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Abstract

O-linked N-acetylglucosamine (O-GIcNAC) is a widespread reversible modification on
nucleocytoplasmic proteins that plays an important role in many biochemical processes and is
highly relevant to numerous human diseases. The O-GIcNAc modification has diverse functional
impacts on individual proteins and glycosites, and methods for editing this modification on
substrates are essential to decipher these functions. Herein, we review recent progress in
developing methods for O-GIcNAc regulation, with a focus on methods for editing O-GIcNAc
with protein- and site-selectivity in cells. The applications, advantages, and limitations of currently
available strategies for writing and erasing O-GIcNAc and future directions are also discussed.
These emerging approaches to manipulate O-GIcNAc on a target protein in cells will greatly
accelerate the development of functional studies and enable therapeutic interventions in the O
GIcNACc field.

Introduction

O-GIcNAc is a monosaccharide post-translational modification (PTM) installed on
thousands of nucleocytoplasmic and mitochondrial proteins at multiple serine or threonine
residues in eukaryotic cells [1]. O-GIcNAc was first discovered by the Hart group in

1984 [2], and subsequently mapped to more than 5000 proteins across organisms at over
7000 putative glycosites [3]. O-GIcNAc reports on the nutritional state of the cell as

the hexosamine biosynthetic pathway (HBP) [4] integrates signals from several nutrient
sources, including amino acid, carbohydrate, fatty acid, nucleotide, and energy metabolism,
for the generation of UDP-GIcNACc, which is the active donor substrate for protein O
GlcNAcylation (Figure 1). Beyond serving as a nutrient sensor [5], protein O-GIcNAcylation
has been reported to play pivotal roles in nearly all major cellular processes, including the
cell cycle [6,7], genome maintenance [8,9], epigenetic regulation [10-12], protein turnover
[13-15], signaling pathways [16,17], cytoskeletal functions [18,19], and apoptosis [20,21].
Physiologically, dysregulation of O-GIcNAc has been correlated with many diseases,
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including diabetes [22], cancer [23], cardiovascular disease [24], and neurodegenerative
diseases [25].

The O-GIcNAc modification itself is primarily governed by a pair of enzymes in mammalian
cells, O-GIcNAc transferase (OGT) [26] for installation and a p-/A-acetylglucosaminidase,
O-GlcNAcase (OGA) [27], for removal. These enzymes are also emerging as crucial
therapeutic targets as functional studies for O-GICNAC progress to potential therapeutic
applications [28,29]. The regulation of O-GIcNAc by OGT and OGA is in stark contrast
with phosphorylation, a separate PTM that is regulated by hundreds of kinases and
phosphatases. The promiscuous activities of OGT and OGA regulate O-GIcNAc levels
during the lifespan of their substrates, which can be dynamically written or erased multiple
times in response to metabolism and other environmental changes [30]. In addition, these
enzymes are present across many tissue types and are essential for embryonic stem cell
viability [31] and development in mammals [32].

The study of O-GIcNACc has been facilitated by methods to detect and manipulate the
modification. Reliable detection methods, such as metabolic [33] and chemoenzymatic
labeling strategies [34], and glycoproteomics [35], have enabled visualization and
quantification of the O-GIcNAc modification. In conjunction, developing techniques capable
of direct alteration of the O-GIcNAc modification is critical for the purpose of functional
analyses and therapeutic interventions in both physiological and pathological processes.
Writing and erasing O-GIcNAc from a target protein or even a desired modification site hold
promises to monitor biological consequences in both a gain-of-function and loss-of-function
manner. To this end, researchers have endeavored to design multiple strategies for tuning
O-GIcNACc in the cell on a global scale, which have mostly focused on manipulation of
UDP-GIcNAc [36,37] or the pair of cycling enzymes, OGT [38,39] and OGA [40,41].
However, there remain many challenges to achieving protein- and even glycosite-selectivity
without perturbing global O-GIcNAc levels in cells, owing to the complexity and dynamics
of the O-GIcNAc modification.

In this review, we highlight recent approaches for writing and erasing O-GIcNAc on a
target protein in cells. We first introduce several global /n vivo approaches for regulating O-
GIcNAC levels. Next, we summarize recent advances in the development of novel tools for
O-GIcNAc manipulation with improved molecular precision. Finally, we discuss remaining
challenges and potential solutions to editing O-GIcNAc in cells and opportunities for new
tools needed in the future.

Global approaches for writing and erasing O-GIcNAc in cells

To measure the phenotypic consequences of O-GIcNAcylation on substrates in cells, a
primary approach is to perturb the O-GIcNAcylation process (Figure 1). Methods that target
UDP-GIcNAc levels, OGT, and OGA have been widely used to control the writing and
erasing steps of O-GIcNAc in cells. Since UDP-GIcNAc is the final product of the HBP,
which integrates with almost every metabolic pathway, manipulation of the nutrients, such
as glucose or glutamine, or enzymes in the HBP, such as glutamine:fructose-6-phosphate-
amidotransferase (GFAT), can influence the final concentration of UDP-GIcNAc and thereby
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alter the O-GIcNAcylation levels on some target proteins [42]. However, as metabolites and
HBP enzymes are also involved in many other physiological processes, these methods to
manipulate UDP-GIcNACc levels may interfere with other pathways, making it hard to assign
functional contributions to O-GIcNAcylation of a specific protein.

Chemical inhibition of OGT and OGA are also effective ways to control O-GIcNAc in

cells (Figure 1). Chemical inhibitors of OGT have been identified by the design of a series
of UDP-GIcNACc analogs, such as Acs-55GIcNAc [43], as well as by high-throughput
screening (HTS). Walker and colleagues discovered OSMI-1 via HTS [44] and developed
its derivative OSMI-4 with low nanomolar inhibitory potency and on-target cellular activity
through structure-based evolution [39]. Development of OGA inhibitors is also of great
interest, in particular due to their potential therapeutic application to neurodegenerative
diseases [40,45]. Thiamet-G is one of the most widely used OGA inhibitors in many /n
vitroand in vivo studies [40]. Inhibition of OGA by thiamet-G elevates O-GIcNAcylation in
cells and /n vivo, which reduces phosphorylation of tau in both rat cortex and hippocampus,
providing a potential new therapeutic application in the context of Alzheimer’s disease (AD)
and the associated tauopathies.

Other inhibitors targeting the HBP, OGT and OGA, as well as genetic knockdown and
knockout approaches, such as CRISPR and RNAI, have also been applied to the regulation
of O-GIcNAc in cells [46]. Although these approaches have been extensively used in
studying the functional roles of O-GIcNAc, they cause perturbations to O-GIcNAc levels in
the proteome globally, which makes it hard to distinguish the unique functional contribution
of O-GIcNACc on various target proteins or even glycosites. Cells are additionally very
sensitive to the disruption of endogenous O-GlcNAcylation homeostasis and incubation
with either OGT or OGA inhibitors leads to rapid changes on both protein and RNA

levels of OGT [39] and OGA [47]. These systemic cellular methods for manipulating
O-GIcNACc levels are effective for measuring phenotypic effects of O-GIcNAc, but must be
coupled to one of the more targeted approaches described below to gain deeper mechanistic
understandings for the contributions of O-GIcNAc on specific protein substrates.

Approaches for writing and erasing O-GIcNAc on target proteins in cells

To interrogate the functional roles of O-GIcNAc on a desired target protein, producing
highly glycosylated or deglycosylated target proteins is necessary. In general, incubation of
a purified target protein with OGT /n vitro readily affords high O-GIcNAc stoichiometry.
The target protein can also be directly co-expressed with OGT in £. colior insect cells

[48]. However, these methods inevitably omit factors from a dynamic, complex cellular
environment. Therefore, writing and erasing G-GIcNAc on a target protein in living cells

is crucial for functional interrogation in the O-GIcNAc field. Recent advances in proximity-
based approaches that use various affinity molecules to write and erase other PTMSs on target
proteins in living cells [49-54], including ‘proteolysis targeting chimeras (PROTACs)’ for
targeted protein degradation [55], have inspired the design of proximity-induced enzymatic
reactions for engineering G-GIcNAc. Several research groups, including ours, have made
efforts to develop new chemical biology tools for tuning O-GlcNAcylation on a protein of
interest (POI) in living cells.
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For the purpose of targeted protein O-GIcNAcylation, we recently implemented a nanobody-
directed approach to write and erase O-GIcNAC on target proteins in living cells (Figure
2A). This strategy is predicated on engineering the nanobody and the O-GIcNAc cycling
enzymes, OGT and OGA, to enhance their recruitment to the desired target protein in

living cells [56,57]. Beyond their high affinity and specificity similar to canonical 1gG
antibodies, the nanobody is small in size (<15 kD), highly soluble and stable, and amenable
to intracellular expression and protein engineering [58]. These advantages of nanobodies are
well suited to targeting endogenous proteins inside living cells. Leveraging these advantages,
we achieved selective O-GIcNAcylation of target proteins in cells by fusion of OGT to a
nanobody that recognizes a tag or endogenous protein target. To further improve the protein
selectivity and reduce perturbations to non-targeted substrates, full-length OGT with 13.5
helix-turn-helix tetratricopeptide repeats (TPRS) that recognize endogenous substrates was
truncated to a shorter form with 4.5 TPRs [OGT(4)]. OGT(4) displayed weaker transferase
activity on endogenous substrates, which thereby enhanced the target protein selectivity
after fusion of a nanobody by reduction in the off-target effects on global O-GIcNAcylation
level. Using a nanobody against the EPEA epitope derived from a-synuclein [59], the
nanobody-OGT (4) fusion selectively increased O-GIcNAc on EPEA-tagged target proteins,
as well as endogenous a-synuclein in HEK293T cells. Increasing availability of nanobodies
that target endogenous proteins has the potential to dramatically broaden the spectrum of
endogenous substrates targeted by this system in the future [60,61].

Recently, we also reported a nanobody-fused split OGA as a complementary tool for
targeted protein deglycosylation in living cells [57]. Since O-GIcNAc modifications can
be essential mediators of protein stability, function, and protein—protein interactions,
selective removal of O-GIcNAc from a target protein would help evaluate contributions

of O-GIcNAc in a loss-of-function manner. To reduce the potential global impacts caused
by OGA overexpression, we took advantage of the fact that OGA can be cleaved into

two fragments by caspase-3 during apoptosis [62] and designed differentially truncated N-
and C-fragments accordingly. After systematic cellular optimization, a nanobody-fused split
OGA was generated for targeted O-GIcNAc removal on several O-GIcNAcylated proteins
with minimal effects to the surrounding O-GIcNAc proteome. This nanobody-directed O-
GIcNAC eraser enabled selective deglycosylation of two transcription factors, c-Jun and
c-Fos, to reveal functional roles of O-GIcNAC on protein stability and transcription ability,
respectively.

The nanobody-fused OGT and split OGA serve as a complementary toolset for writing and
erasing O-GIcNAc on target proteins in cells, thus allowing for the direct dissections of
O-GIcNACc functions on a desired protein. Due to the modular design of the nanobody-fused
OGT and split OGA, this system can be further integrated with recent developments on
nanobody engineering to gain more spatial and temporal precision [63-66] and thereby
facilitate the interrogation of O-GIcNAc turnover within different cellular contexts. We also
observed that a nanobody with a moderate affinity (Ky = 310 nM) [67] showed better
glycosylation or deglycosylation performance than a nanobody with a higher affinity (Ky =
0.59 nM) [68] possibly due to appropriate reversibility [69]. Although both OGT and OGA
were engineered to reduce their inherent enzymatic activity and thereby lower impact on the
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global O-GIcNAcome, the application of this pair of tools still requires overexpression of the
nanobody—enzyme fusion in cells.

Direct recruitment of endogenous OGT or OGA to the target protein by heterobifunctional
molecules is a promising solution to address this caveat. Using systematic evolution of
ligands by exponential enrichment (SELEX) [70], Zhu and Hart obtained an RNA aptamer
that binds to OGT [71]. A recombined RNA aptamer composed of this OGT-specific
aptamer and an aptamer binding to a desired protein would induce proximity between
endogenous OGT and the target protein, leading to elevated O-GIcNAcylation on the target
protein (Figure 2B). Using this approach, the authors interrogated the interplay between
O-GlcNAcylation and other PTMs, such as phosphorylation and ubiquitination, on the
transcription factor p-catenin within cells and discovered a positive correlation between &
GlcNAcylation and its transcriptional activity. A series of RNA aptamers targeting OGT and
OGA with different affinities have been selected, which may enlarge the toolkit for writing
or erasing O-GIcNAc on individual proteins in the future. However, this design requires
development of an aptamer for the desired target protein followed by careful adjustment of
the recombined aptamer’s length and orientation to optimize the enzymes’ efficacy for each
target protein. Also, while aptamers with higher affinities to OGT or OGA may enhance
recruitment of these enzymes to the target protein, reversibility of the aptamer binding event
is a key challenge to enable enzymatic turnover and not cause global perturbations to the
broader O-GIcNAcome.

Alternative approaches using other protein binders could be explored in the future [61].
Several small molecule chimeras for editing PTMs on a target protein have been recently
reported [54], including chimeric small molecules for proximity-directed phosphorylation
[51] or dephosphorylation [53]. However, small molecule ligands with good specificity,
affinity, and cell-penetrating ability for OGT or OGA beyond inhibitors remain to be
discovered.

To specifically modulate O-GIcNAc on proteins surrounding retrotransposon promoters,
Boulard et al. [72] recently developed a novel targeted deglycosylation tool with genomic
sequence specificity through fusion of inactive dCas9 and OGA (Figure 2C). Using

this method, they achieved local chromatin deglycosylation and subsequently reactivated

the expression of the targeted retrotransposon family, which reinforced the connection
between O-GlcNAcylation of chromatin factors and methylation-dependent silencing on
retrotransposons. Similarly, fusions of dCas9 to OGT or OGA have been applied to

studies of O-GIcNAc and its effects on gene transcription, though the design awaits full
characterizations [73]. Although sgRNA helps locate dCas9-fused OGT or OGA to a desired
genomic region, O-GIcNAc alteration may still happen on multiple proteins accessible to the
fusion enzymes, which necessitates additional engineering for elevated protein selectivity.

Approaches for writing and erasing specific O-GIcNAc sites on target

proteins in cells

O-GIcNAcylation may occur at multiple sites on an individual protein, which may display
discrete stoichiometry and dynamics that lead to different functional roles. For example,
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transcription factor CREB contains multiple glycosites, but only Ser40 is induced by
neuronal depolarization [74]. Likewise, two O-GIcNACc sites were identified on NF-xB

p65, yet only O-GIcNAcylation on Thr352 is responsible for hyperglycemia-induced NF-
xB activation [75]. Due to the promiscuity of OGT and OGA on both substrates and
modification sites, heterogenous protein mixtures with varied modification levels will be
produced unless there is only one glycosite existing, making it hard to differentiate the
contribution of O-GIcNAc on a specific glycosite. Therefore, identification of glycosites
and applications of approaches to site-specifically regulate O-GlcNAcylation are of great
significance for functional analyses. O-GIcNAc maps to glycosites and their respective
proteins have been recently cataloged by two databases [3,76]. Building upon the

glycosite maps afforded by mass spectrometry, the most common approach to determine
function is via a loss-of-function mutation of the modified Ser/Thr to Ala to permanently
prohibit O-GIcNAcylation (Figure 2D) [15,75]. This method is readily conducted on

either overexpressed or endogenous substrates, providing an unmodified protein control for
functional comparison. Nonetheless, the Ser/Thr to Ala mutation cannot always recapitulate
the phenotype resulting from the naturally unmodified target proteins [15]. And for proteins
wherein phosphate and O-GIcNAc occupy the same sites, this type of mutation also disrupts
potential phosphorylation as well [100].

Compared with removing G-GIcNAc from a known site, adding O-GIcNAc to a specific
site is much more challenging, necessitating the development of creative strategies to write
O-GIcNAc in the field. Several /n vitro methods have been explored to introduce O-GIcNAc
or its analogs to a target protein with stoichiometric site-specificity. Expressed protein
ligation [77] has been used for synthesis of small proteins (<15 kD) with site-specific
O-GlcNAcylation, such as tau [78] or a-synuclein [79-81]. Through this method, Pratt and
co-workers discovered that O-GIcNAc inhibits monomeric a-synuclein aggregation with
site-specific differences [80]. Separately, Davis and co-workers have developed chemical
methods at cysteine to generate proteins with site-specific SGIcNAc /n vitro, which is a
non-hydrolyzable O-GIcNAc analog [82,83]. This method chemically transforms a cysteine
residue at a specific site to dehydroalanine, which further reacts with a nucleophilic
GIcNAC derivative to install the S-GIcNAc moadification. Although these methods provide
a homogenous O-GIcNAcylated protein product, they are limited to a small range of
chemically compatible substrates /n vitro.

The genetic code expansion (GCE) technique is also widely employed to site-specifically
incorporate diverse unnatural amino acids (UAAS) into target proteins both /n vitroand in
vivo using an orthogonal tRNA and its synthetase [84]. Therefore, an alternative indirect
strategy for O-GIcNAc installation is by the introduction of a reactive warhead, such as
an alkyne [85] or ketone [86] via GCE first, followed by the conjugation with a GICNAc
moiety via bioorthogonal chemistries. Separately, Wang and co-workers site-specifically
generated reactive dehydroalanine or dehydrobutyrine in live cells by harnessing the
sulfur—fluoride exchange reaction (SUFEX) between a latent bioreactive UAA (FSY) and
a nearby serine or threonine, which can subsequently react with a thiol-saccharide to prepare
glycosylated proteins [87]. Although the second conjugation step with the sugar moiety
could be conducted inside cells in principle, current demonstrations of these strategies are
performed /in vitro using purified proteins. Moreover, to date only O-GIcNAc mimics with
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artificial chemical linkages can be generated, leading to an incomplete recapitulation of the
O-GIcNAcylated target protein.

To co-translationally produce the identical O-GIcNAc modified serine or threonine in cells,
scientists have attempted to incorporate an O-GIlcNAcylated amino acid directly by GCE.
The first glycosylated UAA, tri-acetyl-B-GIcNAc-serine was reported to be genetically
encoded into myoglobin in £. coli by an orthogonal Methanococcus jannaschiityrosyl
tRNA synthetase [88], which was retracted later due to non-replicability. Although GCE
has been widely applied to install diverse PTMs on specific proteins in cells [89], neither
O-GIcNAcylated amino acids nor their derivatives have been successfully incorporated into
target proteins in cells directly by GCE to date.

Separately, the van Aalten group recently reported a straightforward genetic recoding
approach to install a non-hydrolyzable S-GlcNAc site-specifically on a target protein in live
cells (Figure 2D) [90]. Cysteine S-linked GIcNAcylation was identified as a stable PTM in
mammals, which can be installed by OGT but is unable to be hydrolyzed by OGA [91,92].
By harnessing the ability of OGT to modify cysteine, simply mutating Ser/Thr to Cys on

the known glycosite results in a stable S~GIcNAc modification both /n vitroand in vive.
Using CRISPR-Cas9 technology, the authors genetically encoded an endogenous OGA with
a S405C mutation, resulting in a much higher GIcNAcylation stoichiometry (70%) due to
the non-hydrolysable S-GIcNAcylation. The hyper-S-GlcNAcylated OGAS405C showed a
substantially reduced half-life, indicating the functional effects of GIcNAcylation on the
stability of OGA. This surprisingly simple approach requires neither the overexpression of
O-GIcNAcylation processing enzymes or the treatment of chemical inhibitors, which greatly
minimized the global effects on the broader O-GIcNAcylated proteome. Like the Ser/Thr

to Ala mutation, cysteine mutation can be easily conducted by either common molecular
biology techniques for recombinant proteins or CRISPR-Cas9 gene-editing method for
endogenous proteins in the context of complicated /n vivo settings. This site-specific
approach to directly introduce the GIcNAc modification on a target protein in mammalian
cells is readily amenable to other target proteins whose glycosites have been mapped.

Despite the advantages of site-directed mutagenesis for evaluating the contribution of
specific glycosites on a target protein, some caveats remain. These approaches require the
prior identification of glycosite, which is not always straightforward and requires further
biochemical validation [93-95]. Furthermore, Ser/Thr to Cys mutation for stable GIcNAc
installation may not be applicable to proteins with many sites of O-GIcNAcylation or

those glycosites whose O-GIcNAc stoichiometry cannot be elevated by OGA inhibition.
Separately, substitution of the side chains of amino acids to a reactive thiol group of Cys
can alter the protein’s chemical properties and thereby influence the protein folding and
stability unexpectedly [96,97]. Nonetheless, the generated S-GIcNAc modification can be
an adequate structure mimic of the O-GIcNAc modification for functional studies as several
labs have shown that S~GIcNAc has a similar conformation to O-GIcNAc when it binds to
an O-GIcNAc binding protein, and can be detected by a pan-specific O-GIcNAc antibody
[87] and O-GIcNACc ‘reader’ proteins [90], through computational and biochemical analyses
[90,98].
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Conclusion

Mounting evidence underscores the wide existence and profound biological significance of
O-GIcNAcylation on thousands of proteins in the cell. Development of more powerful tools
for O-GIcNAc regulation are highly sought in the field to accelerate the molecular dissection
of roles for the O-GIcNAc modification. In addition to approaches to globally manipulate &
GlIcNAcylation in cells, such as chemical inhibitors and genetic overexpression/knockdown
of OGT or OGA, methods reviewed here with protein- or site-specificity have recently
expanded the toolkit for O-GIcNAc manipulations and therefore facilitate the dissection of
O-GlIcNAc functions within various environments.

For engineering protein-selective O-GlcNAcylation [56,57,71], proximity-induced
recruitment of OGT and OGA have yielded successful approaches to writing and erasing
O-GIcNAc from a target protein. Substrates can be targeted by selective nanobodies

or aptamers. To date, nanobody-fused OGT/OGA, recombined RNA aptamers for OGT
recruitment, and dCas9-fused OGA allow the installation or removal of O-GIcNAc with
increased protein or region specificity without the need of the prior identification of
glycosites. However, given the formation of transient enzyme—substrate complex induced by
these methods, experiments should be carefully controlled to rule out potential side effects
to protein diffusion, stability, and interactions [99]. Incorporation of glycosylated amino
acids via GCE is attractive for achieving site-specific glycosylation yet is only applicable
in vitroto date [100,101]. Site-directed mutagenesis of the glycosite to Cys or Ala is the
only available approach to control O-GIcNAcylation with site-selective precision in cells
[68,90]. However, it builds upon prior knowledge of the glycosite localization and is only
applicable to a subpopulation of substrates. These methods for target protein and glycosite
manipulation in cells are complementary and therefore may be utilized for different target
proteins and biological contexts.

As each of these strategies provides complementary methods to manipulate O-GIcNAc,

the combination of multiple approaches will provide a comprehensive understanding of the
biological significance of O-GIcNAcylation on a given target protein. Development of new
methods for writing and erasing O-GIcNAc on target proteins in cells will serve to further
enhance options to manipulate O-GIcNAc in biological settings. Future directions of growth
include efforts to extend current /7 vitro methods with site or protein specificity to the
intracellular settings. Along with advances in bioorthogonal chemistries, modified cysteine
conversion chemistry holds the promise to introduce GIcNAc site-specifically inside cells
[83,102]. Another attractive direction is the introduction of the O-GIcNAc-modified amino
acids to a specific site on the target protein via GCE in cells. Separately, identification of
non-inhibitive OGT/OGA ligands may be employed in the context of heterobifunctional
small molecules by coupling to substrate ligands to afford protein-selective control of
O-GIcNAcylation. In the long term, new insights into how OGT and OGA recognize their
substrates [103] may spur the generation of novel genetically encoded tools with substrate
preferences through direct engineering or evolution of the single pair of enzymes. Future
developments will provide additional creative solutions to write and erase O-GIcNAc on a
target protein in cells and foretell a bright future for research on O-GlcNAcylation. Since
many diseases are featured by abnormal O-GIcNAcylation, like hyper-O-GlcNAcylation in
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cancers and diabetes, and hypo- O-GIcNAcylation in AD, these approaches may expand

opportunities to target O-GIcNAc in the clinic in the future [104].
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Perspectives

O-GlcNAcylation is a ubiquitous reversible sugar modification on Ser/Thr
residues, which is controlled by a single pair of enzymes, OGT and OGA.
O-GIcNAcylation on different substrates or modification sites shows diverse
functions, which are associated with multiple physiological processes and
diseases.

Deciphering O-GIcNAc functions on a specific protein or modification site is
a long-standing demand in this field. Many cellular approaches with protein
or site selectivity are emerging, including proximity-induced reactions and
genetic mutagenesis.

The development of new tools with protein and site-specificity in live cells
will expand the scope of O-GIcNAc engineering. Heterobifunctional small
molecules and glycosylated amino acids via GCE represent two potential
advances in the future.
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Figure 1. The O-GIcNAcylation process.
The hexosamine biosynthetic pathway (HBP) starts from taking up glucose (Glc) and

generates the high-energy end product UDP-GIcNAc by integrating molecules from multiple
metabolic pathways. OGT transfers GICNAc to Ser/Thr residues on substrate proteins, which
can be removed by OGA. Inhibitors targeting GFAT, OGT and OGA, as well as genetic
knockdown/knockout approaches are applied to perturbing the O-GIcNAc cycling process
globally.
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Figure 2. Approaches for writing and erasing O-GIcNAc from target proteins in cells.
(A) Nanobody-fused engineered OGT [56] and split OGA [57] allow target protein

glycosylation and deglycosylation in cells, respectively. (B) A recombined aptamer is
designed to recruit endogenous OGT in close proximity to the target protein for increased
O-GlcNAcylation [71]. (C) dCas9-OGA fusion allows the O-GIcNAc removal from proteins
surrounding a target gene region [72]. (D) Site-directed mutagenesis enables O-GIcNAc
engineering at a specific site [90].
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