [4+2] cycloaddition between an electron-rich alkene
and an electron-poor 1,2,4,5-tetrazine®®® that has emerged as a
powerful bioorthogonal tool in chemical biology due to its excellent
features, fulfilling most of the criteria for bioorthogonality (e.g,
biocompatible, catalyst-free, rapid, selective).'®> Thus, the high
selectivity and extremely fast kinetics of the reaction (with constant
rates of up to 10° M~ s~ ") without the need for catalyst, together

10464 | Chem. Soc. Rev., 2021, 50, 10451-10485

with the inherent stability of both alkene and tetrazine counter-
parts even in the presence of thiols, make the iEDDA a robust
bioorthogonal ligation method for in vivo applications. Exploiting
this chemistry, visualisation of protein specific O-GleNAcylation
could be achieved for the first time in living cells by using a
metabolic labelling approach, as described above.'** Following this
strategy, a methylcyclopropene-tagged GlcNAc derivative (Ac,GlcN-
Cyoc) was metabolically incorporated into cells (and particularly
into EGFP-fused, intracellular target proteins), and then labelled
using fluorescent tetrazine probes in a specific iEDDA reaction in

This journal is © The Royal Society of Chemistry 2021
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live cells. Notably, the kinetics of the iEDDA (which can range from 1
up to 10° M~ s ") is greatly influenced by steric and stereoelectronic
effects, including the ring strain of the alkene component and the
nature of the substituents on the tetrazine ring. As such, structural
optimisation of both coupling partners is possible and can lead to
higher reactivity and bioorthogonality for live cell applications (see
ref. 162 for an excellent, extensive review on iEDDA).

Another bioorthogonal ligation involving tetrazines is the
isonitrile-tetrazine ‘“click” reaction, in which an isonitrile
group undergoes a highly specific [4+1] cycloaddition with a
tetrazine with a moderate reaction rate (dipyridyltetrazines
reacted with primary and tertiary isonitriles with rate constants
of 0.12 and 0.57 M~ " s, respectively)."*! In one application of
this ligation, unnatural ManNAc, GalNAc, and GlcNAc analo-
gues modified at the N-acetyl substituent with the isonitrile
functionality were metabolically incorporated into cell-surface
glycans and specifically labelled with a tetrazin-biotin tag using
this chemistry."*’ Despite the promising features of this
method (small size, stability, negligible toxicity and reactivity
of the isonitrile moiety with tetrazine), the resulting cycloaddi-
tion conjugate is prone to degradation in aqueous media, with
half-lives of 16 hours for primary isonitriles, which could
compromise the overall efficiency and biological applications
of this ligation. Another particular type of cycloaddition reac-
tion that has been used in chemical biology to label alkene-
modified biomolecules is the photo-induced 1,3-dipolar
cycloaddition between tetrazoles and alkenes,163 also known
as ‘“photoclick chemistry”. In this method, short UV photo-
irradiation of 2,5-diaryltetrazoles results in a fast cycloreversion
reaction with the release of N, and in situ generation of a nitrile
imine dipole, which then reacts with alkene dipolarophiles in a
slower, concerted manner to provide pyrazoline cycloadducts
that are themselves fluorescent."®* This reaction offers a rapid
chemical ligation strategy with constant rates ranging from
103 to 10> M ' s depending on the substituents and the
nature of the counterparts, with strained alkenes providing
higher kinetics.

Using metabolic and chemoenzymatic approaches, alkene-
bearing residues were incorporated into proteins'®>'®® and
mRNA'® and then photoreacted with tetrazole-functionalised
probes for biomolecular labelling. Despite the attractive
features (e.g., speed, fluorogenic) and promising biological
applications of this ligation, including selective dual imaging
in combination with iEDDA, the generated nitrile imine has
been shown to also react with a range of biological nucleophiles
such as thiols, amines and acids.'® These side reactions
precluded its further application as a (non) true bioorthogonal
reaction and highlight the continued search for new and/or
improved truly bioorthogonal ligations'® that can be mutually
compatible for labelling and probing complex cellular pro-
cesses, such as O-GlcNAcylation.

3.6. Methods to study discrete O-GlcNAcylation on proteins
with site-specificity

Despite the useful approaches developed to investigate
global O-GleNAc glycosylation,™**'”° deciphering site-specific
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O-GlcNAcylation remains a challenging task. In the case of
PFK1, the corresponding flag-tagged protein was expressed in
combination with OGT to dissect O-GlcNAc sites.”” After immu-
noprecipitation and digestion, O-GlcNAcylated peptides were
enriched by WGA lectin affinity chromatography and then
analysed by ETD-MS/MS, identifying the Ser529 glycosylation
site. Naturally, site-specific mutagenesis of Ser/Thr residues to
alanine represents the most commonly employed method to
probe O-GlcNAcylation and its location. For instance, S529A
mutation in PFK1 was shown to block O-GlcNAc glycosylation,
whereas mutation of Thr527 had no impact, confirming Ser529
as the specific, primary site for O-GlcNAc. In another case,
modification of Ser149 in the tumour suppressor protein p53
abolished O-GlcNAcylation but enabled Thr155 phosphoryla-
tion, highlighting the crosstalk between both PTMs at proximal

sites.'”?

Despite its wide use, this type of loss-of-function
mutation requires knowledge of the precise glycosite for each
target protein and prevents analysis of competing PTMs on the
same site. Thus, in recent years, a number of strategies for
selective GlcNAc installation on proteins of interest have been
developed,
protein-targeted GlcNAcylation for precise functional studies.
The van Aalten lab has described a practical approach for
site-specific, genetic incorporation of a hydrolytically stable
thio-GlcNAc analogue into target proteins in vitro and in live
cells, enabling precise studies of the effects of this modification
within a living system.'"® This method employs Ser/Thr to Cys
mutagenesis and exploits the ability of OGT to transfer GlcNAc
to cysteine residues,"”” enabling OGA-resistant GlcNAcylation
mimicry with high stoichiometry at selected S-glycosites. Com-
bined with CRISPR-Cas9 technology, a genetically encoded OGA
(S405C) was engineered in mouse embryonic stem cells and

enabling controlled access to stoichiometric,

subsequent quantitative OGT-catalysed S-GlcNAcylation pro-
vided a hyper-S-GlcNAcylated OGA mutant with retained hydro-
lase activity but reduced half-life,"*® which highlights the
influence of O-GlcNAcylation on protein stability. Withers
and coworkers developed another method for the introduction
of S-GlcNAc into target proteins (e.g., tau and synuclein) in vitro
by using an engineered GH20 hexoaminidase as a thioglycoli-
gase able to install GlcNAc in cysteine residues.'’> More
recently, Ramirez et al. have reported a strategy for controlled,
proximity-induced O-GlcNAcylation of single proteins in living
cells.'”” This approach leverages an OGT-fused nanobody
recognising tagged or endogenous target proteins and capable
of directing OGT to transfer O-GlcNAc selectively to the
desired substrate, as demonstrated for a-synuclein. Despite
its potential to increase O-GlcNAc levels in specific proteins
of interest, overexpression of the nanobody-OGT fusion con-
struct may impact physiological protein interactions as well as
global O-GleNAcylation, which requires appropriate control
experiments to address these concerns.

Alternatively, chemical synthetic strategies have been devel-
oped to generate GlcNAc modified glycoproteins in vitro in
which the GlcNAc residue can be introduced stoichiometri-
cally at the desired position, providing practical access to
homogeneously glycosylated proteins for probing site-specific
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GlcNAcylation (Fig. 8). One methodology established by Davis
and coworkers relies on the chemical modification of endogen-
ous or genetically introduced cysteine residues on native pro-
teins to install GlcNAc moieties directly'’* or, especially, via
previous cysteine conversion to dehydroalanine (Dha)'’®> by
an alkylating agent under denaturing conditions. Conjugate
addition of thio-GlcNAc to the Dha-tagged unfolded protein
followed by refolding yields the site-specifically modified target
protein (Fig. 8a). This method has been employed to probe the
functional consequences of histone GlcNAc modification by
creating synthetic, homogeneously GlcNAcylated histones and
nucleosomes bearing S-GlcNAc at defined positions. While
H2A-Thr101 GlcNAcylation led to destabilisation of the H2A/
H2B dimers and reduced nucleosome stability, promoting an
open chromatin structure,’”® H2B-Ser112 GlcNAc modification
did not affect nucleosome assembly but impacted the interact-
ing nucleosome-protein partners, modulating binding of the
FACT chromatin remodelling complex as assessed by proteo-
mics analysis."””” Expanding this Dha-based protein chemistry
using carbon-carbon bond forming chemical mutagenesis, a
variety of synthetic O-GlcNAcylated glycoproteins were gener-
ated as unnatural O-GlcNAc-homohomo-Ser mimics that could
be recognised and cleaved by human OGA."’® This approach,
although powerful, presents some limitations. These include
the requirement for proteins with few native cysteines to
achieve selectivity, and the resulting racemisation of the amino
acid a-carbon that leads to a mixture of p-/L-stereochemistry at
the site of modification, which might confound biological
interpretation of the relevant functional studies.

Synthetic protein chemistry using native chemical ligation
(NCL)-based strategies'”® including total chemical synthesis
and semisynthesis via expressed protein ligation (EPL)'®
is another promising approach to produce well-defined
O-GlcNAcylated proteins with full chemical control, enabling
pure (site) probing of O-GlcNAc glycosylation (Fig. 8b). These
NCL methods rely on an N-terminal Cys residue of a peptide
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fragment and a thioester functionality at the C-terminus of
another fragment, which undergo transthioesterification and
subsequent S-N acyl transfer to provide the amide-linked
protein. These polypeptides can be chemically synthesised
by solid phase peptide synthesis (SPPS) bearing the O-GlcNAc
sugar at the desired position as the corresponding O-GlcNAcy-
lated Ser/Thr motif, and can also be obtained by recombinant
expression, most commonly as an intein-fused protein
thioester."® A number of targets incorporating site-specific
PTMs have been accessed using NCL/EPL,'®* although only a
few include O-GleNAc modified proteins, e.g., histone H2B,'®?
tau,'®* a-synuclein,"®>"®” and three small heat shock proteins
(sHSPs) (i.e., HSP27, vA-crystallin and oB-crystallin)."®*® Com-
bining protein semisynthesis and biochemical experiments,
Pratt and coworkers investigated the functional effects of site-
specific a-synuclein O-GlcNAcylation, showing that the modifi-
cation reduced protein aggregation and toxicity in vitro."®>'%”
Most recently, following a similar multidisciplinary approach
the same group probed the impact of O-GlcNAc on the semi-
synthetic sHSPs mentioned above and found that glycosylation
improves the chaperone activity of these proteins against
amyloid formation.'®® Furthermore, the non-hydrolysable S-
GlcNAcylated casein kinase II (CKII) (at native Ser347)'® and
a-synuclein (at native Ser87)'°° have also been prepared by
chemical ligation, highlighting S-GlcNAc as an enzymatically
stable, suitable structural mimic of O-GIcNAc, as shown by
biological studies and two-dimensional nuclear magnetic reso-
nance (NMR) combined with computational modelling.**°
Understandably, these synthetic targets can be challenging,
especially those glycosylated at a position more than 50 resi-
dues from the N- or C-terminus, and require the presence of
cysteine sites that otherwise need to be engineered for the
ligation step and subsequently converted to the native residue
via desulphurisation. Nonetheless, continuous methodological
advances in chemical protein synthesis*®"'*> are enabling one
to take full advantage of the potential of these ligation
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methods, which are uniquely suited to provide access to site-
specifically and stoichiometrically modified O-GlcNAcylated
proteins. These chemically pure glycoproteins can then be
utilised for in vitro biochemical and structural biology studies
to probe structure—function correlations and mechanisms of
O-GlcNAcylation at the molecular level.

4. Molecular mechanisms of the role
of O-GlcNAc in protein structure,
function and interactions.

As explained above, the O-GlcNAc modification of nuclear
and cytoplasmic proteins by OGT is strikingly different from
other types of N- and O-linked glycosylation, including the
O-GlcNAcylation of the extracellular domain of Notch
receptors'®® by another enzyme (EGF-domain O-GlcNAc trans-
ferase, EOGT),"** which involves further elongation with
additional sugars to provide complex glycan structures on
cell-surface proteins. Given its fast cycling and highly dynamic
nature, the intracellular O-GlcNAc glycosylation shares close
resemblance to protein phosphorylation, and there is an
extensive crosstalk between them that is reflected in the
O-GleNAc signalling network.’®® Despite their well-known
regulatory interplay, the molecular mechanisms whereby
O-GlcNAcylation and phosphorylation modulate the secondary
structure of the underlying protein remain to be elucidated.®
Thus, in this section, we will highlight the molecular/structural
role of O-GlcNAc in the conformation and stabilisation of
O-GlcNAcylated peptides as well as its influence on protein
structure and function. Notably, recent progress in synthetic
chemistry and NMR spectroscopy in combination with compu-
tational methods has enabled access to site-specifically mod-
ified O-GlcNAc glycopeptides to gain molecular understanding
of the local structure, dynamic features, and physical properties
induced by O-GlcNAcylation. Finally, we will discuss represen-
tative examples of O-GlcNAc-mediated protein interactions,
and provide insights into the molecular recognition by their
binding partners.

4.1. Conformation and structure of synthetic O-GlcNAc
glycopeptides and glycoproteins

O-GlcNAcylation and O-phosphorylation are often present on
loops and intrinsically disordered (ID) regions,"”® with more
than 70% of the nuclear O-GIcNAc being estimated to appear in
ID domains. O-GlcNAc is known to crosstalk with phosphoryla-
tion to modulate gene transcription by dynamic modification of
the carboxy terminal domain (CTD) of RNA polymerase II
(Pol 11)."°”"*® The CTD consists of variable tandem heptad repeats
(YSPTSPS) that are reciprocally O-GlcNAcylated and phosphory-
lated at Ser2 and Ser5, which affects the transcriptional activity
of the enzyme. Thr4 has been mapped as an O-GIlcNAc site that
may inhibit Ser2 and Ser5 phosphorylation of Pol II. To study
the molecular basis of the role of O-GlcNAcylation in protein
structure, Wong and coworkers performed pioneering studies
investigating the effect of O-GlcNAc on the conformational
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preferences in aqueous solution of synthetic 10-mer model
peptides containing the CTD heptad repeat unit."*® By combin-
ing NMR spectroscopy and computational calculations using
NMR-derived constraints, they showed that O-GlcNAc glycosyla-
tion on the Thr4 of the native, randomly coiled peptide induced
the formation of a B-turn structure with the carbohydrate lying
over the plane of the turn. Notably, Monte Carlo and molecular
dynamics (MD) simulations provided a low-energy structure in
which Ser2 and Ser5 approached each other, leading to a
“conformational switch” model whereby phosphate-mediated
charge repulsion and glycosylation-promoted turn formation
would act in a reciprocally exclusive manner. This glycan-
induced conformational change was also observed in further
structural studies by the same group with a synthetic octapep-
tide fragment of a mucin domain, in which the attachment of
O-GlcNAc stabilised a turn-like structure near the glycosylation
site, highlighting the conformational interplay between the
carbohydrate and the peptide backbone.?°® Moreover, to pro-
vide a molecular understanding of the function of glycosylated
Pol 1I in transcription, Lu et al. investigated the process of
dynamic O-GlcNAcylation in the context of full-length CTD,
discovering a distributive mechanism relying on multiple bind-
ing events as an efficient mode of transcriptional regulation in
response to fluctuations in the metabolic cellular status.***
Another example of the complex interplay between phos-
phorylation and O-GlcNAcylation in ID regions is the N-term-
inal ID domain of murine estrogen receptor p (mER-f), where
the Ser16 residue can be mutually modified by either O-phos-
phate or O-GIlcNAc, modulating the stabilisation and activity of
the protein.?°> To elucidate the molecular mechanisms of
the roles of both PTMs in regulating the bioactivity of mER-f,
Li and coworkers studied the impact of O-GlcNAcylation and
phosphorylation on the structure in aqueous solution of syn-
thetic, N-terminal 17-mer model peptides.**® Using NMR,
circular dichroism (CD) and MD simulations, the authors
observed that O-GIcNAc glycosylation induced B-turn formation
around the modification site, confirming that O-GlcNAcylation
promotes stable, turn-like secondary structure motifs.
These results are consistent with the observed functional
behaviour whereby O-GlcNAcylation stabilises mER-B while
O-phosphorylation promotes its degradation. Therefore, the
divergent local conformational changes of both alternative
PTMs at Ser1l6 may directly influence the disturbance of the
dynamic features of the global ID region, which might be
related to their reciprocal roles in modulating mER-f function.
To investigate the molecular mechanisms by which
O-GIcNAc promotes turn-like structures in the underlying pep-
tide backbone and examine the conformational differences
between serine and threonine O-GlcNAcylation, Fernandez-
Tejada et al. carried out the structural analysis of the simplest
B-O-GlcNAc-Ser/Thr model glycopeptides in water by combining
NMR and MD simulations (Fig. 9).>°* In both glycoamino acid
diamides, the ¢p/{, torsion angles for the peptide backbone
corresponded mainly to a PPII-like conformation (around 45%),
while 20% of the conformers showed values associated to helix-
like structures, with the GlcNAc N-acetyl group adopting a fixed
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orientation relative to the sugar moiety. Notably, compared to
the more flexible B-O-GlcNAc-Ser, B-O-GlcNAc-Thr is rather rigid
in solution, with its side chain restricted at a " torsional angle
value around 60° and its O-glycosidic linkage adopting an
eclipsed conformation (s ~ 120°) (Fig. 9a). This conformer
avoids the steric repulsion between the Thr methyl group and
the anomeric H1 proton that would be present when this
angle is around 180°, which is the value observed for the serine
glycoamino acid. The distinct glycosidic linkage conformation
of the threonine derivative enables hydrogen bond formation
between the sugar hydroxymethyl group and the Thr carbonyl
group and offers space to accommodate a bridging water
molecule between the GlcNAc N-acetyl substituent and the
Thr-nitrogen (Fig. 9b). Thus, in this simple model, specific
hydrogen bonds as well as water pockets contribute to explain
the different relative orientation of the B-O-GlcNAc-Ser/Thr
derivatives and modulate the sugar-peptide interactions, which
could provide the required presentation mode of the GlcNAc
residue to interact with their biological receptors.

In additional studies investigating the effect of O-
GlcNAcylation and phosphorylation on the conformational
properties of a polypeptide, Liang et al. found that insertion
of either modification in the turn region of an a-helical hairpin
peptide (o-helix/turn/o-helix) slowed down the rates of B-
sheet rich amyloid fibril formation by altering the backbone
orientation, even though the native structure and the confor-
mational stability of the soluble peptide were not substantially
affected.?®® Using another a-helical model peptide, Zondlo and
coworkers showed that phosphorylation and O-GlcNAcylation
at serine and threonine residues stabilised the o-helix at
the N-terminus of the peptide, whereas in the internal and

10468 | Chem. Soc. Rev, 2021, 50, 10451-10485

C-terminal regions both modifications had a destabilising
effect, resulting in random coil conformations.>*® Notably,
the structural impact of modifications on threonine was more
pronounced than that on serine residues, suggesting the
potential of threonine sites as hot spots in structural modula-
tion via protein PTMs. The same group also studied by CD and
NMR the structural basis of the influence of phosphorylation
and O-GlcNAcylation on the conformation of synthetic peptides
derived from the proline-rich domain of tau,**” the aggregation
of which leads to Alzheimer’s disease. Both modifications were
found to have divergent structural effects, with phosphorylation
promoting conformational order and PPII formation, particu-
larly on threonine residues, and O-GlcNAcylation inducing
more subtle conformational preferences against PPII and
favouring more disordered and extended conformations.
These results are consistent with the observed effects of
O-GlcNAc modification in opposing tau aggregation and the
association between hyperphosphorylation of tau and induced
conformational order leading to tau misfolding and neurofi-
brillary tangle formation.®®*°® More recently, two systematic
computational studies using mainly MD calculations
have yielded critical molecular-level insights into the conforma-
tional preferences and dynamics upon phosphorylation and
O-GlcNAcylation of model peptides®® and longer tau
fragments.>'® These simulations were generally in agreement
with the related NMR data and elucidated key water-mediated
and phosphate-lysine interactions underlying the differential
structural effects observed for both PTMs.

NMR spectroscopy has also been used to probe the in vitro
activity of OGT on recombinant tau and synthetic peptides and
to assess the reciprocal relationship between phosphorylation

This journal is © The Royal Society of Chemistry 2021
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and O-GlcNAcylation, confirming the identification of S400 as
the O-GlcNAc site through a combination of bidimensional
experiments and chemical shift perturbation analysis.>'!
Remarkably, variation of amide signals upon O-GlcNAc incor-
poration was only observed for adjacent residues, suggesting a
limited impact of the carbohydrate moiety on the overall
peptide structure of tau[393-411], which was shown by Hy/Ho
NOE contacts to adopt an extended conformation that was
not affected by S400 glycosylation. Along the same lines,
NMR studies by Vocadlo and coworkers using a C-terminal
tau[353-408] fragment demonstrated that O-GlcNAc glycosyla-
tion only induced minimal local conformational and dynamic
changes in the disordered peptide, without affecting its global
structure.>'* In the absence of major effects on tau conforma-
tion and dynamics, O-GlcNAc modification may decrease tau
aggregation by enhancing its solubility or destabilising for-
mation of fibrils or soluble aggregates. Notably, the Hacken-
berg group used an EPL-based semi-synthetic strategy to access
a site-specifically and stoichiometrically modified S400-O-
GIcNAc tau, which can serve as a useful tool to probe the
molecular role of O-GlcNAcylation and its effect on tau aggre-
gation using a chemically pure full-length variant.'®* Most
recently, the in vitro O-GlcNAc pattern and the molecular
mechanisms of the interplay between O-GlcNAcylation and
phosphorylation of recombinant tau have been investigated
by NMR spectroscopy.>'® In contrast to previous findings, tau
was not found to be extensively O-GlcNAcylated; additionally,
while phosphorylation was shown to increase direct tau glyco-
sylation by OGT, O-GlcNAcylation did not seem to alter tau
phosphorylation by kinases. Collectively, these results point to
a more complex, less straightforward interplay between both
PTMs, probably through indirect mechanisms that modulate
the action of the enzymes regulating phosphorylation and O-
GlcNAcylation in vivo. In another example, synthetic O-GlcNAc
and phosphate variants of the PHF6 hexapeptide required
for tau oligomerisation were used to investigate the effects of
O-GlcNAcylation and phosphorylation on the aggregation prop-
erties of a native amyloid scaffold.>"* Unlike the naked control
peptides, both forms of modified peptides retained a random
coil conformation (as assessed by CD) and aggregated less than
the parent amyloid scaffold. However, in co-incubation experi-
ments, only the glycosylated variants showed an inhibitory
effect on PHF6 aggregation, probably due to interactions with
the glycan residue through potential hydrogen bond formation.

Importantly, as mentioned above, the effect of O-GlcNAcyla-
tion on preventing the aggregation of proteins associated with
neurodegenerative disorders is not limited to tau and Alzhei-
mer’s disease. The Pratt lab has explored the impact of site-
specific O-GlcNAc modifications on the biophysical properties
of a-synuclein, the Parkinson’s disease counterpart of tau,
using several semisynthetic O-GlcNAcylated a-synuclein var-
iants (modified at Thr72, Thr75, Thr81, Ser87, and a triply
glycosylated Thr72, Thr75 and Thr81 analogue)."®*'®” None of
the O-GIlcNAc modifications led to any significant secondary
structure as shown by CD, causing no changes in the native
monomeric and unfolded state of the protein in solution.
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Notably, O-GlcNAcylation reduced o-synuclein aggregation
and toxicity in a site-specific manner, with the triply modified
a-synuclein showing the strongest inhibitory effect. Further-
more, these sugar modifications, particularly at Ser87, could
alter the architecture of the aggregates that formed, with site-
specific differences that were consistent with the NMR struc-
ture of the a-synuclein fiber.”*> These structural effects may
originate from the disruption of the hydrophobic interactions
required for aggregation owing to the hydrophilicity of the GlcNAc
residue. A recent MD simulation study of O-GlcNAcylated synu-
clein proposed that O-GlcNAc modification suppresses oligomer
formation by preventing intermolecular hydrogen-bonding inter-
actions between monomers via steric effects, providing some
insights into the molecular mechanism of O-GlcNAc-induced
inhibition of o-synuclein oligomerisation.>'® In the case of the
semi-synthetic, differentially O-GlcNAcylated sHSPs prepared by
Pratt and coworkers,'®® the enhanced chaperone activity and
aggregation-protective effect caused by the glycan were found to
stem from its ability to disrupt the auto-regulatory interaction of
the proteins’ IXI motif with their chaperone cleft. Using biophy-
sical and computational modelling techniques, they showed that
O-GlcNAcylation decreased the binding of the IXI sequence of
HSP27 to its chaperone groove, leading to the formation of larger
HSP27 oligomers and a conformational rearrangement in a more
active state. This potentially results in a dynamic structure able to
more easily bind to hydrophobic fragments thus preventing
amyloid aggregation. Overall, these multidisciplinary studies
point to a molecular mechanism for O-GlcNAc that supports an
important preventive and protective role of this modification in
neurodegeneration.

4.2. Synthetically engineered site-specific GlcNAcylation

The above studies highlight the utility of glycopeptide and
protein chemistry to access synthetic GlcNAc chemical tools
for probing the conformational effects and molecular mecha-
nisms of site-specific O-GlcNAcylation, revealing mechanistic
insights into O-GlcNAc as a potential therapeutic modification
that modulates protein activity and stability and regulates the
development of neurodegenerative diseases. Considering the
important role of O-GlcNAc in effectively stabilising peptide
and protein substrates, O-GlcNAcylated peptides have been
engineered to improve the properties of therapeutic peptides
and to gain a deeper understanding of their mechanisms of
stabilisation. With this double purpose in mind, synthetic
O-GlcNAc modified analogues of pharmacologically active pep-
tides have been investigated via functional and structural
studies. Arsequell et al. synthesised three glycosylated variants
of the 17-mer N/OFQ peptide, which is the native ligand of the
druggable, pain-related nociceptin opioid receptor, and exam-
ined their biological activities and conformational features by
NMR and CD.?"” While a-O-GalNAc glycosylation at Ser10 of
nociceptin led to a slight increase in binding affinity, the
corresponding B-O-GlcNAc glycopeptide showed similar
affinity to the unglycosylated compound, showing a more
flexible behaviour with more than one structural motif and less
a-helix proportion.
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Based on the ability of O-GlcNAcylation to remotely prevent
protein cleavage, presumably due to glycan masking of the
cleavage sites,”'°®*'® pratt and coworkers have exploited this
stabilisation effect by installing artificial O-GlcNAc modifica-
tions on two clinically relevant peptides, glucagon-like peptide
1 (GLP-1) and a parathyroid hormone (PTH) fragment
(Fig. 10).>"® The O-GlcNAcylated variants showed improved
in vivo activity and stability, which were further increased by
incorporation of unnatural amino acids in the GLP-1 analo-
gues, suggesting the potential of such combined chemical
modification approach to synergistically enhance the proper-
ties and clinical efficacy of therapeutic peptides. By using CD,
O-GlcNAc glycosylation was found to have little influence on the
peptide o-helical secondary structure, except two PTH analo-
gues that were more unstructured, especially the most potent
one. Furthermore, conformational modelling of the corres-
ponding ligand-receptor complexes provided molecular
insights into how O-GlcNAcylation affected GLP-1 and PTH
binding as well as the potential interactions contributing to
peptide activity, leading to the proposed mechanistic explana-
tion of the biased agonism observed for a triply functionalised
backbone- and O-GlecNAc-modified GLP-1 analogue.

Overall, these results suggest that in addition to potential
polar contacts with the peptide itself, O-GlcNAc may be
involved in direct receptor interactions, leading to changes in
downstream signalling pathways. Despite these comprehensive
data, the exact molecular mechanisms of O-GlcNAcylation-
promoted stabilisation are not yet fully understood and could
be associated to favoured GlcNAc-driven protein interactions
(see Section 4.3) instead of direct blocking of protease
recognition.

While the use of synthetic, homogeneously O-GlcNAcylated
peptides and proteins has enabled significant advances in
probing functional and molecular roles of specific O-GlcNAc

Parathyroid hormone (PTH) [1-34]
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sites in vitro, extension of this chemical strategy to an intracel-
lular setting or in vivo models is limited by the hydrolytic
instability of the O-GlcNAc linkage against OGA, which may
compromise site-specific modification efforts. To overcome
this issue, the non-hydrolysable thioglycoside analogue of
O-GlcNAc, S-linked GleNAc, was developed**° and incorporated
in a number of synthetic S-GlcNAcylated peptides and proteins
produced by EPL, including CKIIo'*® and a-synuclein.”® In the
first example, Cole and coworkers used protein semisynthesis
and prepared a range of site-specifically phospho- and
S-GlcNAc-modified CKllo variants for cellular studies of the
interplay between both PTMs in CKII regulation. While phos-
phorylation of Thr344 was shown to improve CKIla cellular
stability by enhancing its interaction with the adaptor protein
Pin1, S-GlcNAcylation at Ser347 was found to reduce Thr344
endogenous phosphorylation with concomitant CKIlo destabi-
lisation, and also to influence CKII kinase function, presum-
ably by altering protein substrate selectivity via potential
interactions with CKII substrates through the glycan moiety.
Subsequently, the Pratt lab demonstrated the in vitro stability
of this modification against hOGA removal by using an
S-GlcNAcylated peptide analogue from the N-terminus of
mER-B and an o-synuclein variant with S-GlcNAcylation at
Ser87.'° Moreover, the authors applied a combination of
NMR experiments and computational modelling to show that
S-GlcNAc induced similar conformational effects on the mER-8
peptide secondary structure in comparison to the native
modification,”® albeit CD analysis suggested greater B-turn
formation. Finally, site-specific S-GlcNAcylation was shown to
cause no impact on the solution secondary structure of a-synuclein
and had identical effects on protein aggregation and membrane
binding compared to the corresponding O-GlcNAcylated protein,**°
highlighting S-GIcNAc as an enzymatically stable, good structural
and functional mimic of O-GlecNAc for in vivo applications.
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Fig. 10 Synthetic engineering of therapeutic peptides PTH and GLP-1 via artificial O-GlcNAc installation.
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The above studies have demonstrated the utility of synthetic
glycopeptides and glycoproteins for interrogating the molecular
mechanisms of O-GlcNAcylation and its effects on the biophy-
sical and biochemical properties of the site-specifically mod-
ified proteins themselves. Notably, O-GlcNAc can also exert its
structural and functional role by regulating the ability of its
protein substrates to interact with their binding partners.

4.3. O-GlcNAc-mediated protein interactions

Chemical biology approaches have been applied for probing
the indirect implications of dynamic O-GlcNAcylation in terms
of its impact on modulating functionally relevant protein
interactions responsible for downstream signalling effects.
Synthetic chemistry and biology tools have also contributed
to the study of O-GlcNAc readers (lectins), writers (OGT) and
erasers (OGA), as well as the relevant molecular recognition
processes and binding events in combination with biophysical
techniques.

Given the importance of histone O-GlcNAcylation in the
regulation of transcription, Davis and coworkers investigated
the physical and mechanistic effect of O-GlcNAc modification
on histone stability and function at the molecular level.>*" As
mentioned above, using post-translational chemical mutagen-
esis, they site-specifically installed S-GlcNAc onto cysteine-
mutated recombinant histones (H2A and H2B) via previous
conversion to dehydroalanine (Dha) to generate semisynthetic
GlcNAcylated histones and assembled nucleosomes. Modifica-
tion of H2A at Thr101 destabilised its interaction with H2B and
decreased the stability of the H2A/H2B dimer in the nucleo-
some, providing a plausible structural basis to facilitate
transcriptional elongation.’”® Meanwhile, glycosylation at
H2B-Ser112 and reconstitution of the GlcNAcylated nucleo-
some led to recruitment of and direct interaction with the
FACT complex, pointing to a molecular mechanism for
GlcNAc-triggered, FACS-driven increased transcription.'”” The
Pratt group investigated potential interactions of semisynthetic
a-synuclein variants (O-GleNAc at Thr72 and Ser87) with the
protease calpain by exploring the influence of site-specific
0-GleNAc modification on protein cleavage.”'® O-GlcNAcylation
was shown to inhibit a-synuclein proteolysis at sites far in the
primary sequence from the glycosylation points, suggesting an
O-GlcNAc impact on calpain binding not just related to steric
hindrance. Notably, the observed divergent effects in the cleavage
sites due to O-GlcNAc glycosylation, including deletion of known
positions as well as appearance of new sites, point to a dual mode
of regulation by this modification via favouring or disrupting
protein-protein interactions.

O-GlcNAcylation modulates protein-protein interactions in
response to internal and external stimuli, thereby influencing
protein function and cell signalling by the regulated assembly
of multiprotein complexes. Several examples of O-GlcNAc-
mediated protein-protein interactions in a variety of cell bio-
logical contexts are known, in which O-GlcNAc modification on
a range of substrates such as chromatin proteins or transcrip-
tion factors governs a multitude of biological processes (e.g.,
gene expression, transcriptional signalling and control) by

This journal is © The Royal Society of Chemistry 2021
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inhibiting or promoting such interactions.*”> For instance,
O-GlcNAcylation at Thr352 of the NF«B transcription factor p65
subunit interrupts its interaction with the inhibitory protein
IkB, inducing the nuclear translocation of O-GlcNAcylated p65
and increasing NFkB transcriptional activation, particularly
under hyperglycemic conditions, which links glucose availabil-
ity to NFkB signalling via direct p65 O-GlcNAcylation.”** Analo-
gously, the same group reported that O-GlcNAc modification of
the tumour suppressor protein p53 at Ser149 disrupts the p53-
MDM?2 interaction required to degrade p53 through ubiquitin-
mediated proteolysis, thus reducing its ubiquitination.'”* This
stabilisation of p53 by Ser149 O-GlcNAcylation was associated
with decreased phosphorylation at Thr155, which is known to
promote p53 destruction by the ubiquitin-proteasome path-
way, highlighting the reciprocal crosstalk between both PTMs
in modulating p53 stability and activity. In the context of
neurodegeneration, as detailed above, O-GlcNAcylation of
a-synuclein blocks the hydrogen-bond interaction between
protein monomers due to steric effects, preventing oligomer-
isation and o-synuclein aggregation.>'® Moreover, the Pratt
group recently showed how sHSP O-GIcNAc glycosylation at
the IXI motif perturbs its interaction with the chaperone cleft, a
glycan-promoted disruption that prevents the ability of this
motif to intramolecularly compete with substrate binding,
improving sHSP chaperone activity.'®®

On the other hand, protein-protein interactions induced by
O-GlcNAc have also been functionally characterised through
directed biochemical experiments focused on specific glycopro-
teins of interest. In an early example, only the O-GlcNAcylated
form (Thr92) of the transcription factor STAT5 was shown,
upon cytokine stimulation, to bind to the coactivator of tran-
scription CREB-binding protein (CBP), an interaction that
potentiates the transactivation of STAT5 target genes and is
required for STAT5-mediated transcriptional induction.*** In
another study, Ruan et al. showed that OGT is recruited by the
adaptor protein host cell factor 1 (HCF1) forming a complex
that O-GlcNAcylates PGC1a,>*° a key transcriptional regulator of
gluconeogenesis. This glycosylation, in turn, promotes inter-
action with the deubiquitinating enzyme BAP1, resulting in
stabilisation of PGClo from proteolytic degradation and
increased gluconeogenic gene expression.”*® Modification by
O-GlcNAc is known to prevent ubiquitination of various natural
substrates, providing another mechanism for enhanced protein
stability, and this example constitutes the first evidence for a
direct interplay between O-GlcNAcylation and ubiquitination
on a single protein. Being most abundant in the nucleus,
O-GIcNAc also plays a fundamental role in chromatin regula-
tion through two interconnected mechanisms. In addition to
modulating nucleosome structure by altering its assembly upon
histone glycosylation, O-GlcNAcylation also acts indirectly as a
molecular mark for specific recruitment of and interaction with
reader proteins to mediate various downstream functions.
For instance, Fujiki et al reported that O-GlcNAc modifica-
tion of H2B at Ser112 promotes its monoubiquitination by
recruiting the ubiquitin ligase BRE1A, with the glycan residue
serving as an anchor, suggesting a potential mechanism for
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GlcNAcylation-driven transcriptional activation that awaits
further structural characterisation.”*® Subsequent investiga-
tions have provided additional mechanistic and functional
insights into histone H2B O-GlcNAcylation, whereby the
enzyme TET2 (methylcytosine dioxygenase 2) interacts with
and recruits OGT to specific chromatin locations, enhancing
H2B-Ser112 O-GlcNAc modification locally and upregulating
gene transcription.”?”” Another important upstream regulator
of OGT and potentially of O-GlcNAc mediated histone-protein
interactions is the polycomb repressive complex 2 (PCR2)
containing the enhancer of zeste homologue 2 (EZH2), which
catalyses histone H3 Lys27 trimethylation to form H3K27me3, a
critical histone PTM to mark the transcriptionally silenced
chromatin.>*® Wong and co-workers found that OGT recruits
and associates with EZH2 in the PCR2 complex and modifies
the H3Lys27 methyltransferase EZH2 with O-GIcNAc at Ser76,
which led to increased protein stability and facilitated the
formation of H3Lys27me3 to inhibit tumour suppression.**
Additional studies further revealed that O-GlcNAcylation of
EZH2 at other N-terminal positions (particularly Ser73 and
Ser84) also stabilised free EZH2 from ubiquitin-proteasome
degradation, without affecting the formation or stability of
the EZH2/PCR2 complex.”*° Moreover, a glycosite-dependent
regulation of EZH2 function by O-GlcNAcylation was identified,
with only a C-terminal O-GlcNAc modification (at Ser729)
having an impact on the methyltransferase activity to form
H3Lys27me2/3, presumably by altering the subconformation of
the EZH2 C-terminal region. These combined results provide a
regulatory molecular mechanism by which OGT facilitates
histone H3Lys27 methylation and suggest that selective inhibi-
tion of EZH2 O-GlcNAcylation may be exploited for anticancer
drug discovery to block tumour progression.

These targeted biochemical studies on known glycoproteins
highlight how the dynamic, O-GlcNAc mediated regulation of
such multiprotein complexes governs a variety of important
biological processes. However, they use standard techniques
that cannot determine whether the glycan plays an essential
role in binding or simply brings about indirect effects. Impor-
tantly, protein-protein interactions can also be responsible for
the substoichiometric nature of O-GlcNAcylation by potentially
masking modification sites on specific substrates, thus pre-
cluding subsequent glycosylation by OGT. This low O-GlcNAc
stoichiometry together with the weak and transient binding
events associated to these protein interactions complicates
their detection using conventional strategies, requiring the
development of innovative methods to characterise and identify
such and new interactions involving O-GlcNAc. As described
above, Kohler and coworkers developed a chemical biology
approach based on metabolic labelling with diazirine-
modified O-GlcNAc (O-GlcNDAz) and photocrosslinking (see
Section 3.3 and Fig. 5), enabling the covalent capture of
protein—protein interactions in living cells.'*®> Because cross-
linking of the corresponding O-GlcNDAz modified proteins
occurs with binding partners within a short radius from the
sugar (approximately 2-4 A), only those specific interactions
directly mediated by glycan at the interface (at or near the
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interaction site) are identified with this system. This approach
in combination with additional biological techniques has been
subsequently applied by the Boyce lab to study O-GlcNAc-
mediated protein—-protein interactions in different experi-
mental settings,>*">** as well as to investigate the potential
interaction of candidate ‘“reader” proteins for O-GlcNAc in
living cells.

Despite early studies by Lefebvre and co-workers reporting
HSP70 chaperones with lectin activity towards O-GleNAc,>***3*
and the examples above involving different signalling proteins
as potential O-GlcNAc-binding lectins, precise knowledge about
O-GIcNAc readers and the structure and/or function of the
intracellular glycoprotein—-protein complexes is scarce. Apply-
ing a newly developed biochemical approach that used syn-
thetic, OGT-glycosylated, biotinylated ‘bait” peptides followed
by MS proteomics (see Section 3.3), Boyce and coworkers
extracted O-GlcNAc-mediated binding events from cell lysates
and identified several mammalian proteins, including the 14-3-
3 family or a-enolase, as O-GlcNAc-interacting partners.'** The
discovered candidate readers were found to bind directly and
specifically to O-GlcNAcylated (but not unmodified) peptides
and proteins in vitro and in living cells, which was confirmed by
metabolic labelling using GlcNDAz and UV-specific crosslink-
ing. Further structural studies by co-crystallisation of the model
glycopeptide with 14-3-3 isoforms showed a glycan-dependent
interaction via extensive hydrogen bonds between the sugar
and the protein binding pockets, revealing the initial molecular
basis of selective O-GlcNAc recognition. Nonetheless, the bio-
physical features of these interactions as well as of O-GlcNAc
binding are not fully elucidated. Indeed, relatively few struc-
tural studies have been performed to gain atomic resolution
information on the key aspects underlying the molecular
recognition of O-GlcNAc by the corresponding interacting
partners, including lectins, immune receptors, and enzymes.

4.4. Molecular recognition features of O-GlcNAc with relevant
biological receptors

4.4.1. WGA lectin-GlcNAc interactions. Given the key
biological implications of protein—-carbohydrate and protein-
protein interactions as exemplified above, probing the recogni-
tion process between the glycan (GIcNAc) and the corres-
ponding binding partners has attracted a great deal of
attention. Thus, several structural studies using a range of
methods have been carried out in an effort to elucidate the
atomic details of the molecular interaction event between a
variety of O-GlcNAc-containing molecules and their relevant
receptors.

As mentioned in Section 3.1, the plant lectin WGA and
also its succinylated form (sWGA) have been long used in
O-GlcNAc research as a traditional method for the enrichment
and purification of endogenous O-GlcNAcylated proteins,®®
and they have also shown potential in pharmaceutical
applications.?®” In addition to Neu5Ac residues, WGA recog-
nises selectively GIcNAc units, both in a- and/or f-configuration
with similar affinity. It exists in three variant isoforms compris-
ing two identical 171-residue subunits that associate to form

This journal is © The Royal Society of Chemistry 2021
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36-kDa dimers, with each polypeptide consisting of four repe-
titive hevein-type domains of 43 amino acids folded similarly
and stabilised by four disulfide bridges in equivalent positions
(Fig. 11a). In early years, the WGA interaction with O-GlcNAc
and a number of derivatives was explored by diverse experi-
mental techniques,”**™>*° providing initial biophysical data and
binding information. Subsequent computational studies by
flexible molecular docking methods predicted the corres-
ponding binding mode and free energies,”*® reproducing well
the experimental data. This good correlation is arguably based
on entropy-enthalpy compensation as reported previously by
Jiménez-Barbero and coworkers, who employed NMR titration
and bidimensional experiments combined with computational
calculations to characterise the binding and three-dimensional
solution structure of the complex between the WGA-B domain
and N,N’,N"-triacetylchitobiose [(GlcNAc);].**' Using NOE-
based data and MD simulations, the trisaccharide was found
to exhibit two different orientations (binding modes) within the
WGA-B binding site, with slight carbohydrate-induced confor-
mational changes observed for the complexed protein. Accord-

View Article Online

Review Article

stabilised by hydrogen bonding and van der Waals forces,
whereas rigidification of the glycan and/or lectin side chains
together with solvation effects opposes binding. This entropy
loss caused a decrease in affinity for the WGA-B/(GlcNAc);
interaction with a dissociation constant in the low millimolar
range, as assessed by "H-NMR titration experiments and iso-
thermal titration calorimetry (ITC). An especially powerful and
widely utilised NMR method to investigate glycan-protein
interactions and characterise ligand binding, in particular
under slow exchange conditions on the 'H-NMR timescale,
is saturation transfer difference (STD) NMR. Using the WGA-
GIcNAc system as a model, Angulo et al. applied a novel STD-
based protocol that enabled a direct and accurate measurement
of the dissociation constant (Kp) for the WGA interaction with
O-GlcNAc and N,N’-diacetylchitobiose [GlcNAc-B(1-4)-GlcNAc]
(2.4 mM and 200 pM, respectively), with great approximation
to the thermodynamic values.”**

Considering the particularly low affinity of WGA for O-
GIcNAc, multivalent presentation of O-GlcNAc derivatives
has been a strategy to enhance binding affinity, providing
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Fig. 11

(@) Model of WGA lectin derived from the X-ray crystal structure in complex with GlcNAc (PDB: 2UVO). (b) High affinity tetravalent

neoglycopeptide (ICso = 0.9 uM) and divalent GlcNAc ligands display potent multivalent binding to WGA. (c) Selenium-based GlcNAc affinity ligands
applied for detection of GIcNAc—WGA interactions by ”’Se NMR. (d) Fluoroacetamide-containing chitobiose and chitotriose mimics used as NMR probes

for molecular recognition studies between WGA and GlcNAc glycans.
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carbohydrate-protein interactions with potential implications
for human diseases. The WGA dimer comprises eight total
binding sites for O-GlcNAc and related oligomers thereof,>**
and thus shows promise for exploiting polyvalent interaction
effects. The Wittman lab first synthesised a diverse neoglyco-
peptide library of conformationally restricted O-GlcNAc gly-
coclusters where the glycan residues were attached onto an
immobilised cyclopeptide scaffold in the last synthetic step.>**
Screening of the binding properties using an on-bead, enzyme-
immune lectin-binding assay with biotinylated WGA identified
some tetra/penta/hexavalent candidates that were further ana-
lysed for WGA binding in solution by an enzyme-linked lectin
assay (ELLA). The obtained IC values showed strongly increased
potencies (up to =x~1000-fold) compared to monovalent O-
GlcNAc, suggesting that not only the number of glycan resi-
dues, but also their spatial presentation is responsible for their
high affinity to WGA. Based on this assumption, the same
group then synthesised a range of additional mono-to tetra-
valent O-GlcNAc ligands containing o-linked glycosyl carbamate
units with varying spacer length and flexibility, and identified
two divalent derivatives and a tetravalent cyclic neoglycopeptide
with high binding potencies (ICso ~ 10-50 uM and 1 pM,
respectively) (Fig. 11b).>**

Crystallographic studies with three WGA-ligand complexes,
including the potent divalent and tetravalent ligands, the latter
also complemented by NMR and MD simulations, revealed key
structural insights into the molecular underpinnings of multi-
valent binding to WGA. The X-ray structure of the divalent
compound displayed a chelating binding mode with four
ligand copies occupying all the binding site pairs, and the o-
linkage was also identified as a key feature for optimal binding,
explaining altogether the high potency of the divalent variant.
Moreover, the tetravalent glycocyclopeptide adopted an already
preorganised conformation in solution that was suitable for
interacting with the protein through two GlcNAc residues and
was therefore maintained in the formed WGA complex.**?
Overall, this comprehensive understanding of the molecular
mechanisms underlying the recognition and enhanced binding
affinity of such polyvalent ligands can be leveraged for the
rational development of more potent glycan constructs or even
lectin mimetics (see Section 4.4.2) for therapeutic or detection
purposes.

To further advance the molecular characterisation of the
recognition event by ligand-based NMR methods, exploiting
specific, NMR-active heteronuclei (e.g., ”’Se or '°F) as high-
resolution detection probes in the glycan has been shown to be
a powerful approach to investigate molecular binding (Fig. 11c
and d). Some elegant examples of the application of these
chemical tools for probing the association between several
GlcNAc derivatives and WGA have been demonstrated, eluci-
dating key structural details of the interaction process. For
instance, the Widmalm lab studied the binding properties
of methyl-1-seleno-GlcNAc (GlcNAcSeMe) with WGA using
77Se NMR spectroscopy and STD experiments, showing notice-
able changes in the ligand parameters such as greatly
decreased resonance intensities, considerable line broadening,
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and a marked downfield chemical shift upon lectin addition
(Fig. 11c-top).>*® These sharp variations can be explained by the
fact that the substituted anomeric oxygen lies close to an amino
acid residue in the binding pocket of the lectin crystal structure
and indicated a modified chemical environment between the
free and bound state.

A molecular docking simulation showed that the introduced
selenomethyl group was also in proximity to a protein aromatic
residue presumably interacting with the lectin, being the
reason of the profound experimental changes with a potentially
increased binding affinity due to the selenium atom. In a
similar study, the Davis group probed the interaction of GIcNAc
diselenide (GlcNAcSe), to WGA using NMR and computational
calculations (Fig. 11c-bottom).”*” A clear STD effect together
with increased linewidths as well as transferred NOESY experi-
ments demonstrated glycan binding, with a similar Ky, (1.6 mM)
to the native GlcNAc, as determined by classical titration
experiments. Combining molecular docking, STD-NMR data
and CORCEMA-ST calculations the binding mode of
(GleNAcSe), in the primary binding site of WGA was deduced,
with the GlcNAc residue occupying the same position as the
corresponding monosaccharide in the crystal structure and
without direct interaction between either selenium atom and
the lectin. Understandably, fluorine has also been widely
utilised in "°F NMR-based experiments as another privileged
spectroscopic handle to report key structural information on
glycan-protein interactions,**® and in particular to study mole-
cular recognition events involving O-GlcNAc moieties. For
example, the labs of Reichardt and Jiménez-Barbero have
employed a set of fluoroacetamide groups as novel dual
chemical tags for probing the binding of GIcNAc derivatives
to WGA by '°F NMR and STD experiments.>*>**° Using syn-
thetic GlcNAc dimers (di-N-acetyl chitobiose) and trimers (tri-N-
acetyl chitotriose) (Fig. 11d), one of the key contacts identified
in the molecular recognition was the CH-n stacking of the
(fluoro)acetamide methyl group with the tyrosine ring of the
lectin, as also detected for the non-fluorinated substituent in
the native GlcNAc derivative. Indeed, as shown by computa-
tional calculations, the incorporation of one (and especially
two) electron-withdrawing fluorine atoms polarises the remain-
ing C-H bond(s), enhancing the corresponding sugar-aromatic
interactions (particularly of the non-reducing sugar moiety) and
therefore the binding affinity. STD competition experiments
with natural (GIcNAc), (Kp =~ 190 puM) enabled quantitative
estimation of the Kp of the corresponding WGA complexes,
with a trifluoroacetamide compound showing the weakest
binding (~650 pM) due to unattainable CH-n stacking and
the difluoroacetamide variant (Fig. 11d, -CHF, group high-
lighted in green) being the best binder (&~ 50 uM), which makes
this moiety the dual NMR tag of choice for monitoring
O-GIcNAc molecular interaction processes.

4.4.2. Synthetic lectin-like receptors for O-GIcNAc. Given
the low affinities and specificities of natural GlcNAc-binding
lectins (e.g., WGA), novel complementary receptors are desir-
able for enhanced O-GIcNAc detection. The Davis group at
Bristol has developed some biomimetic, synthetic lectins that
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selectively bind O-GlcNAc in water through non-covalent
contacts, ie., hydrogen bonds to the equatorial polar glycan
substituents and hydrophobic as well as CH-n interactions for
the axial sugar CH groups.®®° Accordingly, these designed
“temple”-like structures consist of two parallel aromatic sur-
faces providing hydrophobic contacts, separated by two rigid
polar spacers on each side responsible for the hydrophilic
interactions. In the initial design, the apolar “roof”” and “floor”
surfaces were made of biphenyl rings that were connected by
lateral isophthalamide “‘pillars” bearing water-solubilising tri-
carboxylate groups (Fig. 12a).*° Using 'H NMR titrations in
aqueous solution, this biphenyl-based receptor was found to
bind preferentially f-GlcNAc-OMe (association constant, K, =
630 M~ ") compared to other monosaccharides (e.g. glucose,
GalNAc, Neu5Ac) and bound even better an O-GlcNAcylated
CKII model decapeptide (K, = 1000 M~ ", confirmed by induced

CD), due to further backbone contacts and an enhancement of
a key hydrogen bond interaction between the glycopeptide and
the receptor, as subsequently observed by MD simulations by
Corzana et al.”*' Despite having similar affinities, this synthetic
receptor outperforms the natural WGA lectin particularly
in terms of selectivity, being able to discriminate between
O-GlcNAc and di-N-acetyl chitobiose and an Asn-linked GlcNAc
derivative (estimated K, ~ 4 M~ "). Bidimensional NMR experi-
ments including NOESY data integrated as experimental con-
straints in molecular computational calculations revealed the
expected structure for the B-GlcNAc-OMe/receptor complex
(Fig. 12a). The sugar lies trapped between the biphenyl aro-
matic surfaces and places the acetamido moiety in a small
portal within the cavity, making hydrogen bond and NH-n
interactions (which explains the selectivity for GlcNAc versus
glucose) with its methyl group involved in hydrophobic con-
tacts. The methoxy substituent points to one of the wider
“exits” and the carbohydrate hydroxymethyl group projects
into the opposite narrow portal from the NHAc, leaving the
monosaccharide little room for moving, thus explaining the
preference for B-GlcNAc-OMe over the o-anomer and the free
racemic GlcNAc. Based on the promising features and struc-
tural information of this B-O-GlcNAc synthetic receptor, Cor-
zana et al. expanded the molecular recognition study to probe
the binding properties of the simplest Ser/Thr-containing B-O-
GlcNAc system by using analogous NMR experiments in combi-
nation with MD simulations.>*' Moreover, to explore the effect
of the underlying amino acid on glycopeptide conformation
and binding, the related O-GlcNAc derivatives incorporating
unnatural o-methylserine (MeSer) and o-methylthreonine
(MeThr) amino acids, previously shown to stabilise folded
conformations in model B-O-glucopeptides,>
tigated. Concerning the free state conformational analysis,
while the peptide backbone of both unnatural glycopeptides
adopted similar, mainly helix-like conformations attributed to
the o,0-disubstituted amino acid incorporation, the MeThr
analogue was more rigid displaying an eclipsed conformation
for the glycosidic linkage due to the B-methyl group, as pre-
viously observed for the corresponding p-O-GlcNAc-Ser/Thr
model compounds.>** From the molecular recognition study,

2 were also inves-
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Fig. 12 Chemical structure of synthetic lectins ((a) first-generation design,
(b) second-generation “eclipsed” receptor) for B-O-GlcNAc, showing
intermolecular CH-aromatic contacts (purple dashed lines) and polar
hydrogen-bond interactions (green dashed lines).

all the glycoamino acid derivatives had lower association con-
stants (K, < 100 M ") than the reference B-GlcNAc-OMe
monosaccharide, with B-O-GlcNAc-Ser showing the highest K,
(91 M~ ') among the four derivatives. These results indicate the
detrimental effect of the amino acid moiety on binding, which
was particularly notable when the f-methyl group was present,
due to impaired hydrogen bond and CH-= interactions with the
host, as rationalised by MD simulations.

In their subsequent study, Rios et al. improved upon the
previous receptor design by rigidifying the aromatic surfaces
with planar pyrene moieties in place of the twistable biphenyl
rings as well as expanding the water-solubilising side chains to
ensure aqueous solubility (Fig. 12b). This new receptor was
synthetically assembled in two different forms providing two
isomers (‘“‘staggered” and ‘“eclipsed”), both of which showed
excellent affinities for B-O-GlcNAc derivatives in solution as
measured by "H NMR titration and/or ITC (K, ~ 20,000 M for
B-GlcNAc-OMe and K, ~ 70000 M ' for the model CKII
glycopeptide, respectively), considerably exceeding those of
natural GlcNAc lectins (25-fold improvement).’® The three-
dimensional structures of the complexes with B-GlcNAc-OMe,
elucidated using a combination of NMR and computational
methods, showed the carbohydrates sandwiched between the
aromatic pyrene surfaces with the acetamido and methoxy
substituents protruding into the portals (Fig. 12b). The struc-
ture of the glycopeptide associated to the eclipsed receptor
revealed a similar orientation for the O-GlcNAc residue whereas
the peptide backbone conformation could not be resolved,
albeit it would presumably be involved in diverse additional
contacts that could explain the increased K,. Notably, the
outstanding affinity exhibited by this synthetic host for the O-
GlcNAcylated CKII peptide highlights the importance of the
peptide context for the enhanced interactions leading to these
high-affinity levels, which make these biomimetic receptors a
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promising tool for further development to be applied in differ-
ent biological settings to explore the O-GlcNAc modification.

Overall, these studies highlight the utility of combining
various chemical tools with NMR and computational methods
as powerful probes to investigate the molecular binding
properties of O-GIcNAc with lectin receptors, advancing our
understanding of sugar-protein interactions for potential
exploitation in biomedical applications and providing practical
chemical solutions to O-GlcNAc recognition and detection in
glycobiology.

4.4.3. Antibody and immune cell receptor-O-GIlcNAc inter-
action. Naturally, antibodies are the most practical tools for
probing proteins and their post-translationally modified forms.
Nonetheless, not many antibodies recognising the O-GlcNAc-
Ser/Thr modification globally (so-called pan-specific) have been
developed and characterised, presumably because O-GlcNAc
epitopes are self-antigens that can be tolerated by the immune
system. Among them, as detailed in Section 3.1, RL2 and
CTD110.6 have been widely used for detecting and purifying
O-GlcNAc proteins by immunoblotting and immunoprecipita-
tion, although they show relatively low affinities, limited selec-
tivity and cross-reactivity.”*”® From the molecular recognition
perspective, RL2 requires underlying peptide epitopes in addi-
tion to the carbohydrate itself, and although it shows good
specificity for O-GlcNAc versus other glycan forms, it only binds
a subset of O-GlcNAc proteins®? failing in recognising others,
as demonstrated recently with site-specifically O-GlcNAcylated
o-synuclein.'®” On the other hand, CTD110.6 binds the B-O-
GlcNAc-Ser/Thr motif without apparent need for backbone
residues,”® although it may also recognise and cross-react with
other linkage types, including N-GlcNAc and terminal -GlcNAc
residues on complex cell surface N-glycans, as well as S-GlcNAc
on protein cysteines.”*”®'*® Likewise, CTD110.6 has also failed
to recognise synthetic O-GlcNAcylated a-synuclein proteins."®”
With the goal of developing further improved mAbs specific for
O-GlcNAc, the Boons group applied their tripartite vaccine
approach to synthesise a three-immunogen conjugate that
contained a short CKII O-GlcNAcylated peptide as a B-cell
epitope. This glycopeptide was chemically linked to a major
histocompatibility complex class II (MHC-II) restricted T cell
helper epitope and a Toll-like receptor-2 (TLR2) ligand (Pams.
CysSerLys,) as an adjuvant, eliciting a significant IgG antibody
response upon mouse immunisation.”” Using hybridoma tech-
nology, a panel of O-GlcNAc specific 1gG mAbs (18B10.C7,
9D1.E4, 1F5.D6) were generated that required both the carbo-
hydrate and peptide components (glycopeptide specificity) for
binding, as determined by inhibition ELISA. Further immuno-
precipitation assays indicated that recognition is dependent on
the O-GlcNAc residue. These antibodies were applied to identify
a number of O-GlcNAc modified proteins (including new gly-
coproteins, e.g., Nup214, Nup153, fructose-1,6-biphosphtase,
thioredoxin, glutathione S-transferase) showing a wide range
of binding partners, with notable protein specificity for each
antibody enrichment despite some overlap in certain assigned
proteins. This finding further supports that the antibodies have
both O-GlcNAc dependency and distinct but common peptide
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determinants, albeit further information about the epitope
requirements could not be obtained due to unsuccessful site-
mapping efforts.

O-GlcNAc-modified peptides have been identified as MHC-I
binding antigens. In an early study, synthetic O-GlcNAc glyco-
peptide analogues of the cytotoxic T lymphocyte (CTL) epitope
of Sendai Virus nucleoprotein bound to MHC-I molecules and
induced glycan-specific CTL responses.”>* The glycopeptide
recognition by the CTL was dependent on the chemical struc-
ture of the glycan (an a-GalNAc glycopeptide analogue was not
bound) as well as its position in the peptide, with key site-
specific changes either abrogating or restoring peptide binding.
Additional related studies suggested that the carbohydrate not
only mediated binding with MHC-I but also interacted directly
with the TCR, serving as an anchor point by hydrogen bond
formation through the acetamido group.>*>® Subsequent crystal
structures confirmed that the O-GlcNAc residue was solvent
exposed, pointing out of the peptide binding grove, mobile and
accessible to interact with the TCR (Fig. 13), suggesting the
molecular basis of the recognition between the MHC-I/0-
GlcNAc-glycopeptide complex and the TCR.>*® Overall, these
combined studies by Elliot and coworkers highlight the
potential effects of peptide O-GlcNAc modification by abrogat-
ing recognition of an immunogenic peptide or converting a
silent unglycosylated epitope into an O-GlcNAcylated T cell
neoepitope, which could lead to the emergence of new tumour
antigens during malignant transformation. Indeed, O-GlcNAc
modified peptides have been recently identified as MHC-I
restricted leukemia neoantigens. This finding spurred the
development of the corresponding synthetic glycopeptide epi-
topes, which were able to induce strong cellular immune
responses in humans,”’” highlighting their potential as pro-
mising new targets for cancer immunotherapy. Positional
analysis of these O-GlcNAc glycopeptide neoantigens from
leukemia samples showed that the GIcNAc residues are posi-
tioned in the middle of the peptide. This location may be
optimal for T cell recognition, exposing the glycan for recogni-
tion by glycopeptide-specific CTLs as demonstrated in the
previous example. Notably, an analogous presentation mode
was also observed in interaction studies with phosphopeptides,

Fig. 13 Crystal structure of the FAPS(B-O-GIcNAC)NYPAL glycopeptide
(termed K3G) in complex with the MHC class | H-2D® molecule, showing
one of the two major conformers for the O-GIcNAc residue.

This journal is © The Royal Society of Chemistry 2021
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in which the T cell receptor (TCR) CDR3a lies proximal to the
central phosphate group, suggesting direct TCR binding.>*®
Thus, altered PTMs can markedly regulate immune system
recognition, creating new epitopes with novel structures that
can modulate MHC as well as TCR interaction.

In another study, Heck and coworkers detected O-GlcNAc
modified peptides bound to human leukocyte antigen (HLA)
class I molecules that were surprisingly further extended
with additional monosaccharides, as identified using advanced
MS, enzymatic assays, oxonium ion fragmentation, and
molecular modelling.>®® The observed glycopeptides were
proposed to possess an O-GlcNAc “stem” modified by Gal,
and potentially expanded by N-acetyl lactosamine and Neu5Ac,
and were mostly computationally assigned to O-GlcNAcylated
source proteins. This elongation would occur through the
action of glycosyltransferases along the trafficking of cytosolic
HLA-I-bound O-GlcNAc-peptides to the cell membrane follow-
ing the classical class I antigen presentation pathway, repre-
senting the first evidence of O-GlcNAc extension in vivo. The O-
GIcNAc moieties were found only at central peptide residues
with nearby proline residues particularly at the -2 and -3 sites,
in line with a potential sequence motif for 0-GlcNAcylation.>">”°
Using docking calculations, the computed complex of an O-
GlcNAc modified peptide bound to the HLA-B*07 molecule
showed a solvent oriented glycosylated threonine that is not
directly involved in HLA binding, leaving the carbohydrate
exposed to the surface and potentially accessible to glycosyl-
transferases. These expanded O-GlcNAc HLA class I peptides
are likely to influence immune recognition, potentially repre-
senting a functional type of T cell neoepitope with roles in O-
GIcNAc mediated processes that may be dysregulated in
diseases.

Taken together, these combined structural immunology
studies suggest a common molecular mechanistic basis to
understand how altered post-translationally modified peptides
are presented to and impact the interaction with relevant
immune receptors, yielding key molecular insights that could
facilitate cancer therapies targeting these PTMs.

4.4.4. OGT/OGA enzyme-O-GlcNAc (substrate protein)
interactions. Naturally, the enzymes regulating the O-GlcNAc
cycle are major, critical interactors critically involved in the
molecular recognition and binding with O-GlcNAc and its
corresponding substrate proteins. Nonetheless, as these
aspects have been comprehensively discussed in excellent
recent reviews elsewhere,®>”® in this section we will briefly
summarise key structural insights and molecular mechanisms
that regulate the substrate recognition and binding mode of
OGT and OGA, complementing further the relevant informa-
tion on O-GlcNAc enzymes mentioned in Section 2.

As discussed above, a wide variety of proteins have been
shown to bind and direct OGT to particular substrates in
response to cellular stimuli. Most of these proteins are them-
selves O-GIcNAcylated, with the carbohydrate either promoting
or interfering with the interaction and targeting. OGA may also
be directed to O-GlcNAcylated proteins by interacting partners,
although more studies are required to confirm this possible
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mechanism. Overall, these binding proteins play an essential
role in modulating the activity and localisation of both
enzymes, and through their involvement in various protein
complexes, OGT and OGA control the functions of O-GlcNAcy-
lation, coordinating key cellular networks and fundamental
biological processes. However, the structural and biochemical
bases regulating these protein-protein interactions have not yet
been fully elucidated, which limits our knowledge of the
modulation of O-GlecNAc enzymes by their binding partners.
As detailed in Section 2.1, several crystallographic studies of
truncated OGT complexed with sugar-donor and acceptor
peptides®®>* have characterised critical structural details,
revealing that the active site-bound UDP-GIcNAc interacts
extensively with the peptide acceptor near the catalytic pocket,
although the sugar moiety of the donor does not contribute to
OGT binding. Despite this information, the exact molecular
mechanisms of OGT-protein substrate interactions are not
entirely defined, albeit key insights have emerged from the
structural and complementary biochemical studies. While
there is no strict consensus sequence, a short structural motif
may serve as a molecular recognition point for OGT, with
preference for amino acid residues near the glycosylation site
that enforce an extended peptide conformation (such as pro-
lines and B-branched residues).*” Moreover, the extended TPR
domain mediates protein-protein interactions and contributes
to substrate recognition and specificity through contacts with
solvent-exposed regions of the protein backbone via a series of
asparagine and aspartate residues,’®*° potentially inducing
conformational changes that facilitate substrate binding at
the active site. As illustrated above (see Section 4.3) through
various examples, OGT substrate recognition can also be
mediated by conserved adaptor proteins (e.g., HCF1) recruiting
and targeting acceptor proteins to OGT depending on
environmental and nutrient conditions, leading to regulation
of downstream cellular pathways. Additionally, a non-specific
O-GlcNAcylation mechanism has been hypothesised to confer
substrate specificity to OGT,? based on its preferential modifi-
cation of substrates containing disordered, flexible regions
(e.g., loops and termini) that can bind to the active site in an
extended conformation exposing the amide backbone.?® These
features raise the possibility that OGT can non-specifically
glycosylate substrates in unstructured domains of unfolded
proteins without recognising any particular sequence or struc-
ture. Because such flexible elements are not abundant in most
mature proteins, this substrate selection mechanism is not
expected to be operative in a normal physiological state but
rather would potentially occur in response to various stress
stimuli that result in increased accumulation of such unstruc-
tured substrates. As O-GIlcNAc levels are elevated during cellular
stress,>®® this hypothesis points to a role for O-GlcNAcylation
in the handling of unfolded proteins under stress conditions,
inhibiting their aggregation and proteasomal degradation
as well as facilitating their refolding by chaperones with
O-GlcNAc-directed lectin activity (for example, HSP70). The
study by Vocadlo and coworkers showing that this glycosyl-
ation also occurs co-translationally to stabilise nascent
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(likely unstructured) polypeptides against ubiquitination®®*
further supports this idea and suggests that O-GlcNAcylation
maintains protein homeostasis and may regulate protein qual-
ity control through this proposed mechanism.**

On the other hand, the precise molecular details of OGA
substrate recognition are much less well understood. As
described in Section 2.2, recent structural studies with trun-
cated hOGA in complex with inhibitors®** and several glyco-
peptide substrates®>® have revealed key features that led to the
proposal of a general mechanism for how OGA recognises and
interacts with various substrate proteins. According to this
model, OGA binds substrates tightly through the O-GlcNAc
residue while also engaging in additional interactions beyond
the catalytic domain. Regardless of the underlying Ser/Thr
residue or the flanking amino acid sequence, the GlcNAc
moiety is anchored in a conserved conformation by strong
contacts with multiple active site residues, a binding mode
that explains the complete OGA selectivity for hydrolysis of -O-
GleNAc proteins versus a-O-GleNAc or -O-GalNAc substrates.
The glycosylated peptides can be bound in different orienta-
tions within a hydrophobic cleft, with the backbones retaining
a common V-shaped conformation and the side chain residues
being stabilised in several ways, rationalising the ability of OGA
to deglycosylate a variety of sequences. The conserved contacts
between the glycan and the active site residues are essential for
recognising and anchoring the glycopeptide in the substrate
binding cleft, whereas prevailing interactions with the back-
bone amides might explain the substrate promiscuity of OGA.
Moreover, peptide side-chain specific interactions with further
OGA residues contribute to increased binding affinity,
potentially altering hydrolysis rates. However, precise knowl-
edge about the extent of these interactions further than the
O-GlcNAc moiety is rather limited and future studies are
needed to fully understand the molecular underpinnings of
OGA substrate recognition, especially beyond the catalytic site.

To gain a better understanding of the structural bases and
mechanisms of the molecular recognition events by which OGT
and OGA select and interact with many diverse protein sub-
strates, further structural investigations and novel biochemical
approaches are needed. This future research will be critical to
identify new binding modes to protein substrates and interact-
ing partners, discover what and how recruiter proteins direct
both enzymes to their substrates, as well as elucidate the
impact of the protein primary sequence and/or conformational
preference on the overall targeting and interaction process.

5. Conclusions and outlook

Over the last few years, the O-GIcNAc field is witnessing con-
tinuous, excellent progress contributing to advance our knowl-
edge of this fundamental but arguably underappreciated
covalent protein modification. Chemistry is definitely playing
a key role in this front by providing a wide variety of chemical
tools and approaches to probe the mostly unknown biochem-
ical, structural and functional consequences of this unique
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form of protein glycosylation. These tools include rationally
designed, potent and selective, small-molecule OGT/OGA inhi-
bitors for O-GIcNAc elucidation and potential translational
applications, as well as further chemical reporters and chemo-
enzymatic methods for the identification of O-GlcNAcylated
proteins and discovery of new roles. Nonetheless, novel, more
effective, and critically improved approaches are still required
to achieve a more direct, minimally perturbing, and unbiased
probing of endogenous protein O-GlcNAc modification in vivo.
Such innovative technologies in combination with advanced
MS techniques will facilitate dynamic tracking and interroga-
tion of O-GlcNAcylation with site-specific precision. Chemistry
is further contributing to move forward the field through the
development of additional bioorthogonal ligation strategies for
fastest O-GlcNAc labelling and detection, as well as enhanced
protein synthesis technologies towards homogeneously mod-
ified, stoichiometric O-GlcNAcylated molecules for functional
studies and therapeutic applications. Notably, despite some
representative examples, few chemically pure O-GlcNAc glyco-
proteins have been synthesised, hindering rapid progress in
elucidating the molecular consequences of this modification.
Synthetic glycopeptides have also been crucial to advance O-
GlcNAc research and uncover O-GlcNAcylation mechanisms
through the development of site-specific antibodies, which
not only enable detection and precise functional investigations,
but could potentially be applied for diagnostic and clinical
purposes. Chemically synthesised O-GlcNAc peptides have also
been leveraged in immunological and structural studies, lead-
ing for instance to cancer neoantigen discovery and providing
key insights into the mechanisms of substrate recognition by
OGT and OGA. Despite their potential, few studies have
been performed utilising synthetic glycopeptides and/or glyco-
proteins to probe the conformational effects of Ser/Thr
O-GlcNAcylation on protein structure and interactions, as well
as on its complex crosstalk with phosphorylation. Remarkably,
even less work has been done on the implications of such
O-GlcNAc impact on the molecular recognition by relevant
biological receptors, which may be behind their important
functions in vivo. This is clearly an underexplored area that
can benefit from the power of chemistry to provide access to
homogeneous synthetic substrates, which combined with the
necessary NMR and computational methods should enable
future key investigations at atomic-level resolution. This further
research might contribute to elucidate the structural role of
O-GIcNAc in protein conformation and how this influences
the interaction with its corresponding binding partners, yield-
ing critical information on the molecular mechanisms
of recognition that may be at the basis of fundamental
O-GlcNAc mediated cellular processes. Notably, given the emer-
ging, important links between O-GlcNAc and the immune
system,?**26* immunology is another discipline where current
progress in the O-GIcNAc field is expected to provide key
insights into the functional consequences of O-GlcNAc mod-
ification. Thus, chemical immunology emerges as a fertile area
in which novel chemical strategies can be developed and
exploited to uncover new roles of O-GlcNAc in immunity.>®®

This journal is © The Royal Society of Chemistry 2021
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In conclusion, as shown in this review, chemistry will
certainly continue to be a key enabling tool in the O-GlcNAc
field, providing new probes, strategies and synthetic solutions
to address outstanding challenges in the study of this signifi-
cant protein modification. Nonetheless, it will only be through
a multi- and interdisciplinary approach combining chemical, bio-
logical and structural techniques that we, as a community, will
succeed in the complex, multi-faceted mission of elucidating the
mechanisms and functional consequences of O-GlcNAcylation.
This knowledge, in turn, will allow us to improve our understand-
ing of the molecular roles of O-GlcNAc underlying diverse aspects
of cellular physiology with implications for health and disease.
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