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Abstract: O-GlcNAcylation is a posttranslational modification that occurs at serine and threonine
residues of protein substrates by the addition of O-linked [3-D-N-acetylglucosamine (GlcNAc) moiety.
Two enzymes are involved in this modification: O-GlcNac transferase (OGT), which attaches the
GlcNACc residue to the protein substrate, and O-GlcNAcase (OGA), which removes it. This biological
balance is important for many biological processes, such as protein expression, cell apoptosis,
and regulation of enzyme activity. The extent of this modification has sparked interest in the medical
community to explore OGA and OGT as therapeutic targets, particularly in degenerative diseases.
While some OGA inhibitors are already in phase 1 clinical trials for the treatment of Alzheimer’s
disease, OGT inhibitors still have a long way to go. Due to complex expression and instability,
the discovery of potent OGT inhibitors is challenging. Over the years, the field has grappled with this
problem, and scientists have developed a number of techniques and assays. In this review, we aim
to highlight assays and techniques for OGT inhibitor discovery, evaluate their strength for the field,
and give us direction for future bioassay methods.
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1. Introduction

The study of O-GlcNAcylation, i.e., the reversible enzymatic posttranslational attach-
ment/detachment of the N-acetylglucosamine sugar moiety to proteins, is a challenging
topic in biochemistry and medicinal chemistry. Interestingly, this modification is regu-
lated by only one pair of enzymes: O-GlcNAc transferase (OGT), which catalyses the
post-translational transfer of N-acetylglucosamine via O-glycosidic linkage to the serine
and threonine residues of proteins, and O-GlcNAcase (OGA), which can remove them
(Figure 1) [1-3]. This topic has received a major boost in the last two decades with the
discovery of small molecule inhibitors that modulate the process. Many studies have
revealed the ubiquitous role of O-GlcNAcylation in biological processes, such as gene
expression [3,4], cell cycle control [4,5], and regulation of enzyme activity [6-9]. Moreover,
OGT competes with kinases for the modification site, leading to competition and cross-
regulation of these translational modifications [9-11]. Dysfunction in the O-GlcNAcylation
pathway has been associated with various chronic diseases [9,12,13]. In diabetes, it is
associated with cognitive complications [12], while aberrant O-GlcNAcylation of tau
protein in the brain leads to possible early onset of Alzheimer’s disease [13]. In cancer,
O-GlcNAcylation appears to regulate tumour spread through adhesion and proliferation
of cancer cells [1,14,15].

Molecules 2021, 26, 1037. https:/ /doi.org/10.3390/molecules26041037

https:/ /www.mdpi.com/journal/molecules


https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0003-4723-3584
https://orcid.org/0000-0003-1768-8246
https://doi.org/10.3390/molecules26041037
https://doi.org/10.3390/molecules26041037
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26041037
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/1420-3049/26/4/1037?type=check_update&version=1

Molecules 2021, 26, 1037 2 of 20

Hexosamine biosynthetic pathway
==

N

|

UDPGIcN

e oL
% \’/ﬂ Ho/\/\,/\/ R
Ac )

O-GlcNAcase

GlcNACc
Salvage u 2
Pathway AcH 5

Figure 1. Dynamic equilibrium of the O-GlcNAcylation process. UDP-GIcNAc with the sugar moiety
attached via o-O-glycosidic bond to the UDP is produced in the hexosamine biosynthetic pathway
and subsequently attached to serine/threonine of protein substrates by O-GlcNAc transferase (OGT)
via O-p-glycosidic bond. It is removed by O-GlcNAcase (OGA), and the GlcNAc formed after the
OGA reaction re-enters the hexosamine pathway.

To study the mechanism of O-GlcNAcylation and the consequences of O-GlcNAcylated
proteins in these diseases, molecular tools are needed to control the level of O-GlcNAcylation,
i.e., inhibitors of both enzymes that modulate the O-GlcNAcylation status of proteins. In the
case of OGA, many potent inhibitors have already been developed to control tauopathy lev-
els in the brain. Two of them are currently in clinical trials for the treatment of Alzheimer’s
disease and progressive supranuclear palsy (PSP), two diseases associated with tauopa-
thy levels: MK-8719, which has passed preclinical trial tests, and ASN120290, which is
scheduled for phase 2 clinical trials [16-18]. In contrast, the development of OGT inhibitors
is less advanced and still in its infancy. As a transferase, OGT binds both the cofactor
UDP-GIcNAc and a substrate protein. This provides additional opportunities, as blocking
either of the two substrates should inhibit the enzyme. The goal of blocking both substrate
and cofactor binding sites would likely result in inhibitors with molecular mass and physic-
ochemical properties that would make these inhibitors non-drug-like. Moreover, as evident
from some studies, the lack of stability of the isolated enzyme is a problem that complicates
the search for potent inhibitors. It makes protein expression and purification a tedious
practice, making in vitro assays with OGT problematic even on a routine basis [19].
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Several strategies for designing OGT inhibitors have been described in the literature.
We and others have reported bisubstrate /conjugate inhibitors consisting of a UDP mimic
and a peptide fragment such as Goblin 1 or F20 [20,21]. OGT inhibitors based on UDP-
GlcNAc mimics, such as UDP-55-GIcNAc [22], have also been reported. Next, there are the
UDP-mimics of the OSMI family, with OSMI-4 as the most potent binder to date with a
K4 of 8 nM (Figure 2) [23-25]. To test new inhibitors, specific tools are needed, especially
bioassays that can give a rapid and direct indication of the OGT inhibitory activity and the
binding properties of the OGT inhibitor. Nowadays, with the development of new optical
methods and the wider availability of high-throughput screening methods, there are many
ways to design bioassays tailored to a specific macromolecular target. Somehow, this does
not seem to be the case for the development of assays to assess the enzymatic activity
of OGT and/or inhibitory potency of OGT inhibitors. The first reason is the instability
of OGT [19]. As a result, despite many attempts, none of the published assays became
a reference standard for the field. In this review, we provide an overview of bioassays
reported in the recent literature for testing OGT activity. We also highlight the most suitable
assays and point out the new bioassays for screening OGT inhibitors (Figure 3). The first
part of this review covers assays for measuring enzyme inhibition, kinetics, and different
ways to follow the enzymatic response. The final part discusses assays that measure the
binding affinity of the OGT inhibitors.
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Figure 2. (a) MK-871914 and PUGNAc20 OGA inhibitors; MK-8719 potent clinical candidate as OGA inhibitor; (b) OSMI-4,
the most potent OGT inhibitor to date, and UDP-55-GIcNAc, an inhibitor biosynthesised by hijacking the hexosamine
pathway using a per-acetylated 5S-GlcNAc.
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Figure 3. Presentation of all methods reported in the literature for screening OGT inhibitors and the techniques on which

2. Assays for Evaluation of GlcNAc-Transferase Activity

O-GIcNAc transferase uses UDP-GIcNAc as a donor substrate to transfer the GIcNAc
moiety to selected serines and threonines on protein substrates, resulting in GlcNAcylated
proteins and UDP as the reaction products. An assay to monitor OGT enzyme activity may
rely on measurement of the two resulting products, which must be quantified. Interestingly,
UDP as a by-product is a rather potent OGT inhibitor with an ICsy of 1.8 pM [26]. This must
be taken into account when using a bioassay to test inhibitory potency, as an inhibitor is
formed as the reaction proceeds. In this first part, we discuss such assays and how they
have advanced the field.

2.1. UDP-Glo Assay

The UDP-Glo assay developed by Promega is a tool for studying glycosyltransferases
in general, as it can be used for any UDP sugar donor [27,28]. It measures the UDP formed
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during a glycosyl transfer reaction. It is a paired assay that involves several enzyme
reactions. First, the O-GlcNAcylation reaction occurs by introducing UDP-GIcNAc as a
donor, along with a peptide substrate and OGT. The second reaction step is catalysed
by a cytidine monophosphate kinase (CMK), which transfers a phosphate from UDP
to ADP present in the detection solution. The ATP formed is further processed with
oxygen by a luciferase enzyme that oxidises luciferin to oxyluciferin, AMP, and CO; that
emits luminescence (Figure 4) [29]. The measured luminescence is proportional to the
UDP concentration produced during the reaction and thus indirectly reflects the extent of
GlcNAcylation.
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Figure 4. Schematic approach of the UDP-Glo assay. After the production of UDP by the OGT reaction, a specific buffer

is added to stop the reaction. This buffer also contains ADP and the cytidine monophosphate kinase (CMK) enzyme
that converts UDP to UMP and ADP to ATP. The ATP formed reacts with oxyluciferin in a luciferase-catalysed reaction.
This reaction yields carbon dioxide, AMP, pyrophosphate, and luminescence. The amount of light produced is directly

proportional to the concentration of UDP formed in the OGT reaction.

This assay can detect very low concentrations of UDP due to signal amplification from
the luminescence reaction. Detection is possible from uM down to the low nM range [29].
The amplification effect of the coupled reaction makes this assay highly sensitive. In this
way, amounts of unstable substances can be reduced, such as the concentration of OGT or
other reagents. The main disadvantage of this method is the indirect measurement due
to the three coupled reactions. For example, UDP-GIcNAc may spontaneously hydrolyse
to UDP in aqueous solution, resulting in a higher final value and false negative results,
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i.e., low apparent inhibition. In contrast, the coupled enzymatic reaction that detects UDP
can be inhibited by UDP mimics, leading to false positives.

The UDP-Glo assay has been used to screen and evaluate different types of inhibitors.
Peptide inhibitors derived from protein substrates of OGT such as RBL-2 and ZO-3 were
evaluated and gave ICsq values of 385 uM and 184 uM, respectively [21]. Bisubstrate
inhibitors of these peptides were also prepared, resulting in improved potency with an
ICsp value of 117 uM for the most potent compound [21]. Compound LO01, discovered
by screening natural products, was also evaluated with UDP-Glo, resulting in an ICsg of
22 uM [30]. Recently, several peptidomimetics were also screened and evaluated with
UDPGlIo, resulting in LQMed 330 and LOMed 269 with ICs( of 11.7 and 159 puM, respectively
(Figure 5) [31].

(b)
H—C-V-T-P-V-A-T-A—CONH,

H—R-V-P-S-A-Q-S—CONH,
H

N (o}
(o] N
H
(o]
NH
(o]
BnO '1 H-CysVal ThrProVal—H Thr Ala-CONH,

H ° %i ///NH
(o]
NH «11INHBoc
COPh
NH
ChzN
NHCbz

Figure 5. OGT inhibitors assessed by UDP-Glo assay: (a) L01 ICs5g = 22 uM; (b) Pep6 IC5¢ = 385 uM, Pep13 IC50 = 193,
and bisubstrate inhibitor compound 6 ICsy = 117 uM; (¢) LOMED 269 ICsg = 159 uM and LQMED 330 ICsp = 11,7 uM.

2.2. [14. C] UDP-GIcNAc

In 1978, Mendicino et al. synthesised a radioactive UDP-[1-*C]-GlcNAc from [1-
14CJacetate [32], which was further used to measure OGT activity by Hanover et al. in 1995.
The idea was to perform the O-GlcNAcylation reaction with 14C-labeled UDP-GIcNAG,
which allowed quantification of the GlcNAcylated target protein. After completion of the
reaction, the proteins are separated in an SDS-page gel and incorporation of ["*C]-GIcNAc
is assessed by autoradiography of the gel. The kinetics and viability of the substrate tested
can then be correlated with the half-life of ['4C]. The assay allows for a very sensitive final
evaluation but uses radioactive materials. This makes it expensive and requires special
biosafety measures, so it is less suitable as a primary screening method for OGT inhibitors.
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In 2005, the Walker group used this method to confirm hits from other assays and ob-
tain an ICs5p measurement for the OSMI family [23,24,33]. The compound UDP-55-GlcNAc
was also screened using this radiolabelled assay and gave an ICsy of 8 uM (Figure 6) [34].

(@) (b) o
0
7 OH NH
s PN
= N "% ﬁ ﬁ N o
o
\_s o AcHN o/P\\o/P\\o
o OH OH
N\ _NH O
\S/ ™~ HO OH

Figure 6. Inhibitors assessed with the radiolabelled assay: (a) OSMI-1 IC50 = 2.7 uM (b) UDP-55-GIcNAc IC50 = 8 uM.

2.3. FRET Assay

In 2008, Walker reported a novel OGT inhibition assay [29] based on protein resistance
to proteolysis enhanced by O-GlcNAcylation. The assay requires a specific peptide—a
dual substrate for both OGT and a protease. The peptide is conjugated at one end to a
fluorescent donor and at the other end to a fluorescent acceptor to allow fluorescence
resonance energy transfer [30] (FRET). The fluorescent pair is carefully selected so that
the emission wavelengths of the donor molecule and the excitation wavelengths of the
acceptor molecule overlap. FRET requires a short distance between the two fluorophores
and resonance occurs most efficiently when they are within 10 nm.

In the case of the FRET assay with OGT, cleavage of the peptide substrate is inhibited
when the peptide substrate is GlcNAcylated (Figure 7). In the presence of an OGT inhibitor,
glycosylation of the protein is stopped and the decrease in FRET signal can be detected.
The subsequent proteolysis is proportional to the inhibitory activity of an OGT inhibitor.
The assay gives a clear indication of the inhibitory potency of the compound tested, as not
only the concentration of the two molecules can be measured but also the kinetics of the
reaction. This method monitors the presence of glycosylated peptide and can be considered
a direct method. However, quantification of the degree of glycosylation by the protease
occurs in a second step, which can be problematic when screening large libraries that
require rapid measurement and minimal steps. Furthermore, the apparent specificity of the
protease for the non-GlcNAcylated peptide is usually due to higher reaction kinetics. In fact,
the GlcNAcylated peptide can be cleaved, but with slower reaction kinetics. This makes
it difficult to set up and run the assay in a high-throughput screening format (HTS),
as running the assay in multi-well plates results in a delay in reagent addition and/or
fluorescence readout.

According to the authors of the paper [29], new molecules were found using this
assay (Figure 8) that were evaluated using the radiolabelled assay, but no data were
presented regarding binding or inhibition for specific molecules. It is only mentioned that
the compounds had an ICsy between 0.9 and 20 pM.
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Figure 7. Schematic representation of the fluorescence resonance energy transfer (FRET) assay developed by the Walker
group [29]. The GlcNAc acceptor is loaded with two fluorescent probes, diethylaminocoumarin and fluorescein. After the
OGT reaction, a portion of the peptide is OGlcNAcylated. The mixture of GlcNAcylated and non-GlcNAcylated peptides is
then mixed with a protease that cleaves only the free peptide, preventing FRET.
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Figure 8. Some of the inhibitors uncovered by the FRET assay performed by Walker et al. [29].

2.4. PamStation

The PamStation is a product developed by PamGene Company (PamGene Interna-
tional B.V.). This method was developed to discover novel kinase substrates/inhibitors
for cancer therapy and prognostic purposes. Since O-GlcNAcylation and phosphorylation
can occur at the identical modification sites (e.g., the amino acid residues Ser and Thr) or
at nearby residues, PamStation was used to identify OGT substrates and then to study
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the crosstalk between the two translations [21,35-37]. This method is based on specific
innovations. The first is a special 4- to 96-well microplate called the PamChip, in which
each well contains a 3D porous alumina support. Within these wells is a high-density
surface coating of various peptides that transforms the well into a dense microarray [38].
The chips are placed in the PamStation apparatus, a machine that pumps the reaction
solutions from the bottom of the porous material using an innovative tide-like flushing
technique. An image of the well is taken at regular intervals to collect data. During this
process, the fluorescent liquid is temporarily below the chip and out of range of the camera.
The fluorescence intensity of each well is measured, indicating whether modification of
the peptides on the chip surface has occurred. The station allows programming of a high
number of cycles to perform kinetics measurements in real time (Figure 9). The enzymatic
reaction consisted of OGT and UDP-GIcNAc loaded onto a PamChip. When the reaction
occurs, the GIcNAc moiety is transferred to the peptide, allowing the primary antibody to
bind to GlcNAc, while final detection is achieved with a FITC-labelled secondary antibody.

UDP
® G|cNAC

Figure 9. Schematic representation of O-GlcNAcylation by the PamStation [33]. (a) Representation of the peptide bound to
the 3D porous alumina support; (b) the solution containing OGT, substrates, and antibody is added to the porous material;
(c) the peptide is O-GlcNAcylated, releasing UDP in solution; (d) after the glycosyltransferase reaction, the antibody binds

to the GlcNAc. The buffer is then pumped down through the porous material with only the fluorescent antibody bound

to the GIcNAc, allowing measurement of fluorescence intensity. (e) The buffer is then pumped back with the peptide to

complete one cycle. A measurement of fluorescence intensity is taken at each cycle, allowing the kinetics of the reaction to

be measured.

The PamStation is a robust tool for evaluating peptide modifications and has been
successfully used to screen OGT substrates that were transformed into inhibitors after muta-
tion and linked to a quinolone scaffold to form bisubstrate inhibitors (Figure 10) [21,35-37].
The disadvantage of this technique is the use of a pair of antibodies by which an indirect
measurement of glycosylation is made. Due to occasional nonspecific binding of the anti-
body, signal enhancement may be detected without glycosylation, leading to false positive
results. Furthermore, the PamStation and PamChip are not standard equipment in many
laboratories, but this should not prevent any scientist from using and further developing
this efficient technique.
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Figure 10. Development of peptidic and hybrid inhibtors of OGT starting with PamStation substrate screening.

2.5. Measurement of OGT Activity by HPLC

In general, LC-MS can be used to monitor glycosyltransferase activity. The method is
based on the difference in retention time and molecular weight between a peptide and its
glycosylated derivative. This difference allows their qualitative separation and quantifica-
tion. Zhang took the CKII peptide, a known OGT substrate, and incubated it with OGT
and UDP-GIcNAc. After O-GlcNAcylation, the sample is spun down and the supernatant
is separated on a C18 analytical column. The relative comparison of the glycopeptide peak
integrals compared to the native peptide peak gives us information about the enzyme
activity. By preparing a gradient concentration of a potential inhibitor, the method can
be used to determine the corresponding ICs. This method can be easily used in many
laboratories as the HPLC-MS coupled spectrometer is standard laboratory equipment.
The main disadvantage of the method is that the reaction mixture must be purified before
injection. This step makes the assay unsuitable for HTS, so it is recommended to use
an orthogonal assay for hit screening. The screening of natural products that led to the
discovery of the LO1 inhibitor was performed using this method and then confirmed by
using the UDP-Glo assay [30].

2.6. Fluorescence Intensity Assay

The Vocadlo group published a new bioassay for screening OGT inhibitors in HTS
based on a chemically modified UDP-GIcNAc [39]. The modified GlcNAc was prepared
by extending the amino group of the corresponding glucosamine precursor with a Bodipy
fluorescent group (Figure 11).

This UDP-GIcNAc Bodipy cofactor is used by OGT as a labelled glycosyl donor to
transfer the fluorescent GlcNAc to an acceptor peptide. A modified CH1 peptide, a known
OGT substrate, is used as an acceptor and is conjugated to biotin. After performing this
enzymatic reaction, the GlcNAcylated peptide is captured with a streptavidin-coated
device, allowing easy washing to remove the excess fluorescent material. The fluorescent
signal is measured to allow direct quantification of glycosylation [40] (Figure 12).
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Figure 11. UDP-GIcNAc with Bodipy fluorescent probe attached via a modified acetyl group at
position 2 of the UDP-GIcNAc.
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Figure 12. Schematic representation of the Vocadlo group fluorescence intensity assay. First, the biotinylated peptide
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acceptor is GIcNAcylated in the presence of OGT and the fluorescently labelled UDPGIcNAc. After the reaction, a mixture
of fluorescent GlcNAcylated peptide and the native biotinylated peptide is present: the ratio of both reflects the reaction
rate, which diminishes if OGT is inhibited.
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This assay was used to perform a high-throughput screening on a library of known
bioactive compounds [39]. The screening led to the discovery of Dingo-4a as a potent OGT
inhibitor with IC5p of 6 uM (Figure 13), which was originally developed as a target for

dynamic GTPase (Dynl).
OH
OH
(0}
N AN
H
OH
OH

Figure 13. Structure of Dyngo-4a, potency against OGT: IC5y = 6 uM; potency against dynamic
GTPase (Dynl): ICsp = 2.7 uM.

Further studies on the scaffold showed that it can be made OGT specific and could
then be a starting point for a new family of inhibitors.

3. Biophysical Assays to Measure Binding Affinity of a Potential Inhibitor

Another way to screen OGT inhibitors is to use a biophysical method to measure the
binding affinity of a ligand for its target. This can vary in different experimental setups,
but still relies on binding phenomena at the binding site of the macromolecule, which is
less susceptible to experimental change. Most biophysical techniques are straightforward
and are suitable for screening purposes. Since inhibitors” activity can be quantified by ICs
values that are not directly comparable to binding constants, biophysical assays should be
used as orthogonal assays to confirm inhibitors’ binding characteristics.

3.1. Fluorescence Polarization Displacement Assay

The fluorescence polarization (FP) technique is a reliable and rapid screening method
for assessing the affinity of small molecules competing with a fluorescently labelled probe of
known K value [41]. This method is based on the difference in light polarization between
a free fluorescent probe in solution and a bound probe. Low polarization is due to the
very rapid molecular rotation and movement of a small molecule, while high polarization
occurs when the probe is bound to a larger molecule. This difference can be seen when a
probe is irradiated with polarised light.

A FP-based displacement assay requires a fluorescent probe that binds strongly to
the protein of interest. The fluorescent probe will form a complex in the presence of the
protein, giving high polarization. When a competitive ligand is added to the solution,
it outcompetes the fluorescent probe, and its binding potency correlates with the decrease
of the signal. If the polarization does not change, the ligand does not compete with the
probe and is therefore not a binder (Figure 14). The major drawback of the method is that
only competitive binders can be detected. Allosteric binders would not show up as hits.
Two FP probes for OGT have been developed, one by the Walker group [24] and the other
by the van Aalten group [42].
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Ligand library

7 S0 0 g

Low polarization

High polarization

Figure 14. A schematic presentation of a fluorescence polarization displacement assay. First, the enzyme and the fluorescent
probe are mixed in a solution: the probe binds to the active site of protein, forming a complex that will give a high
polarization; competitive inhibitor/ligand will displace the probe and release it into the bulk phase that will result in
decrease of light polarisation.

3.1.1. Walker Group FP Assay

As a probe, the Walker group chose to synthesise a UDP-GlcNAc/fluorescein deriva-
tive by extending the acetyl-amine group with a linker (Figure 15). The probe affinity for
OGT was measured to be 1.3 uM.

HO OH

—— UDP GlcNAc part
—— Linker

Fluorescein

Figure 15. Fluorescent probe designed by Walker group in their fluorescence polarization (FP) assay: the binding part is
UDP-GIcNACc with the extended acetyl group as linker to a fluorescein derivative.

To see if the probe meets the requirements of a displacement assay, a test must be
performed with a known binder to correlate the accuracy of the assay and the ability
of the probe to be displaced. A gold standard in practice is to use the original binder
from which the probe was developed. In this case, UDP and UDP-GIcNAc were used
as validation. This assay led to the discovery of quinolone-6-sulfonamide as potential
scaffolds. Optimization of these quinolone-6-sulfonamide hits led to the development of
the OSMI family (Figure 16) [24,25].
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Figure 16. First quinolone-6-sulfonamide hits leading to the development of OSMI family.

3.1.2. Van Aalten Group FP Assay

The probe used by the van Aalten group for the FP assay originates from their bisub-
strate inhibitors. It consists of the UDP-part introduced as an Allyl-UDP, which reacts with
the cysteine of a peptide conjugated to fluorescein moiety (Figure 17) [42]. The displacement
of the fluorescent probe was tested against similar compounds, including UDP-55-GIcNAc
and two bisubstrate inhibitors. After displacement, the K; found for UDP-55-GIcNAc was
consistent with data from other assays, validating the method. This assay was used to
examine the inhibitory potency of various peptide sequences bound to S-linked UDP.

o
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UDP part

Bisubstrate linker
Peptide part
Amino-4,7-dioxanonanoic

Fluorescein

Figure 17. Structure of the bisubstrate probe used in the FP assay by the van Aalten group. The basis of this probe is OGT
inhibitor Goblinl that consists of UDP and a peptide substrate connected by a cysteine-thiol linker. Goblin1 is attached via
flexible linker to a fluorescein derivative giving fluorescent properties to the probe.
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3.1.3. Conclusions

In summary, fluorescence polarization is the first assay used in the OGT field that
identified nM hits. It does not require secondary steps prior to readout. The main disad-
vantage of the FP method is that it requires a specific probe that is complicated to design.
Many parameters can affect the polarization properties, such as hydrophobicity, linker
length, or the attachment point of the fluorophore. For screening purposes, it is most
important that the probe has a high affinity for the target, since its K4 value determines
the detection limit of the displacement assay. Apart from this, FP assays can be considered
very useful for primary screening. In the OGT field, the latest OGT inhibitors show binding
affinity of the same or higher order of magnitude as the two probes presented previously.
To find even more potent inhibitors, there is a need for more efficient probes to increase the
sensitivity of the FP assay in the hit selection process

3.2. Microscale Thermophoresis

Microscale thermophoresis (MST) is an optical technique based on two physical phe-
nomena: temperature-related intensity change (TRIC) and thermophoresis [43]. TRIC de-
scribes a temperature gradient effect on the fluorescent molecule. Namely, changing the
temperature of a solution changes the fluorescence properties of the fluorophore, mod-
ifying the fluorescence intensity. Thermophoresis is a phenomenon that describes how
fast molecules move under the influence of an increasing temperature. In MST, these two
effects are used in synergy to measure or monitor the movement of the ligand—protein
complex under the influence of a changing temperature. During an MST experiment, the so-
lution containing the labelled protein and the non-fluorescent ligand is irradiated with
a combination of an infrared laser and light at the wavelength of the probe excitation.
This combination of light causes a decrease in the measured fluorescence intensity, until a
plateau is reached that corresponds to the thermophoresis motion of the probe. This plateau
varies depending on the microenvironment around the probe and is therefore affected by
the concentration of the ligand. By observing the thermophoresis of the probe at different
ligand concentrations, a binding curve can be drawn indicating the K4 value of the ligand
against a selected target. This technique has several advantages: first, the labelled element
is the protein, avoiding the problem of using a small molecule as a probe. Additionally,
by labelling the protein, the cell lysate can be measured directly, eliminating the need for
protein purification, since other proteins present in the mixture would not give a signal.
MST is a powerful technique, but it requires a special reader. In addition, the containers
for the solution are disposable capillaries, which are still not standard equipment in a
laboratory. Regarding OGT, the Walker group published a method for measuring binding
to pure OGT for the OSMI compounds including OSMI-4 [25].

3.3. Tethering In Situ Click Chemistry

Tethering in situ click chemistry (TISCC) developed by Zhang et al. is a method that
can be classified as a target-guided synthesis [44]. The goal is to perform a click reaction
within the binding site between libraries of chemically reactive fragments. The protein
binding site thus serves as a “mould” for the design of a new inhibitor. These new hits, com-
posed of fragments, are resynthesised and tested with an orthogonal assay to assess their
potency against the target. The reported method uses two different chemical libraries [44].
The first library consists of molecules with an iodoacetamide moiety as well as an adjacent
azide group. The iodoacetamide moiety is a tethering group that allows the molecule to
form a covalent bond with any cysteine on the protein surface. In the first step, OGT is
added to a solution containing a starting library so that the tethering group can react with
the cysteine that is in contact with the active site. Then, the newly attached moieties with
free azido groups perform thermal/non-catalysed Huisgen cycloadditions. Subsequently,
the second library containing the binding fragments bearing an alkyne moiety is intro-
duced under click chemistry reaction conditions. The protein itself serves as a mould
and harbours only fragments with reasonably high affinity for the binding site so that a
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click reaction occurs only with the high-affinity alkyne fragments. After the click reaction,
the protein is separated from the molecules with SDS page and digested with trypsin.
The molecules are then analysed by LC/MS/MS to identify fragments that participated in
the click reaction. The complete molecules are then resynthesised, and their inhibitory po-
tency is measured using the commercially available UDP-Glo assay. Through the selection
process, Zhang et al. identified two inhibitors APNT and APBT with a measured ICsg of
68 uM and 169 pM, respectively (Figure 18). After further testing, these compounds were
found to be cell-permeable inhibitors and non-competitive for UDP-GlcNAc.
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Figure 18. Structure of hits found by the tethering in situ chemistry technique (a) APBT; (b) APNT.

The main disadvantage of this method is that it targets both the binding site and
any other pocket large enough to contain one of the other fragments. On the other hand,
this methodology can help to identify allosteric pockets and possibly find new chemotypes
and modes of OGT or other inhibition. Another disadvantage of this methodology is that
the number of hits is usually very high. Since this method cannot discriminate between
orthosteric and allosteric inhibitors and all compounds must be re-synthesised to be re-
tested on an orthogonal assay, the cost is very high.

4. Discussion

The diversity of methods and the extensive development of this field show how
challenging the study of OGT is. It also shows the evolution of GlcNAcylation studies,
from the need to see and evaluate GlcNAcylation to the search for selective and potent
inhibitors to validate OGT as a therapeutic target. To achieve this goal, the field needs a
simple assay that can both screen large libraries and evaluate the enzyme inhibitory activity
of hits.

As described above, enzyme kinetics and inhibitory activity can be measured us-
ing two types of assays. The first category uses an indirect approach by measuring the
concentration of UDPas GlcNAcylation products or by detecting GlcNacylation on a
peptide/protein substrate. The other category uses a direct approach, either by using anti-
bodies to visualise the extent of GIcNAcylation with a PamStation or by using a modified
cofactor bearing a fluorescent label, such as the Vocadlo group’s fluorescence intensity
assay. Among the indirect approaches, there are several methods, such as the UDP-Glo and
the FRET assay. These techniques use enzymatic reactions to modify the products of the
original reaction to monitor GlcNAcylation, and have the advantage of not affecting the
OGT reaction itself. On the other hand, the additional steps add other factors (inhibition
of the enzyme, non-selective binding, kinetics) that can interfere and change the result,
leading to false negatives or false positives. Other commercial assays can be used on the
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OGT: a) the Transcreener Assay from Bellbrooks lab, which uses a UDP-specific antibody
linked to a fluorophore to monitor UDP production by fluorescence polarization; and the
Malachite Green Assay from R&D Systems, which uses phosphatase to form pyrophos-
phate from the UDP form and then allows this pyrophosphate to react with malachite,
forming a green complex that can be quantified by luminescence. We have not reported on
these assays due to the lack of literature data on screening of OGT inhibitors.

The direct approach in assays is used to directly measure glycosylation of the acceptor
substrate. The examples given here are the HPLC/MS method, a method using a radioac-
tive donor substrate, and the fluorescence intensity assay. Of these three, two of them have
the advantage of not interfering with the OGT reaction because the HPLC/MS measures
GlcNAcylation by identifying the molar mass of the GlcNAcylated product. Moreover,
the enzymatic activity is not disturbed by the change of a carbon to its radioactive isotope.
The fluorescence intensity assay, however, with the linkage of the donor substrate to the
Bodipy fluorophore, alters the kinetics of OGT. This problem was solved by the Vocadlo
group with an extensive kinetic study of the fluorescent cofactor(s). The fluorescence
intensity assay developed by Vocadlo meets most of the requirements when reliability
is considered. The method is easy to use, requires no additional steps prior to readout,
and allows screening for inhibitors in an HTS manner. This assay is not commercially
available and therefore requires some preparation. In contrast, the UDP-Glo is available as
a kit and can be easily used as an HTS assay for various glycosyltransferases.

Three biophysical methods have been used to quantify OGT binding events. The first
is microscale thermophoresis, a method that has been used to calculate the Ky of the OSMI
family. Importantly, this was the only reported method sensitive enough to provide binding
constants for inhibitors in the nanomolar range such as OSMI-4. It also eliminates many
problems (purification, activity, expression yield, etc.) associated with OGT. The main
drawback of this method is that it is not suitable for HTS and should rather be used as a
confirmatory method for binding constants. The second biophysical method, called tether-
ing in situ click chemistry, is an in vitro chemical method that allows processing of a large
number of fragments where the protein itself picks the right binders. However, it targets the
entire protein surface, which can result in molecules that bind allosterically to the protein
surface or have no effect on enzyme activity. Moreover, this method requires resynthesis
without the tethering group and reassessing the binding affinity with an orthogonal assay.
The third method is fluorescence polarization, a technique commonly used in medicinal
chemistry because of its rapidity in screening setups. Furthermore, the method does not
require manipulation of the target protein; the only requirement is a molecular probe or
ligand with a fluorophore attached. The final readout is the measurement of fluorescence
polarization, the intensity of which corresponds to the displacement of the fluorescent
probe. The tricky part of the method in these assays is the design and synthesis of a
fluorescent probe that is a strong binder and allows the measurement of FP. Two fluorescent
probes have been synthesised for OGT, and one has been used successfully by the Walker
group to perform HTS. This technique is probably the most suitable to screen large com-
pound libraries. The only problem found is that the current inhibitors have leapfrogged
the affinity of the actual fluorescent probe. If a more potent fluorescent probe is developed
in the future, this could be the key to improved OGT inhibitor discovery. All methods
discussed here are summarised and presented in the final table (Table 1).

Cellular assays and cellular uptake of inhibitors were not discussed here. One of
the few cellular assays for testing OGT inhibition is a Western blot using anti-O-GlcNAc
antibodies to measure the total glycosylation inside the cell. The disadvantage of this
method is that it is not known whether the observed inhibition is from OGT inhibition of
the compound tested or from an off-target cytotoxic effect. Another such assay reported by
Hu et al. [45] uses the unnatural metabolic probe UDP-6AzGlcNAc with an azide handle,
which can be readily detected using click chemistry (attachment of a fluorescent probe with
alkyne functionality) and in-gel fluorescence scanning. New types of cellular assays are
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needed and will be developed in the coming years that will provide useful information to
make OGT a valid therapeutic target.

Table 1. Sum up of the pros and cons for all the bioassays mentioned in the review.

Assay Name Pros Cons
-High-throughput screening -Indirect measurement
UDP-Glo assay -Commercially available assay -Involves 3 consecutive enzyme reactions
-Standard technique (luminescence) -Possible interference with UDP mimic compounds

-Radioactive reagents

[*C] UDPGIcNAc -Direct measurement Synthesis of UDP-[1-14C]-GIcNAc
-Use of a second enzymatic step
FRET assay -High-throughput screening -The protease is not completely selective over the
GlcNAcylated peptide
-PamChip allows the study of different
concentrations of peptide substrate at -Not a standard technique
PamStation once -Long time for final readout
-Control of multiple parameters -Indirect measurement of GlcNAcylation

(temperature, reaction time, etc.)
-Requires purification of enzymatic reaction
-Standard technique -Lengthy purification-to-readout time for each
-Direct measurement of GlcNAcylation reaction mixture
-Use of orthogonal assay to screen hits

HPLC

-One step assay
FP assay -Very fast and reliable method -Design and synthesis of the probe
-High-throughput screening suitability
Microscale -Straightforward and easy assay -Specific machine

thermophoresis -Quick result -Not valid for high-throughput screening format (HTS)
-Resynthesis of the hits without the tethering groups

-Use of orthogonal assay to remove

unactive compounds

Tethering in situ -Allow screening of big libraries
click chemistry -Targeting allosteric sites

Funding: The project PhD4GlycoDrug has received funding from the European Union’s Horizon
2020 research and innovation programme under the Marie Sktodowska-Curie grant agreement No.
765581. APC was sponsored by MDPL

Acknowledgments: The authors thank COST actions CA18103 INNOGLY and CA18132 GLYCO-
NanoPROBES.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Ferrer, C.M.; Lynch, T.P;; Sodi, V.L.; Falcone, ].N.; Schwab, L.P.; Peacock, D.L.; Vocadlo, D.].; Seagroves, T.N.; Reginato, M.].
O-GlcNAcylation Regulates Cancer Metabolism and Survival Stress Signaling via Regulation of the HIF-1 Pathway. Mol. Cell
2014, 54, 820-831. [CrossRef]

Aquino-Gil, M.; Pierce, A.; Perez-Cervera, Y.; Zenteno, E.; Lefebvre, T. OGT: A short overview of an enzyme standing out from
usual glycosyltransferases. Biochem. Soc. Trans. 2017, 45, 365-370. [CrossRef]

Ozcan, S.; Andrali, S.S.; Cantrell, J.E. Modulation of transcription factor function by O-GIcNAc modification. Biochim. Biophys.
Acta (BBA) Bioenerg. 2010, 1799, 353-364. [CrossRef]

Hart, G.W. Nutrient regulation of signaling and transcription. J. Biol. Chem. 2019, 294, 2211-2231. [CrossRef]

Zhang, S.; Roche, K.; Nasheuer, H.P,; Lowndes, N.F. Modification of Histones by Sugar $-N-Acetylglucosamine (GlcNAc) Occurs
on Multiple Residues, Including Histone H3 Serine 10, and Is Cell Cycle-regulated. ]. Biol. Chem. 2011, 286, 37483-37495.
[CrossRef] [PubMed]

Ma, J.; Wu, C.; Hart, G.W. Analytical and Biochemical Perspectives of Protein O-GlcNAcylation. Chem. Rev. 2021, 121, 1513-1581.
[CrossRef] [PubMed]

Fong, J.J.; Nguyen, B.L.; Bridger, R.; Medrano, E.E.; Wells, L.; Pan, S.; Sifers, RN. 3-N-Acetylglucosamine (O-GlcNAc) Is a Novel
Regulator of Mitosis-specific Phosphorylations on Histone H3*. J. Biol. Chem. 2012, 287, 12195-12203. [CrossRef] [PubMed]
Harwood, K.R.; Hanover, J.A. Nutrient-driven O-GlcNAc cycling - think globally but act locally. . Cell Sci. 2014, 127, 1857-1867.
[CrossRef]


http://doi.org/10.1016/j.molcel.2014.04.026
http://doi.org/10.1042/BST20160404
http://doi.org/10.1016/j.bbagrm.2010.02.005
http://doi.org/10.1074/jbc.AW119.003226
http://doi.org/10.1074/jbc.M111.284885
http://www.ncbi.nlm.nih.gov/pubmed/21896475
http://doi.org/10.1021/acs.chemrev.0c00884
http://www.ncbi.nlm.nih.gov/pubmed/33416322
http://doi.org/10.1074/jbc.M111.315804
http://www.ncbi.nlm.nih.gov/pubmed/22371497
http://doi.org/10.1242/jcs.113233

Molecules 2021, 26, 1037 19 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Hart, G.W.; Slawson, C.; Ramirez-Correa, G.; Lagerlof, O. Cross Talk Between O-GlcNAcylation and Phosphorylation: Roles in
Signaling, Transcription, and Chronic Disease. Annu. Rev. Biochem. 2011, 7, 825-858. [CrossRef]

Wang, Z.; Udeshi, N.D.; Slawson, C.; Compton, P.D.; Sakabe, K.; Cheung, W.D.; Shabanowitz, J.; Hunt, N.F.; Hart, G.W. Extensive
Crosstalk Between O-GlcNAcylation and Phosphorylation Regulates Cytokinesis. Sci. Signal. 2010, 3, ra2. [CrossRef]

Kakade, P.S.; Budnar, S.; Kalraiya, R.D.; Vaidya, M.M. Functional Implications of O-GlcNAcylation-dependent Phosphorylation
at a Proximal Site on Keratin 18. J. Biol. Chem. 2016, 291, 12003-12013. [CrossRef]

Bond, M.R.; Hanover, J.A. O-GlcNAc Cycling: A Link Between Metabolism and Chronic Disease. Annu. Rev. Nutr. 2013, 33,
205-229. [CrossRef] [PubMed]

Zhu, Y,; Shan, X.; Yuzwa, S.A.; Vocadlo, D.J. The Emerging Link between O-GIcNAc and Alzheimer Disease. J. Biol. Chem. 2014,
289, 34472-34481. [CrossRef] [PubMed]

Barkovskaya, A.; Seip, K.; Hilmarsdottir, B.; Maelandsmo, G.M.; Moestue, S.A.; Itkonen, HM. O-GlcNAc Transferase Inhibition
Differentially Affects Breast Cancer Subtypes. Sci. Rep. 2019, 9, 1-11. [CrossRef]

Itkonen, H.M.; Urbanucci, A.; Martin, S.E.; Khan, A.; Mathelier, A.; Thiede, B.; Walker, S.; Mills, I.G. High OGT activity is essential
for MYC-driven proliferation of prostate cancer cells. Theranostics 2019, 9, 2183-2197. [CrossRef] [PubMed]

Selnick, H.G.; Hess, J.E,; Tang, C.; Liu, K.; Schachter, ].B.; Ballard, J.E.; Marcus, ].N.; Klein, D.J.; Wang, X.; Pearson, M.; et al.
Discovery of MK-8719, a Potent O-GlcNAcase Inhibitor as a Potential Treatment for Tauopathies. . Med. Chem. 2019, 62,
10062-10097. [CrossRef]

Lee, HE; Lim, D.; Lee, J.Y,; Lim, S.M.; Pae, A.N. Recent tau-targeted clinical strategies for the treatment of Alzheimer " s disease.
Future Sci. 2019, 11, 1845-1848.

Shoeibi, A.; Olfati, N.; Litvan, I. Preclinical, phase I, and phase II investigational clinical trials for treatment of progressive
supranuclear palsy. Expert Opin. Investig. Drugs 2018, 27, 349-361. [CrossRef]

Kim, E.J.; Abramowitz, L.K; Bond, M.R,; Love, D.C.; Kang, D.W,; Leucke, H.F,; Kang, D.W.; Ahn, ].-S.; Hanover, ].A. Versatile
O-GIcNAc Transferase Assay for High-Throughput Identification of Enzyme Variants, Substrates, and Inhibitors. Bioconjug. Chem.
2014, 25, 1025-1030. [CrossRef]

Borodkin, V.S.; Schimpl, M.; Gundogdu, M.; Rafie, K.; Dorfmueller, H.C.; Robinson, D.A.; Van Aalten, D.M.F. Bisubstrate
UDP-peptide conjugates as human O-GlcNAc transferase inhibitors. Biochem. |. 2014, 457, 497-502. [CrossRef]

Zhang, H.; Tomasi¢, T.; Shi, J.; Weiss, M.; Ruijtenbeek, R.; Anderluh, M.; Pieters, R.]J. Inhibition of O-GlcNAc transferase (OGT) by
peptidic hybrids. MedChemComm 2018, 9, 883-887. [CrossRef]

Liu, T.-W.; Zandberg, W.E.; Gloster, T.M.; Deng, L.; Murray, K.D.; Shan, X.; Vocadlo, D.J. Metabolic Inhibitors of O-GIcNAc
Transferase That Act In Vivo Implicate Decreased O-GIlcNAc Levels in Leptin-Mediated Nutrient Sensing. Angew. Chem. Int. Ed.
2018, 57, 7644-7648. [CrossRef]

Ortiz-Meoz, R E; Jiang, J.; Lazarus, M.B.; Orman, M.; Janetzko, J.; Fan, C.; Duveau, D.Y,; Tan, Z.-W.; Thomas, C.J.; Walker, S.
A Small Molecule That Inhibits OGT Activity in Cells. ACS Chem. Biol. 2015, 10, 1392-1397. [CrossRef] [PubMed]

Gross, B.J.; Kraybill, A.B.C.; Walker, S. Discovery of O-GlcNAc Transferase Inhibitors. J. Am. Chem. Soc. 2005, 127, 14588-14589.
[CrossRef] [PubMed]

Martin, S.E.S.; Tan, Z.-W.; Itkonen, H.M.; Duveau, D.Y.; Paulo, J.A.; Janetzko, J.; Boutz, P.L.; Tork, L.; Moss, EA.; Thomas, C.J.; et al.
Structure-Based Evolution of Low Nanomolar O-GIcNAc Transferase Inhibitors. . Am. Chem. Soc. 2018, 140, 13542-13545.
[CrossRef]

Trapannone, R.; Rafie, K; Van Aalten, D.M. O-GlcNAc transferase inhibitors: Current tools and future challenges.
Biochem. Soc. Trans. 2016, 44, 88-93. [CrossRef]

Data, RUS.A.; Engel, L.; Goueli, A. Method for Quantifying 5-Hydroxymethylcytosine. U.S. Patent 2014/0272970 Al,
18 September 2014.

Das, D.; Walvoort, M.T.C.; Lukose, V.; Imperiali, B. A Rapid and Efficient Luminescence-based Method for Assaying Phosphogly-
cosyltransferase Enzymes. Sci. Rep. 2016, 6, 33412. [CrossRef] [PubMed]

Undisclosed. UDP-Glo Glycosyltransferase Assay Technical Manual #TM413. Promega Corp. 2015:1-21. Available on-
line: https:/ /www.promega.co.uk/-/media/files/resources/protocols/technical-manuals/101/udp-glo-glycosyltransferase-
assay-protocol.pdf (accessed on 12 December 2020).

Liu, Y;; Ren, Y.; Cao, Y.; Huang, H.; Wu, Q.; Li, W.; Wu, S.; Zhang, J. Discovery of a Low Toxicity O-GlcNAc Transferase (OGT)
Inhibitor by Structure-based Virtual Screening of Natural Products. Sci. Rep. 2017, 7, 12334. [CrossRef]

Albuquerque, S.0O.; Barros, T.G.; Dias, L.R.; Lima, C.H.D.S.; Azevedo, PH.D.A.; Flores-Junior, L.A.; Dos Santos, E.G.; Loponte,
H.F; Pinheiro, S.; Dias, W.B.; et al. Biological evaluation and molecular modeling of peptidomimetic compounds as inhibitors for
O-GlcNAc transferase (OGT). Eur. J. Pharm. Sci. 2020, 154, 105510. [CrossRef]

Mendicino, J. Synthesis of UDP-N- [1-14C] Acetyl D-Glucosamine and UDP-N-[1-14C]Acetyl-D-Galactosamine from
[1-14C]Acetate. Anal. Biochem. 1978, 495, 490-495.

Gross, B.J.; Swoboda, J.G.; Walker, S. A Strategy to Discover Inhibitors of O-Linked Glycosylation. J. Am. Chem. Soc. 2008, 130,
440-441. [CrossRef]

Gloster, T.M.; Zandberg, W.E.; Heinonen, J.E.; Shen, D.L.; Deng, L.; Vocadlo, D.]J. Hijacking a biosynthetic pathway yields a
glycosyltransferase inhibitor within cells. Nat. Chem. Biol. 2011, 7, 174-181. [CrossRef] [PubMed]


http://doi.org/10.1146/annurev-biochem-060608-102511
http://doi.org/10.1126/scisignal.2000526
http://doi.org/10.1074/jbc.M116.728717
http://doi.org/10.1146/annurev-nutr-071812-161240
http://www.ncbi.nlm.nih.gov/pubmed/23642195
http://doi.org/10.1074/jbc.R114.601351
http://www.ncbi.nlm.nih.gov/pubmed/25336656
http://doi.org/10.1038/s41598-019-42153-6
http://doi.org/10.7150/thno.30834
http://www.ncbi.nlm.nih.gov/pubmed/31149037
http://doi.org/10.1021/acs.jmedchem.9b01090
http://doi.org/10.1080/13543784.2018.1460356
http://doi.org/10.1021/bc5001774
http://doi.org/10.1042/BJ20131272
http://doi.org/10.1039/C8MD00115D
http://doi.org/10.1002/anie.201803254
http://doi.org/10.1021/acschembio.5b00004
http://www.ncbi.nlm.nih.gov/pubmed/25751766
http://doi.org/10.1021/ja0555217
http://www.ncbi.nlm.nih.gov/pubmed/16231908
http://doi.org/10.1021/jacs.8b07328
http://doi.org/10.1042/BST20150189
http://doi.org/10.1038/srep33412
http://www.ncbi.nlm.nih.gov/pubmed/27624811
https://www.promega.co.uk/-/media/files/resources/protocols/technical-manuals/101/udp-glo-glycosyltransferase-assay-protocol.pdf
https://www.promega.co.uk/-/media/files/resources/protocols/technical-manuals/101/udp-glo-glycosyltransferase-assay-protocol.pdf
http://doi.org/10.1038/s41598-017-12522-0
http://doi.org/10.1016/j.ejps.2020.105510
http://doi.org/10.1021/ja078125s
http://doi.org/10.1038/nchembio.520
http://www.ncbi.nlm.nih.gov/pubmed/21258330

Molecules 2021, 26, 1037 20 of 20

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Martynov, A.; Sushama, L.; Laprise, R. Simulation of temperate freezing lakes by one-dimensional lake models: Perfor-mance
assessment for interactive coupling with regional climate models. Boreal Environ. Res. 2010, 15, 143-164. [CrossRef]

Shi, J.; Ruijtenbeek, R.; Pieters, R.J]. Demystifying O-GlcNAcylation: Hints from peptide substrates. Glycobiology 2018, 28, 814-824.
[CrossRef]

Shi, J.; Sharif, S.; Ruijtenbeek, R.; Pieters, R.J. Activity Based High-Throughput Screening for Novel O-GlcNAc Transferase
Substrates Using a Dynamic Peptide Microarray. PLoS ONE 2016, 11, e0151085. [CrossRef] [PubMed]

Gershon, D. Making connections. Nature 2004, 432, 243-249. [CrossRef] [PubMed]

Alteen, M.G.; Gros, C.; Meek, RW.,; Cardoso, D.A.; Busmann, J.A.; Sangouard, G.; Deen, M.C.; Tan, H.; Shen, D.L,;
Russell, C.C.; et al. A Direct Fluorescent Activity Assay for Glycosyltransferases Enables Convenient High-Throughput Screening:
Application to O -GlcNAc Transferase. Angew. Chem. 2020, 132, 9688-9696. [CrossRef]

Ullmann, D. Fluorescence Screening Assays. In Comprehensive Medicinal Chemistry II; Elsevier BV: Amsterdam, The Netherlands,
2007; pp- 599-616.

Lea, W.A.; Simeonov, A. Fluorescence polarization assays in small molecule screening. Expert Opin. Drug Discov. 2010, 6, 17-32.
[CrossRef]

Rafie, K.; Gorelik, A.; Trapannone, R.; Borodkin, V.S.; Van Aalten, D.M.F. Thio-Linked UDP-Peptide Conjugates as O-GlcNAc
Transferase Inhibitors. Bioconjug. Chem. 2018, 29, 1834-1840. [CrossRef] [PubMed]

Jerabek-Willemsen, M.; Wienken, C.J.; Braun, D.; Baaske, P.; Duhr, S. Molecular Interaction Studies Using Microscale Ther-
mophoresis. ASSAY Drug Dev. Technol. 2011, 9, 342-353. [CrossRef]

Wang, Y.; Zhu, J.; Zhang, L. Discovery of Cell-Permeable O-GlcNAc Transferase Inhibitors via Tethering in Situ Click Chemistry.
J. Med. Chem. 2016, 60, 263-272. [CrossRef] [PubMed]

Hu, C.-W.; Worth, M.; Xiaofang, Z.; Li, B.; Li, H,; Lu, L.; Zhong, X; Lin, Z.; Chia-Wei, H.; Ge, Y.; et al. Electrophilic probes for
deciphering substrate recognition by O-GlcNAc transferase. Nat. Chem. Biol. 2017, 13, 1267-1273. [CrossRef] [PubMed]


http://doi.org/10.1017/CBO9781107415324.004
http://doi.org/10.1093/glycob/cwy031
http://doi.org/10.1371/journal.pone.0151085
http://www.ncbi.nlm.nih.gov/pubmed/26960196
http://doi.org/10.1038/432243a
http://www.ncbi.nlm.nih.gov/pubmed/15538373
http://doi.org/10.1002/ange.202000621
http://doi.org/10.1517/17460441.2011.537322
http://doi.org/10.1021/acs.bioconjchem.8b00194
http://www.ncbi.nlm.nih.gov/pubmed/29723473
http://doi.org/10.1089/adt.2011.0380
http://doi.org/10.1021/acs.jmedchem.6b01237
http://www.ncbi.nlm.nih.gov/pubmed/28032764
http://doi.org/10.1038/nchembio.2494
http://www.ncbi.nlm.nih.gov/pubmed/29058723

	Introduction 
	Assays for Evaluation of GlcNAc-Transferase Activity 
	UDP-Glo Assay 
	[14. C] UDP-GlcNAc 
	FRET Assay 
	PamStation 
	Measurement of OGT Activity by HPLC 
	Fluorescence Intensity Assay 

	Biophysical Assays to Measure Binding Affinity of a Potential Inhibitor 
	Fluorescence Polarization Displacement Assay 
	Walker Group FP Assay 
	Van Aalten Group FP Assay 
	Conclusions 

	Microscale Thermophoresis 
	Tethering In Situ Click Chemistry 

	Discussion 
	References

