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General introduction and thesis outline

Chapter 1

1.

O-GlcNAcylation and its processing enzymes
Like phosphorylation, O-GlcNAcylation is a ubiquitous protein posttranslational

modification (PTM) at serine or threonine residues with a single O-linked beta NAcetylglucosamine (O-GlcNAc). Physiological O-GlcNAc modification of a protein is also
a reversible cycle which is regulated precisely and specifically to maintain proper cellular
processes. O-GlcNAcylation has been shown to play roles in gene transcription,1 protein
stability and function,2 signaling transduction, and cell cycle control.3, 4 Aberrant regulation
of O-GlcNAcylation has been linked to chronic diseases such as type 2 diabetes, cancer and
Alzheimer’s disease (AD).5, 6
Remarkably, unlike phosphorylation which is controlled by hundreds of kinases and
phosphatases, the O-GlcNAcylation cycle is controlled by only a pair of antagonistic
enzymes (Fig. 1). O-GlcNAc transferase (OGT) catalyzes the attachment of GlcNAc onto
the protein using UDP-GlcNAc as the sugar donor, while the O-GlcNAcase (OGA)
removes the O-GlcNAc from the modified protein. UDP-GlcNAc is the end product of the
hexosamine biosynthetic pathway (HBP) using ca. 2-5% of the extracellular glucose,
indicating an important role of O-GlcNAc as a nutrient sensor of the cell state.7,

8

In

addition, O-GlcNAcylation is linked to fatty acid metabolism, amino acid metabolism and
nucleotide metabolism because of their involvement in the HBP.8

Figure 1 O-GlcNAcylation cycle and phosphorylation cycle.
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In human cells, there are three splice isoforms of OGT which all have a tetratricopeptide
(TPR) repeat domain, a linker region, and the C terminus catalytic domain and they are
only different in the number of the TPR repeats (Fig. 2).9, 10 The longest OGT (116 kDa)
contains 13.5 TPR repeats and was termed as ncOGT because it is localized in both the
nucleus and the cytoplasm. The second longest one (103 kDa) has 9.5 TPR repeats and a
mitochondrial targeting sequence, so it has been termed mOGT. The shortest one (78 kDa),
sOGT, has only 2.5 TPR repeats and it is expressed in both the nucleus and the cytoplasm.
The catalytic domain enables the ability of OGT to transfer GlcNAc from the sugar donor
to the accepter while TPR repeats have been shown to be responsible for its recognition of
the physiological protein substrate by mediating a variety of protein-protein interactions.1113

Human OGA has two splice isoforms (Fig. 2), namely OGA-L (long OGA) and OGA-S
(short OGA).14 OGA-L is mainly found in the cytoplasm while OGA-S is mainly found in
the nucleus.15 OGA-L (103 kDa) includes an N terminal catalytic domain that can cleave
the O-GlcNAc from the modified protein, a helical stalk domain that seems to have roles in
dimerization,16 and a C-terminal HAT-like domain that shows in vitro acetyltransferase
activity.17, 18 OGA-S (76 kDa) does not have the HAT domain and shows a lower OGA
activity in vitro.19

Figure 2 Domain structures of O-GlcNAc cycle processing enzymes.

2.

The cross-talk between O-GlcNAcylation and phosphorylation
Cross-talk between different types of PTMs adds much biological diversity in the

regulation of protein activities and cellular signaling processing. In addition to its direct
7
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regulatory role on proteins, O-GlcNAcylation was found to be involved in the regulation of
signaling by cross-talk with other PTMs, such as ubiquitination and phosphorylation.20-22
Proteomic and mass spectrometry analyses have suggested that the cross talk between OGlcNAcylation and phosphorylation is very complex and extensive.23, 24
Basically, there are three types of cross-talk between O-GlcNAcylation and Ser/Thr
phosphorylation (Fig. 3A). Because protein O-GlcNAcylation and phosphorylation both
occurs at Ser or Thr residues, there must be a direct competition between these two
modifications at the same site which is specific to both a kinase and OGT. In addition, OGlcNAcylation and phosphorylation residues could also be in close proximity to each other
and the presence of one modification can affect the addition of the other modification.25
O-GlcNAcylation also exhibits cross-talk with tyrosine phosphorylation, but only few
cases of this have been found in human cells.26-29 Similar to the cross-talk between OGlcNAcylation and Ser/Thr phosphorylation, there are two types of close proximity crosstalk between O-GlcNAcylation and tyrosine phosphorylation (Fig. 3B). Recently, a
phosphoproteome analysis of all known O-GlcNAc proteins in PhosphoSitePlus
(http://www.phosphosite.org) showed that 68% of these proteins are known to be substrates
of tyrosine kinases.27 Whether there is a reciprocal or unidirectional regulation between
them is largely unknown.

Figure 3 Cross-talk of phosphorylation and O-GlcNAcylation. (A) Types of cross-talk between OGlcNAcylation and Ser/Thr phosphorylation. (B) Types of cross-talk between O-GlcNAcylation and tyrosine
phosphorylation. STK, Ser/Thr kinase; PTK, protein tyrosine kinase; Black dotted lines, peptide backbones; Red
line, crosstalk effect between modifications.
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3.

Peptide microarray
Unlike a conventional peptide microarray, the Pamgene microarray uses a 3D porous

surface of aluminum oxide to immobilize peptides, which enables its important
characteristics to study one biological activity against hundreds of peptides kinetically
without intensive lab work (Fig. 4).30 In this peptide microarray assay, the biological
samples along with a fluorescent antibody used for detection are pumped up and down
through the porous membrane periodically. When the samples are temporarily positioned
underneath the array, signal images from the array are captured by a CCD camera inside the
PamStation taken from above the array. Quantifying images from a time range then yields
the kinetic data for the intended biological activity. Pamgene peptide microarrays have
been successfully used for studying kinases,31 phosphatases32 and nuclear receptor–
coregulators.33,

34

It has been shown to have medicinal relevant potential such as the

identification of disease-related biomarkers,35,

36

diagnosis and prediction of efficacy of

37, 38

drugs for a specific patient.

Figure 4 Outline of Pamgene peptide microarray (this figure is from Pamgene international B.V. brochure).

4.

Messenger-RNA display
Protein/polypeptide display methods, such as phage display, ribosome display and

mRNA display, enable the rapid discovery of specific polypeptides that bind to a specific
target. Among these methods, RNA display is an in vitro technique with much higher
library diversity and a rapid turnaround time. Messenger RNA display allows the selection
of proteins/peptides with a function of interest from ≥1012 unique variants in a single
experiment.39-41 In mRNA display, the translated peptide is fused to its mRNA template in
an in vitro translation system by a stable covalent linkage through a puromycin linker
9
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(Fig. 5), which results in a fusion of phenotype (peptide) and genotype (mRNA). This
mRNA-protein fusion library can be reverse transcribed into a mRNA/cDNA-protein
fusion library, the DNA component of which provides straightforward sequence
information about the target protein/peptide of interest. Messenger RNA display has been
widely used for the identification of ligands of a protein,40,
43

42

studying protein-protein

44

interactions and DNA protein interactions, and enzyme-substrate interactions.29

Figure 5 the schematic depiction of mRNA display method.

5.

Aim and outline
Although advanced mass spectrometry and protein analysis techniques have been used

for the study of O-GlcNAcylation of proteins, it is a challenging task to study this
modification at the protein level and in living system. Hence, this thesis describes research
where this modification is studied at the peptide level, taking advantage of peptide
chemistry and the power of peptide display techniques. The aim of this thesis is to develop
a new detection method of O-GlcNAcylation and OGT activity, to study the cross-talk of
O-GlcNAcylation and tyrosine phosphorylation, to study the inhibition potential of
substrate-based OGT inhibitors and finally to study the substrate specificity of OGT.
In chapter 3, we describe the utility of the PamGene peptide microarray approach to
detect OGT activity and to discover OGT substrates. Although protein microarray45 and
peptide microarray46 methods have been described to study OGT activity, these
conventional microarrays require multiple washing steps before labeling of OGlcNAcylation and only allow an end point reading of the enzymatic reaction. The
10

General introduction and thesis outline

PamGene peptide microarray is based on a unique 3D aluminum oxide surface, which
allows the enzymatic reactions to be monitored kinetically.
Chapter 4 describes the peptide microarray-based analysis of the cross-talk between OGlcNAcylation and tyrosine phosphorylation. Studying cross-talk between PTMs on
proteins is challenging, although it can be done by protein mutations in vivo and synthetic
proteins in vitro. With the peptide microarray approach described in chapter 2, we
identified dual peptide substrates for OGT & JAk2. Then we studied the potential cross-talk
between O-GlcNAcylation and phosphorylation on these dual substrates in a direct and
kinetic manner.
In chapter 5, we investigated the potential of OGT peptide substrate-derived OGT
inhibitors. OGT peptide substrates with omitted O-GlcNAcylation hydroxyl were tested
for their inhibitory effect against OGT. We found that the peptides without the GlcNAc
modification site could still bind to OGT, showing a competitive inhibitory effect.
In chapter 6, to study the substrates specificity of OGT, a mRNA display method was
employed to select OGT peptide substrates from a random library of 9-mer peptides.
Enriched peptide information could be used to define the substrate preference of OGT and
explain the substrate specificity.
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Abstract
O-GlcNAcylation, analogous to phosphorylation, is an essential post-translational
modification of proteins at Ser/Thr residues with a single β-N-Acetylglucosamine moiety.
This dynamic protein modification regulates many fundamental cellular processes and its
deregulation has been linked to chronic diseases such as cancer, diabetes and
neurodegenerative disorders. Reversible attachment and removal of O-GlcNAc is governed
only by O-GlcNAc transferase and O-GlcNAcase, respectively. Peptide substrates, derived
from natural O-GlcNAcylation targets, function in the catalytic cores of these two enzymes
by maintaining interactions between enzyme and substrate, which makes them ideal models
for the study of O-GlcNAcylation and de-glycosylation. These peptides provide valuable
tools for a deeper understanding of O-GlcNAc processing enzymes. By taking advantage of
peptide chemistry, recent progress in the study of activity and regulatory mechanisms of
these two enzymes has advanced our understanding of their fundamental specificities as
well as their potential as therapeutic targets. Hence, this review summarizes the recent
achievements on this modification studied at the peptide level, focusing on enzyme activity,
enzyme specificity, direct function, site specific antibodies and peptide substrate-inspired
inhibitors.

16

Demystifying O-GlcNAcylation: hints from peptide substrates

1.

Introduction
O-GlcNAcylation is a ubiquitous posttranslational modification (PTM) of serine or

threonine residues with a single O-linked β-N-Acetylglucosamine (O-GlcNAc) on
numerous proteins. In contrast to complex glycans that typically function on the cell surface
by mediating numerous ligand-receptor interactions,1-3 O-GlcNAc modifications of proteins
ubiquitously occur inside the cells where they regulate many basic cellular processes.
Proteomics studies estimated that about 19% of the O-GlcNAcylated proteins, including
NF-κB, p53 and STAT, are involved in regulation of gene expression.4, 5 O-GlcNAcylation
regulates protein activity and integrates cellular signaling transduction by itself or in
combination with intensive crosstalk with other PTMs,6 especially phosphorylation.7-9
Histone proteins are also targets of O-GlcNAcylation, which is suggested to control the cell
cycle and cell survival.10, 11 In addition, O-GlcNAc is also involved in the regulation of
proteasome function by modifying the Rpt2 subunit.12 To date, ca. 1492 O-GlcNAcylation
sites have been recorded in the PhosphoSitePlus® database (www.phosphosite.org)13 and
aberrant regulation of O-GlcNAcylation has been linked to chronic diseases such as type 2
diabetes, cancer and Alzheimer’s Disease (AD).14, 15 In the case of cancer, modulation of OGlcNAcylation by inhibitors showed an anticancer effect by inhibiting breast tumor growth
and invasion, suggesting that O-GlcNAcylation is a potential therapeutic target for cancer
treatment.16
Like protein phosphorylation, the O-GlcNAc modification of proteins is also reversible,
but it is under the control of only a pair of antagonistic enzymes. O-GlcNAc transferase
(OGT) catalyzes the addition of GlcNAc onto the protein using Uridine 5′-diphosphate-Nacetylglucosamine (UDP-GlcNAc) as the sugar donor, while O-GlcNAcase (OGA)
removes the O-GlcNAc from the modified protein. Remarkably, OGT activity is largely
influenced by the intracellular concentration of UDP-GlcNAc which is the metabolic end
product of the hexosamine biosynthetic pathway (HBP).17,

18

Since the HBP integrates

metabolisms of glucose, acids (acetate), amino acids (glutamine) and nucleotides (UTP) to
generate UDP-GlcNAc, O-GlcNAcylation is considered as a nutrient sensitive PTM.19-23
The gene encoding OGT is localized on the X-chromosome in human and mouse and is
considered to be essential in the mammalian development.24 Although only one gene is
responsible for OGT, it can generate three separate transcripts that encode three different
isoforms of the enzyme. All OGT isoforms consist of a tetratricopeptide repeats (TPR)
domain, a linker region, and a C-terminal catalytic domain. In humans, all three OGT
isoforms have an identical catalytic domain but differ in the number of TPR repeats, each of
which includes ca. 34 amino acids.25, 26 The longest one contains 13.5 TPR repeats,27 is
17

Chapter 2

localized in both the nucleus and the cytoplasm and has been termed as nc-OGT. The
second longest one has 9.5 TPR repeats, contains a mitochondrial targeting sequence and
has been termed m-OGT. The shortest one has only 2.5 TPR repeats, is expressed in both
the nucleus and the cytoplasm and is termed s-OGT, referring to the short nature of the TPR
tail. Crystal structures of the OGT catalytic pocket with bound substrates have revealed that
an ordered bi-bi mechanism was involved in the glycosylation reaction where the sugar
donor UDP-GlcNAc binds first and facilitates the binding of the acceptor peptide.28 UDPGlcNAc is bound in the OGT catalytic site by evolutionarily conserved residues important
for catalytic activity. The peptide is bound in the OGT catalytic site by its amide backbone
interaction with OGT side chains and the UDP moiety with an extended conformation. In
the transfer of GlcNAc the α-phosphate of UDP-GlcNAc is possibly used as a catalytic
base, together with catalytical residues of OGT such as Lys842,29 although the identity of
the base has not been firmly established.30 Surprisingly, OGT was also shown to have a
proteolytic activity in the maturation process of the cell cycle host cell factor 1 (HCF1) and
the cleavage of HCF1 occurs within the OGT catalytic domain in a UDP-GlcNAc
dependent manner.31, 32 The underlying mechanism for this unexpected activity of OGT
seems to involve glycosylation of the HCF1 glutamate side chain and conversion of this
glycosylation product to an internal pyroglutamate which undergoes backbone cleavage.33
Studies of TPR repeat structures and interactors have demonstrated that TPR repeats form
important protein-protein interactions which might contribute to the substrate specificity of
OGT.27, 32, 34, 35 Recent studies further suggested that OGT recognizes the protein substrate
TAB1 through extensive interactions with the TPR domain, suggesting an essential role of
TPR in OGT recognition of physiological substrates.36 In addition, it was proposed that
transient interactions of OGT and its partner interactors may form holoenzymes which
might be substrate-specific.37 While aspects of TPR recognition and holoenzymes
formation may play significant roles, all OGT substrates will additionally have to obey the
specificity constraints imposed upon them especially from the -3 to +3 positions around the
modification sites by the characteristics of the OGT active site, which can be efficiently
studied with short peptide OGT substrates.29, 32, 38
The human OGA gene is localized on chromosome 10q24 and it has been implicated in
Alzheimer’s disease.39 It has been reported that humans have two OGA splicing transcripts
which produce the long OGA (OGA-L or OGA-FL) and the small nuclear variant of OGA
(OGA-S or OGA-NV), respectively.40 OGA-L is a 103 kDa protein that typically has an N
terminal catalytic domain, a stalk domain, and a C-terminal histone acetyltransferase (HAT)
like domain. OGA-S (76 kDa) does not have the HAT like domain and it shows a 400-fold
lower hydrolase efficiency than OGA-L, although they have similar catalytic properties.39-41
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Despite ample progress in the investigation of human OGA, its mechanisms and inhibitors
have been mostly derived from studying the bacterial homologs of OGA. In the hydrolysis
reaction by bacterial CpOGA, Asp401 (Asp175 in human OGA) forms major hydrogen
bonds with the sugar portion of the substrate, while Asp298 (Asp285 in human OGA)
protonates the glycosidic bond.42, 43 As a boost for research on the human OGA, it should
be noted that crystal structures of human OGA became available recently.44-46 In agreement
with bacterial OGA studies, it was found that human OGA mainly uses Asp285 to anchor
the GlcNAc moiety of the substrate through hydrogen bonds and uses Asp174 as a catalytic
base and Asp175 as a catalytic acid.45, 47
Recent research work on demystifying O-GlcNAc processing enzymes, using short
peptide substrates, has seen progress and further advanced our understanding of this
essential PTM. This motivated us to summarize the usefulness of peptide substrates to gain
insights into the properties of OGT and OGA. This review covers five aspects of the use of
peptides: 1) it describes peptide substrate-based methods for the study of O-GlcNAcylation;
2) it summarizes the OGT and OGA substrate preferences; 3) it discusses the incorporating
of O-GlcNAc into peptides as well as proteins by chemical synthesis; 4) it summaries the
generation of site specific O-GlcNAc antibodies using glycopeptides; 5) it discusses the
early development of OGT inhibitors utilizing the peptide substrate information.
2.

Identifying activities of O-GlcNAc processing enzymes using peptide-based
approaches

2.1 OGT activity profiling using peptide substrates
The relevance of the use of short peptides, as substrates, to profile activity and acquire
substrate specificity for kinases and phosphatases has been shown on numerous occasions
for kinases and phosphatases, which has led to great successes in the field of
phosphorylation.48-52 By taking advantage of their flexibility and availability, peptide
substrates of OGT have become efficient tools to predict OGT activity53, 54 as well as a
means to study aspects of binding and catalysis in crystal structures of complexes.28, 55 One
commonly used peptide substrate of OGT is the CKII_340_352 peptide derived from the αsubunit of casein kinase II which is O-GlcNAcylated at residue Ser347 in vitro and in
vivo.17, 56, 57 Several excellent OGT peptide substrates have also been discovered through
different means including RBL2_410_422,58,
(Table I).

61

59

TAB1_389_40155,

60

and ZO-3_357_371

All these peptide substrates have individual protein origins, and therefore

provide entries into the study of the biology of the parent proteins.
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Table I. A list of peptides mentioned in this review.
Primary sequence

Protein

Start and end

Modification site

PGGSTPVSSANMM

CKII

340-352

PVSVPYSSAQSTS

TAB1

389-401

Ser347
Ser395

KENSPCVTPVSTA

RBL2

410-422

Ser420

RESSYDIYRVPSSQS

ZO-3

357-371

Ser369

QVAHSGAKAS

hOGA

401-410

Ser405

VYKSPVVSGDTSPRH

Tau

393-407

Ser400

KTAPVQLWVDSTPPPGTRVRA

p53

139-159

Ser149

In recent years, protein and peptides arrays of different formats have been applied to
identify O-GlcNAcylation and the study of OGT activities.37, 58, 59, 61, 62 A human protein
microarray containing 8000 unique proteins has been successfully used to study OGT
activity and hundreds of novel proteins have been identified as OGT substrates with diverse
functions, including kinases, transcription factors, and apoptosis-related proteins.62
However, the protein array cannot be used to generate straightforward sequence
information. While it has its own valuable uses, the use of small peptides focuses more
readily on the specificity of the enzyme. The use of a peptide microarray to study OGT
offers advantages in generating inherent sequence-specificity information. As such, the
method is complementary to the protein array, where additional protein-protein interactions
may additionally determine the specificity. The first example of a peptide microarray study
described a library of 720 synthesized biotinylated peptides with sequences derived from
the human proteome, using a scintillation proximity assay. 58 In this assay (Fig 1A), the
OGT reaction was carried out in 384-well polypropylene plates, with one peptide in each
well, in the presence of radio labeled UDP-[3H]GlcNAc. Then, the O-GlcNAcylated
peptides were immobilized on a streptavidin coated scintillant flashplate, which allowed the
direct quantification of radio labeled peptide by using scintillation counting. This approach
revealed comprehensive sequence information which is discussed in section 3.
Disadvantages include the fact that this approach involved radio labeling which requires
time for signal development and is therefore less convenient for real time kinetic analysis.
A different peptide microarray with kinetics monitoring was described for OGT activity
by our group (Fig 1B).59 This dynamic peptide microarray technology was initially
developed for kinase activity profiling.63,

64

In the kinase field the use of immobilized

peptide sequences derived from knowledge of protein phosphorylation sites has proven to
be highly valuable for the study of kinase activity.65 In this array, each peptide was
prepared with additional Cys-Gly residues at the N terminus, which allows immobilization
of a maleimide functionalized porous membrane surface. However, the nature of this
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immobilization chemistry also makes the array results less quantifiable when studying
peptides with multiple cysteines, due to additional non-terminal attachment modes. The
OGT reaction was performed in the presence of a fluorescently labeled detection antibody.

Figure 1 Schematic depiction of high-throughput assays for activities of OGT and OGA against peptide
substrates. (A) Scintillation proximity-based OGT assay. (B) Peptide microarray-based real-time OGT assay. (C)
Glycopeptide microarray-based OGA assay.

The reaction mixture can be pumped up and down periodically through the membrane
during the entire reaction time and the fluorescent signal of only the bound fluorescent
antibody is acquired at regular intervals. This is possible by temporarily placing the
21
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solution with unbound fluorescent antibody below the chip, outside the detector range (Fig
1B). As a result, this enables a kinetic reading of the enzymatic modification of each
peptide on the array without removing the unbound antibody by extra washing. OGlcNAcylation of peptides with this array can be achieved not only by using purified OGT
enzyme but also by using a cell lysate. In addition, this array based identification of OGT
substrates from peptides known to contain phosphorylation sites, also made it possible to
study cross-talk between these two modifications,61 which will be discussed in section 4.
Kinase activity profiling with such arrays has been demonstrated to be of relevance for
cancer diagnosis and help in the prediction of efficacy of cancer drugs for a specific
patient,66 so ultimately O-GlcNAcylation on peptide arrays may exhibit a similar medicinal
relevance. Although these peptide-based techniques provide a tool for OGT substrate
identification, these hits were not validated at protein level.
2.2 Detection of OGA activities with peptide substrates
In vitro OGA activity is normally detected by using the color producing compound pnitrophenyl 2-acetamido-2-deoxy-β-D-glucopyranoside (pNPGlcNAc) and the fluorogenic
compounds 4-Methylumbelliferyl-2-acetamido-2-deoxy-β-D-glucopyranoside(MuGlcNAc)
and fluorescein di(N-acetyl-beta-D-glucosamine) (FDGlcNAc) as substrates.39,

67, 68

However, these compounds are not natural substrates of OGA and can’t fully reflect OGA
activity with a natural glycopeptidic substrate. Similarly to the OGT array assay, a
fluorescent method for the detection of OGT activity was used to study the removal of
GlcNAc from a more natural substrate (Fig 1C). This peptide microarray based approach
was recently described to measure OGA activity from both purified OGA as well as OGA
present in cell lysates derived from several cancer cell lines.69 A series of glycopeptides as
OGA substrates were prepared based on peptides which are known OGT targets and these
were immobilized on the array. The array was subjected to purified OGA or cell lysates,
followed by detection of the remaining O-GlcNAc on each peptide with a fluorescent
antibody. In addition, a more comprehensive version of this glycopeptide microarray with
more diversity has to be used to further validate its potential to profile OGA catalytic
properties.
3.

Essential role of amino acids around the O-GlcNAc site in substrate recognition

3.1 OGT substrate recognition
It was recently reported that OGT has a peptide sequence preference around its
modification site on short peptide substrates.58, 70, 71 A high density peptide microarray is an
ideal platform to study such enzymatic specificities.72 In an array analysis of 720 Ser/Thr
22

Demystifying O-GlcNAcylation: hints from peptide substrates

peptides for OGT activity, about 10% of these peptides were identified as OGT substrates,58
suggesting that OGT has the ability to specifically recognize a substrate by its primary
sequence among hundreds of peptides.59,
identified

peptides,

an

unbiased

61

OGT

With the sequence information of these
substrate

motif

was

obtained

as

[TS][PT][VT]S/T[RLV][ASY] (from -3 to +2 with respect to O-GlcNAcylation site) which
was also verified in select cases by crystal structures.58 This motif is generally in line with
the motif PPV[S/T]SATT70 and PPV[S/T]TA73 obtained by frequency analysis of known
OGT substrates. The clear preference of Pro at the -2 site by OGT enables the peptide
substrate to display an extended conformation, which facilitates its binding to the OGT
active site.28,

58

Interestingly, it was also reported that OGT has a strictly negative

preference for Pro at the +1 subsite, which could prevent O-GlcNAcylation at a Ser/Thr/Pro
rich region even if other sites match with the substrate motif.74
Despite this progress, the current motifs are not able to accurately predict OGT peptide
substrates. We have found that only a few of our experimentally identified novel substrates
matched with these reported motifs and some matched peptides in our experiments were not
experimentally identified as a substrate.59,

61

Nevertheless, for the best discovered hit

peptide from our experiments the motif successfully identified the modification site. This
site was confirmed through mutation experiments by making a series of peptides.61
Regardless of predictable accuracy, all these findings strongly suggest that the primary
sequence is a very important factor in determining the substrate specificity of OGT.
It should be noted, also, that no obvious consensus motif has been found by proteomic
studies of O-GlcNAc proteins from murine synaptosome although moderate preferences for
Pro (-2 and -3 positions) and Val (-1 or -3 positions) by OGT have been observed.75-77 There
is a possibility that in vivo OGT might achieve substrate specificity following a less
stringent motif and that other determinants such as the TPR repeats and holoenzymes are
involved as discussed in section 1. Regardless of this, it should still be possible to generate
a more complete and comprehensive OGT substrate motif, since short peptides only interact
with OGT at the active site, which would be a very valuable tool for OGT protein substrate
prediction and identification.
3.2 OGA substrate recognition
The investigation of human OGA specificity was primarily limited by the lack of
available OGA crystal structures with bound substrate. Hence, a bacterial OGA orthologue
such as CpOGA was widely used as a model to explore human OGA catalytic properties.42,
55

The crystal structure of CpOGA in complex with synthetic glycopeptides derived from

p53,78 TAB1, and OGA (Table I) was used to gain insights into the human OGA
specificity.55 In this structure, extensive hydrogen bonds were observed between the
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GlcNAc moiety and CpOGA,55 suggesting an important role of GlcNAc for OGA substrate
binding and recognition. Interestingly, although no peptide side chain was found to be
involved in direct interaction with the enzyme, a combination of intramolecular hydrogen
bonds and hydrophobic interactions between the peptide backbone and CpOGA forced the
glycopeptide into a conserved ‘V-shape’ conformation that makes it possible to access the
CpOGA active site.55 In addition, kinetic studies showed that human OGA has similar
catalytic parameters for five O-GlcNAcylated proteins and a glycopeptide derived from a
protein substrate is better substrate than the protein itself. These data further suggest that
GlcNAc is the primary determinant in OGA catalysis but amino acid residues may hinder.79
Now that crystal structures of human OGA have recently become available44-46 with e.g. the
complexed O-GlcNAcylated p53_144-154 peptide, again an essential role of GlcNAc for
OGA substrates recognition is indicated.45 However, in this case also the peptide side chains
were involved in hydrophobic interactions with OGA. Substitution of substrate peptide
residues and OGA residues involved in the interaction, both lead to a reduction of substrate
binding.45 Although O-GlcNAc is the dominant structural feature for OGA substrate
recognition, additional specific interactions involving substrate amino acids might exist,
which could lead to differential preferences of substrates by OGA. Whether OGA requires a
distinct substrate motif could be further studied e.g. by using an array of synthetic
glycopeptides. Based on the above fact that the sugar moiety is the major determinant for
OGA activity, a hydrolytically stable sulfur-linked glycopeptide (S-GlcNAc) was
synthesized and incorporated into the protein α-synuclein,80 where indeed stability against
OGA was observed.
3.3 Global regulation of O-GlcNAc cycling
While several comprehensive reviews have discussed the regulatory mechanisms of OGlcNAc cycling,81,

82

recent findings add to this picture. O-GlcNAcylation cycling is

critically controlled by many factors (Fig 2). OGT activity is greatly dependent on the
intracellular concentration of UDP-GlcNAc, which is a metabolic product of the
hexosamine biosynthetic pathway (HBP) together with fatty acid metabolism, amino acid
metabolism and nucleotide metabolism.20-23 The altered levels of OGT and OGA in cancer
cells suggest the involvement of regulation in the enzyme expression levels.69, 83, 84 UDP, a
product of the O-GlcNAcylation reaction, might act as a feedback inhibitory regulator of
OGT, considering its strong binding to the enzyme of ca. 2 μM.85 The extensive crosstalk of
phosphorylation and O-GlcNAcylation represent novel regulatory mechanisms from the
substrate side, which is slowly becoming much clear.61, 74, 86, 87 Furthermore, the inherent
specificity of especially OGT59 and now seemingly also of OGA, enables their ability to
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selectively act on substrate proteins based on their amino acid sequence.45 Finally, the role
of OGT’s TPR repeats have been implicated in the substrate preference based on proteinprotein interactions with the substrate protein.36 Globally, it seems that to maintain a normal
O-GlcNAcylation status, the addition of O-GlcNAc involves stringent and multiple levels
of regulation, while for the removal of O-GlcNAc this seems to be less so. Nevertheless,
additional OGT/OGA sequence specificities and cross talk mechanisms will likely be
uncovered in the future.

Figure 2 The global regulation of O-GlcNAc cycling. The cellular O-GlcNAcylation of proteins can be
controlled by factors including OGT expression, inherent specificity (TPR and consensus sequence), nutrient
availability, UDP-GlcNAc availability, UDP feedback inhibition, crosstalk with phosphorylation, OGA expression
and OGA’s robust hydrolysis ability.

4.

Direct role of O-GlcNAcylation from synthetic glycopeptide to glycoprotein
Elucidating the physiological function of a specific O-GlcNAcylation event on a specific

protein is a challenging task, because of the complex natural context of proteins within the
cell. Removing of a putative modification site by gene mutation has been widely performed
to indirectly observe the effect of a specific PTM in both in vitro and in vivo situations,
resulting often in unconfirmed hypotheses. Using synthetic peptides is an efficient way to
unambiguously introduce specific PTMs in a peptide which can subsequently be
incorporated into a protein using advanced chemical ligation protocols. This then enables
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the direct study of the role of that modification.
The advantage of peptide chemistry in studying a specific PTM has been well
demonstrated in the study of the Tau protein, which is linked to assembly and stabilization
of microtubules for the proper function of neurons.88, 89 Misfolding and aggregation of Tau
has been implicated in Alzheimer’s disease and other neurodegenerative disorders, which is
mainly caused by abnormal PTMs including phosphorylation and O-GlcNAcylation.90, 91
Using a synthetic phosphorylated Tau peptide as an OGT substrate or an O-GlcNAcylated
Tau peptide as a kinase substrate, mass spectrometry experiments revealed a reciprocal
relationship between phosphorylation (on Serines 396 and 404) and O-GlcNAcylation (on
serine 400) in peptide Tau-392_411.88 The phosphate group at Ser400 completely prevents
O-GlcNAcylation of this peptide by direct occupation of the O-GlcNAcylation site, and the
phosphate groups at Ser396 and Ser404 led to a decreased O-GlcNAcylation level at
Ser400. In the other direction, O-GlcNAcylation of Ser400 reduced the phosphorylation of
Ser404 mediated by the Cdk2 kinase complex and completely suppressed the
phosphorylation of Ser396/400/404 mediated by GSK3β (Fig 3A).
Recently, a dynamic peptide microarray approach has been described to study the
interplay between O-GlcNAc and tyrosine phosphorylation in a direct and real time
manner.61 In this work, dual substrates of OGT and the Jak2 tyrosine kinase were identified
from an array of peptides derived from known tyrosine kinase protein substrates. With these
dual substrates, the effect of prior O-GlcNAcylation by OGT on the subsequent tyrosine
phosphorylation by Jak2 was determined, and vice versa. This approach revealed that
tyrosine phosphorylation of 6 peptides prevented their subsequent O-GlcNAcylation,
whereas no correlation was found in the other direction. Peptides derived from the ZO-3
protein were synthesized with a phosphate group on Tyr364 and a GlcNAc group on
Ser369, respectively. They were immobilized on the microarray to further validate the
identified cross-talk kinetically (Fig 3B). Besides using purified enzymes, this cross-talk
was also observed using a HeLa cell lysate as the source of both OGT and the kinase.
Although useful kinetics information was achieved in this case, future studies should also
confirm these observations with in vivo experiments. This type of crosstalk, might prove to
be more general with additional studies.74
A modified peptide can be employed to synthetically access a modified full length OGT
protein substrate through a semi-synthetic strategy using native chemical ligation.88, 92 This
enables validation of its physiological functions at the protein level. Recently a synthesis of
O-GlcNAcylated α-synuclein by ligating synthesized peptide and expressed protein
portions, has indicated that O-GlcNAcylation of this protein has an inhibitory effect on its
aggregation, suggesting a crucial role of O-GlcNAcylation in the progression of
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Alzheimer’s disease and Parkinson’s disease

93

. In this study, the O-GlcNAc modified

peptide was prepared by an Fmoc-based solid phase peptide synthesis strategy, resulting in

Figure 3 Study of O-GlcNAcylation and its cross-talk in a direct manner using synthetic peptide and
synthetic proteins. Mass spectrometry-based study of cross-talk on Tau_392-411 (A) and peptide microarray
based study of cross-talk on ZO-3_357-371 (B) with synthetic glycopeptide and phosphopeptide. * This kinetic
peptide microarray assay is described in Fig 1B. (C) Functional study of O-GlcNAc modification on CK2α and asynuclein using synthetic glycoprotein.

a C-terminal thioester and an N-terminal thioproline protected cysteine. Through an
expressed protein ligation strategy (Fig 3C), the N-terminal cysteine of a recombinant
protein segment was trans-esterified with the C-terminus of the above peptide and then
rapidly rearranged to form a stable peptide bond. Similarly, the ligation of the newly
formed construct and a recombinant protein segment with a C-terminal thioesters was
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carried out. After radical-based desulfurization of the introduced extra cysteine, a full
length α-synuclein containing an O-GlcNAc modification was obtained. The synthetic
protein showed secondary structure characteristics that were the same as those derived from
the unmodified protein. With this synthetic O-GlcNAc modified α-synuclein, it was
demonstrated that a single O-GlcNAcylation at Thr72 has a notable and substoichiometric
inhibitory effect on α-synuclein aggregation, suggesting that modulating a specific OGlcNAcylation is perhaps a viable therapeutic strategy for PD. In addition, OGlcNAcylation of this protein at Thr72 was shown to be able to slightly increase its
phosphorylation at Ser87 by the CK1 kinase, but inhibit its phosphorylation at S129 by the
GRK5, CK1 and PLK3 kinases (Fig 3C). As a result, such crosstalk may also affect αsynuclein aggregation.
Another well demonstrated example is the synthesis of O-GlcNAcylated CK2 which is
involved in cell growth and proliferation through its kinase activity.94 In this case (Fig 3C),
an O-GlcNAcylated protein was prepared using the same expressed protein ligation
strategy, except that the synthetic peptide was prepared with metabolically stable thiolinked GlcNAc (S-GlcNAc).57 Using this protein, it was found that O-GlcNAcylation of
Ser347 inhibits its phosphorylation at Thr344 and modulates CK2 kinase substrate
selectivity. This methodology is very powerful although the synthesis is challenging and in
certain cases protein folding issues may occur.
5.

Generation of specific O-GlcNAc antibodies with small OGT substrate peptides
A well-studied substrate peptide provides important sequence-specific information

which can be used as an antigen to generate modification-site-specific antibodies. Such
specific antibodies would be powerful tools for the further validation of O-GlcNAcylation
on a specific protein at the more complex endogenous levels. Take the Tau protein for
example, as an early attempt with a synthetic glycopeptide (CSPVV-(O-GlcNAc)-SGDTS)
as an antigen. Its use led to the generation of a polyclonal antibody (termed 3925) that
recognizes Tau with the O-GlcNAc modification at Ser400 in vitro, and both the peptide
sequence and the GlcNAc moiety were found to contribute to the antibody specificity.95
However, this antibody was also found to recognize a range of other O-GlcNAc proteins,
which makes it unsuitable for use in in vivo. Since then, a more specific monoclonal
antibody against the Tau protein O-GlcNAcylation at Ser400 (termed OTau (S400)) was
generated using the O-GlcNAc peptide (VYKSPVV-(O-GlcNAc))-SGDTSPRH based on a
comprehensive study of O-GlcNAcylation by peptide scanning.88,

96

This antibody was

successfully applied to study the O-GlcNAcylation of the full tau protein at Ser400 in vitro
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and in vivo, which may further facilitate the elucidation of the function of Tau in AD.96
There are other examples of site-specific O-GlcNAc antibodies generated by using
glycopeptides, such as the monoclonal antibody against Thr58 O-GlcNAc in c-Myc,97 a
polyclonal antibody against Ser1011 O-GlcNAc in IRS-198 and a polyclonal antibody
against Ser395 O-GlcNAc in TAB1.60 These works indicate that the sequence information
generated in the peptide based studies of O-GlcNAcylation facilitates the detection of
protein O-GlcNAcylation with site-specific antibodies.
6.

Specific OGT inhibitors/bisubstrate inhibitors from OGT substrates
Specific and potent inhibitors are valuable tools for deeper investigation of the

biological functions of OGT. The development of OGT inhibitors is still in its early stages
and the number of selective OGT inhibitors with suitable pharmaceutical properties is still
quite limited. Current OGT inhibitors through rational designs are mostly small analogues
of UDP-GlcNAc and UDP targeting the sugar donor binding site of OGT, such as C-UDP
(IC50= 9 μM),85 Alloxan (IC50= 18 μM),85, 99 UDP-GlcNAc glycosyl C-phosphate (UDP-CGlcNAc, IC50= 41 μM)100,
85

GlcNAc, IC50= 93 μM).

101

and a thioglycosyl analogue of UDP-GlcNAc (UDP-S-

Remarkably, UDP, the byproduct from O-GlcNAcylation,

showed the strongest inhibitory effect of them all with an IC50 value of 1.8 μM.85 Although
low micro molar inhibitors have been generated by mimicking the sugar donor, they are not
cell permeable or show unfavorable side effect by affecting other enzymes that utilizing
UDP or UDP-GlcNAc.85 A noteworthy rational approach described is to produce sugar
donor mimic UDP-5SGlcNAc in cells by using the metabolic nature of GlcNAc salvage
and HBP pathways with a precursor Ac-5SGlcNAc.102 UDP-5SGlcNAc (Ki= 8 μM)
produced by this approach has been shown to be able to disrupt OGT activity in cases,103
but it might have side effect on cell surface glycosylation and other metabolic pathways.
High throughput screening assay was also used for the discovery of OGT inhibitors such as
a substrate analog displacement assay in which a fluorescent UDP-GlcNAc analogue was
used as a probe to determine the binding of small molecules by fluorescence polarization.104
In this work a cell permeable OGT inhibitor (OSMI-1, IC50= 2.7 μM) was identified with a
good but not perfect selectivity.105 Recently, a natural product OGT inhibitor L01 was
discovered with an IC50 value of 2.7 μM through a structure-based virtual screening and
this compound showed lower toxicity and a higher selectivity in vitro and in vivo.106
One study reported on developing OGT inhibitors by mimicking the sugar acceptor
peptide.107 The use of the enzyme-substrate interacting motif as a template to develop
specific peptide inhibitor has been well demonstrated in the field of kinases,108, 109 although
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high affinity may not be easily achieved with a relatively flexible peptide backbone only. In
our recent work, we have shown that an OGT peptide substrate in which the serine
(Ser420A) at the O-GlcNAcylation site was replaced with an alanine, which can’t be OGlcNAcylated, exhibited about 50% OGT activity inhibition at 500 µM.59 A closely related
peptide substrate was shown to bind the OGT catalytic site with several hydrogen bonds
and van der Waals interactions,58 so it was hypothesized that the alanine mutant peptide still
binds the active site of OGT. These findings provide the possibility that peptide acceptors
can be starting points of OGT inhibitor development by taking advantage of the specific
contacts with OGT.
7.

Conclusion and perspectives
In the last decade, the use of peptide substrates has remarkably facilitated the study of

O-GlcNAcylation and its processing enzymes at the active sites. OGT was shown to be
selective with respect to the amino acids around the modification site, but the current OGT
substrate motif or sequon derived from a limited number of peptide substrates is not
complete and not yet able to accurately predict substrates. It has to be noted that there might
be other synergistical modes of selectivity for OGT with respect to protein substrates,
involving TRP repeat binding and holoenzymes, but this is not the case for short peptide
substrates. With further profiling of OGT peptide substrates, it should be possible to
generate a more comprehensive motif that could be an important predictive tool with
applications e.g. in cancer. Further research by profiling cancer cell lines and patient tissues
would lead to the identification of biomarkers with diagnostic and predictive value.
Although a significant number of peptides have already been identified as OGT substrates,
whether its parental proteins are indeed physiological targets of OGT in cells is mostly
unknown. Site specific O-GlcNAc antibodies would be useful to discover the biological
function of a specific O-GlcNAcylation event and its relevance for disease, especially for
cancer, diabetes and neurodegenerative disease. Specific and cell permeable OGT inhibitors
are still urgently required, not only for research tools to study OGT but also for
pharmacological applications.
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Abstract
O-GlcNAcylation is a reversible and dynamic protein post-translational modification in
mammalian cells. The O-GlcNAc cycle is catalyzed by O-GlcNAc transferase (OGT) and
O-GlcNAcase (OGA). O-GlcNAcylation plays important role in many vital cellular events
including transcription, cell cycle regulation, stress response and protein degradation, and
altered

O-GlcNAcylation

has

long

been

implicated

in

cancer,

diabetes

and

neurodegenerative diseases. Recently numerous approaches have been developed to
identify OGT substrates and study their function, but there is still a strong demand for
highly efficient techniques. Here we demonstrated the utility of the peptide microarray
approach to discover novel OGT substrates and study its specificity. Interestingly, the
protein RBL-2, which is a key regulator of entry into cell division and may function as a
tumor suppressor, was identified as a substrate for three isoforms of OGT. Using peptide
Ala scanning, we found Ser 420 is one possible O-GlcNAc site in RBL-2. This approach
will prove useful for both discovery of novel OGT substrates and studying OGT specificity.
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1.

Introduction
While carbohydrates are typically prominently displayed on cellular surfaces, the

display of N-acetyl glucosamine (GlcNAc) residues on serine and threonine residues is also
a very common and important occurrence inside the cell. Not unlike the role of phosphate
groups, GlcNAc groups play important roles in various signaling cascades that control
important cellular processes. Such processes include transcription, cell cycle regulation,
stress response and protein degradation. Furthermore there is a significant connection
between an unbalance of GlcNAcylation and diseases such as cancer, diabetes and
neurodegenerative disease. Improved understanding of GlcNAcylation has the potential to
lead to new therapeutics 1, 2 and diagnostics.3
Surprisingly only a limited number of enzymes are involved in the dynamic attachment
and removal of GlcNAc moieties. For the attachment it is the O-GlcNAc transferase (OGT)
and for the removal O-GlcNAcase (OGA). OGT exists in three isoforms: nc-OGT, m-OGT
and s-OGT which differ in the number of tetratricopeptide repeats are attached to the
identical catalytic domain. The nucleocyctoplasmic (nc) isoform contains 12.5 repeats, the
mitochondrial (m) isoform 9.5 repeats and the short (s) isoform contains only 2.5 repeats.
While there are hundreds of kinases that are more or less selective, such selectivity in the
O-GlcNAcylation process is likely caused by additional proteins that transiently associate
to the OGT isoforms and possibly the inherent substrate specificity.
O-GlcNAc levels correlate with the amount of available UDP-GlcNAc which is linked
to the cellular glucose levels.4 Elevated O-GlcNAcylation (or hyper O-GlcNAcylation) was
shown to occur in various types of cancer.5 In line with this, reducing the O-GlcNAcylation
level blocks tumor growth.6 Due to the different metabolism of cancer cells, relying more
on glycolysis instead of oxidative phosphorylation, more glucose is needed which also
leads to elevated O-GlcNAcylation. Relevant to diabetes is the fact that high glucose levels
increase the GlcNAcylation of proteins within the insulin signaling pathway which
contributes to insulin resistance.5 With respect to Alzheimer’s disease, several proteins
involved in the disease, are normally GlcNAcylated and less so in case of the disease as a
consequence of reduced glucose uptake.7, 8
The interplay between phosphorylation and GlcNAcylation is increasingly being
recognized as an important yet complex phenomenon in cell signaling. Many sites of
proteins that become phosphorylated can also become GlcNAcylated,9, 10 and also kinases
are frequently GlcNAcylated.11 The phosphorylation can be at the same location as the
GlcNAcylation, or also at nearby serines and threonines and even tyrosine phosphorylation
is known to interplay with O-GlcNAc modification. For the case of the tau kinase, of
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relevance in Alzheimer’s disease, it was recently shown that a different conformational
change is induced by either phosphorylation or GlcNAcylation.12 While phosphorylation is
associated with protein misfolding and aggregation, O-GlcNAcylation stabilizes the soluble
form of tau.
There are several ways to study GlcNAcylation.13 One way is the use of metabolic
chemical reporters, which in this case are azide derivatized GlcNAc molecules that are
being incorporated into biosynthetic pathways and are transferred by OGT to its substrate
proteins. Lysed cells are subsequently treated with fluorescent labels, which are attached to
the GlcNAc by CuAAC and analyzed on a gel by fluorescence. Typically, azide derivatives
are being used with the azido group placed at either the N-acetyl group (as in UDPGlcNAz) or at the 6-position.14 UDP-GalNAz was also used on His-tagged substrate
proteins on Ni-NTA covered microplates, where a ligation of the GlcNAz’s azido function
led to clearly visible fluorescence.15
Considering the importance of GlcNAcylation and its interplay or crosstalk with
phosphorylation, it is of importance to know which proteins and which protein sequences
are being modified. By studying protein X-ray structures it was found that that
GlcNAcylation sites are relatively often found in protein sequences with random coil
conformations and rarely in areas with secondary structures.16 Since this suggested that
primary structure would be the deciding factor, a consensus sequence was sought. Using a
database search and GlcNAcylation experiments by s-OGT of a series of peptides and
protein mutants, preferred sequences were identified. The most frequent amino acid
residues found were Pro/Ala (at positions -2 relative to the GlcNAcylated serine or
threonine), and Val/Ala/Thr (at -1) and Ala/Ser/Pro/Thr/Gly (at +2).16, 17
Mass spectrometry is the most commonly used method and its strengths are well known.
Nevertheless there are also weaknesses for identifying GlcNAcylation such as the detection
of false positives or missing low abundance proteins. Furthermore site mapping of
GlcNAcylated positions is difficult due to the relatively weak link between sugar and
protein and the low stoichiometry. In many cases enrichment methods were used e.g. by
GlcNAc specific lectins such as WGA.18 Due to the enrichment step large amounts of
protein are needed for a mass spectrometric analysis. In another example the GlcNAc
residues in a proteolytically digested lysate are enzymatically extended with a GalNAz
group, whose azido function is subsequently linked to biotin, thus allowing enrichment.19
MRM (multiple Reaction Monitoring)-MS was recently shown to be a promising method
for the qualitative and quantitative assessments of O-GlcNAcylated peptides issued from
native proteins.20
Recently a protein microarray method was described that led to the identification of
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about a dozen validated new protein substrates of nc-OGT and m-OGT.21 A commercial
array of ca. 8000 human proteins was exposed to OGT/UDP-GlcNAc followed by antibody
detection of GlcNAcylation. Preexisting GlcNAcylated proteins were separately detected
and subtracted. Validation of identified hits was achieved by using UDP-GlcNAz, which
allowed click functionalization of attached GlcNAz that was visualized on a gel. Clearly,
the use of a protein array is useful, although the actual GlcNAcylation location is not
readily identified, even though this is of importance e.g. for detailed studies where the
interplay with kinases is studied. In the kinase field the use of immobilized peptide
sequences derived from knowledge of protein phosphorylation sites has proven to be highly
valuable for the study of kinase activities.22 This activity can be limited to a single kinase
but also a tissue lysate can be used and the kinase activity profile has been shown to be of
relevance for cancer target discovery,23 diagnosis, and for the prediction of the efficacy of
kinase inhibiting drugs for a particular patient.24 We here report on an application of the
peptide array approach to identify GlcNAcylation activity and study its specificity.
Interestingly, the protein RBL-2 was identified as an OGT substrate for all three isoforms.
This protein is a key regulator of entry into cell division and thus has relevance for cancer.
The recent disclosure of a similar discovery25 prompted us to disclose our new method.
2.

Results

2.1 Identification by peptides microarrays of OGT targets from kinase substrates and
co-regulators of nuclear receptors
Dynamic peptide microarray (PamChip) technology has been successfully and widely
used for kinase activities profiling in the last decade.26, 27 In the present work, we describe,
for the first time, the utility of this peptide microarray format for the identification of
human OGT activity. Due to the fact that O-GlcNAcylation and phosphorylation may occur
at the same or proximal amino acids on the same protein,9 a peptide microarray of 144
peptides derived from different kinase substrates (Table S1) was selected for an initial test.
As shown in Fig. 1, upon blocking the microarray with 1% BSA (in TBS), an enzymatic
reaction was initiated by adding a mixture of OGT reaction buffer, bacterial lysate
containing recombinant OGT (s-OGT, m-OGT, nc-OGT), the sugar donor UDP-GlcNAc,
and FITC conjugated O-GlcNAc antibody. O-GlcNAcylation of peptides in each individual
spot was detected by a fluorescent signal produced by the FITC-labeled antibody
recognizing the O-GlcNAcylated amino acids of converted peptides. Kinetic activity was
measured through scanning the signal at regular intervals. In this work, bacterially
expressed recombinants of the three isoforms of OGT (s-OGT, m-OGT, nc-OGT) were
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used to catalyze the attachment of GlcNAc onto the target peptides, and we found that
among these peptides one derived from GYS2, one derived from MYPC3, and two derived
from RBL-2 were significantly O-GlcNAcylated by all three isoforms OGT (Fig. 2A
and Table 1). Similarly, a peptide microarray (Table S2) containing 155 nuclear hormone
receptor binding peptides derived from co-activators was tested and O-GlcNAcylation by
three isoforms was observed on three peptides which were derived from NOCA6, BRD8,
WIPI2, respectively (Fig 2B and Table 2).

Figure 1 The schematic depiction of the peptide microarray process for discovering OGT substrates.
The microarray was blocked with BSA, and followed by the addition of OGT (s-OGT, m-OGT, and nc-OGT),
UDP-GlcNAc, and a FITC conjugated antibody. The enzymatic reaction was run by pumping the mixture up and
down through the porous Al2O3 chip material. Images of the fluorescent signals were generated every 10 minutes
during 4 hours (kinetic readout). Images were quantified using BioNavigator 6 software.
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Figure 2 Identification of human OGT substrates from a kinase substrate and nuclear hormone receptor
interaction peptide microarray.
The assay was performed using bacterial lysates containing s-OGT (7 μg/μL), m-OGT (7 μg/μL), or nc-OGT (7
μg/μL), respectively, and in all cases in the presence of UDP-GlcNAc (1 mM). A parallel reaction without UDPGlcNAc was used as a negative control. Representative images from the kinase substrate peptide microarray (A)
and nuclear receptor interaction peptide microarray (B) are shown. Reference spot is highlighted in gray and
peptide O-GlcNAcylation by all three isoforms of OGT is highlighted in red. O-GlcNAcylation of each peptide by
the three isoforms OGT was quantified and corrected for non-specific signal by subtracting the signal generated
without UDP-GlcNAc (from signal with UDP-GlcNAc). Representative heat maps are shown for OGlcNAcylation of kinase substrate peptides (C) and nuclear receptor interaction peptides (D).
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Table 1. A list of OGT substrates identified on kinase substrate peptide microarray.

Location
Row
Col

Peptide

Sequence

OGT isoforms activity
s
m
nc

2

4

BCKD_45_57 *

ERSKTVTSFYNQS

N

N

P

5

5

GYS2_1_13

MLRGRSLSVTSLG

P

P

P

6

10

KCNB1_489_501

KWTKRTLSETSSS

N

N

P

6

12

KPB1_1011_1023

QVEFRRLSISAES

P

N

N

8

3

MYBB_513_525

DNTPHTPTPFKNA

P

N

N

8

5

MYPC3_268_280

LSAFRRTSLAGGG

P

P

P

10

3

KIF2C_105_118_S106G

EGLRSRSTRMSTVS

N

P

N

10

10

RBL2_410_422 *

KENSPCVTPVSTA

P

P

P

11

1

RBL2_655_667*

GLGRSITSPTTLY

P

P

P

Signal greater than 5% of the highest signal was defined as positive, otherwise negative. *, peptides were shown
to be O-GlcNAcylated more recently.25

Table 2. A list of OGT substrates identified on nuclear hormone receptor interaction peptide microarray.

Location
Row
Col

Peptide

Sequence

OGT isoforms activity
s
m
nc

1

10

DHX30_241_262

QFPLPKNLLAKVIQIATSSSTA

N

P

N

2

11

NCOA2_866_888

SQSTFNNPRPGQLGRLLPNQNLP

N

P

N

3

3

NCOA3_MOUSE_1029_1051

HGSQNRPLLRNSLDDLLGPPSNA

N

N

P

3

4

NCOA6_1479_1501

LVSPAMREAPTSLSQLLDNSGAP

P

P

P

3

11

NRIP1_121_143_P124R

DSVRKGKQDSTLLASLLQSFSSR

N

P

N

4

10

MED1_591_614

HGEDFSKVSQNPILTSLLQITGNG

N

N

P

5

2

NR0B2_9_31_C9S/C11S

SPSQGAASRPAILYALLSSSLKA

N

P

N

5

12

BRD8_254_276

TVAASPAASGAPTLSRLLEAGPT

P

P

P

8

3

NRIP1_8_30

GSDVHQDSIVLTYLEGLLMHQAA

N

P

N

8

4

NRIP1_253_275_C263S

PATSPKPSVASSQLALLLSSEAH

N

P

P

9

13

PRGR_42_64_C64S

SDTLPEVSAIPISLDGLLFPRPS

P

P

N

10

5

LCOR_40_62

TTSPTAATTQNPVLSKLLMADQD

N

P

N

11

3

WIPI1_313_335_C318S

GQRNISTLSTIQKLPRLLVASSS

P

P

P

Signal greater than 5% of the highest signal was defined as positive, otherwise negative.
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2.2 RBL-2 is a possible target of OGT
Interestingly, the best hit in our screening assay is the peptide RBL-2_420–422 derived
from the protein Retinoblastoma-Like 2 protein, which plays a pivotal role in the regulation
of the cell cycle and may function as a tumor suppressor.28,

29

Its interesting biology

motivated us to further focus on the validation of RBL-2 O-GlcNAcylation in the following
work. Kinetic signals of the GlcNAcylation were collected to fully understand the OGlcNAcylation of RBL-2_420–422. As expected, we found that rates O-GlcNAcylation of
RBL-2_420–422 increased upon the addition of increasing concentrations of the donor
UDP-GlcNAc (Fig. 3A). Consistent with this, O-GlcNAcylation of RBL-2_420–422
increased with increasing amounts of bacterial lysate containing recombinant m-OGT (Fig.
3B). Next, we tested whether this activity can be suppressed using a known OGT inhibitor
(ST045849, Fig. S1) with a reported IC50 value around 50 μM,30 and 80% inhibition of
RBL-2_420–422 O-GlcNAcylation was observed at 200 μM of ST045849 (Fig. 3C).
Furthermore, the Km value of the UDP-GlcNAc donor involved in the RBL-2_420–422 OGlcNAcylation was obtained by incubation of purified m-OGT with varying concentrations
of UDP-GlcNAc ranging from 0 to 2 mM on the microarray and this reaction showed
Michaelis-Menten behavior with a Km value of 24 μM. Taken together, these data
indicated that the protein RBL-2, from which the peptide studied was derived, is a possible
substrate of OGT.
2.3 Ser 420 is one of the O-GlcNAc sites in RBL-2
Interestingly, the amino acids around Ser 420 (-2 Pro, -1 Val, +1 Thr, and +2 Ala) in this
peptide closely matched the previously described amino acids preference of OGT as
recently determined,16, 17, 31 suggesting that Ser 420 might be the most likely O-GlcNAc site
on this peptide which contains 4 possible sites in total. Also mass spectrometry results
indicated that Ser 420 was O-GlcNAcylated in this peptide as recently described.25 To
further confirm this and investigate the role of this and surrounding amino acid residues in
our activity based assay, we resynthesized the RBL-2 peptide present on the microarray and
performed an Ala scan, thus replacing of all the possible O-GlcNAc sites (Ser and Thr) in
RBL-2_420–422 (Fig. 4A). To immobilize the peptides on the chip, all the peptides were
prepared with an extra CG at the NH2 terminal to allow immobilization on the maleimidebased chip surface. Cys 415 was replaced by an Ala to avoid cyclisation by disulfide bond
formation or dual modes of immobilization (Fig. S2). As shown in Fig. 4B, substitution of
Ser 420 and Thr 417 by Ala resulted in a complete loss of OGT activity against RBL2_410–422. The mutants T421A decreased the O-GlcNAcylation of RBL-2_420–422
peptide by 40% compared to the control (wild type with C415A). However, mutant S413A
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did not show any effect on the O-GlcNAcylation of RBL-2_420–422. In addition, OGT
activity against these peptides was further validated using the UDP-Glo assay, which
measures the amount of UDP produced when GlcNAc is transferred from UDP-GlcNAc to
the sugar accepting peptide. Notably, O-GlcNAcylation activities of S413A, S420A, and
T421A measurements in solution were consistent with the microarray results, except that
T417A still showed 20% O-GlcNAcylation in this assay. This might be because the UDP
assay is more sensitive than the antibody-based detection.
In conclusion, these microarray results are consistent with the mass spectrometry and Xray observations25 and confirmed that Ser 420 is one of the possible O-GlcNAc sites of
RBL-2. Our findings further indicated that T417 and T421 make important contributions to
OGT substrate recognition.

Figure 3 Validation of RBL-2_410–422 O-GlcNAcylation.
A, O-GlcNAcylation of RBL-2_410–422 peptide by bacterial lysate containing m-OGT (7 μg/μL) with increasing
concentration of UDP-GlcNAc (0–10 mM). B, O-GlcNAcylation of RBL-2_410–422 peptide dependency of
increasing total protein concentrations of bacterial lysate containing m-OGT (0, 1.7, 3.5, 7 μg/μL) at 1 mM UDPGlcNAc. C, O-GlcNAcylation of RBL-2_410–422 peptide by purified m-OGT (0.2 μg/μL) with 1 mM UDPGlcNAc was inhibited by a known OGT inhibitor (ST045849, 0–200 μM). D, Km value for UDP-GlcNAc was
determined with fixed saturating concentration of RBL-2_410–422 peptide, purified m-OGT (0.2 μg/μL) and
varying concentration of UDP-GlcNAc (0–2 mM). The Km value derived from the fit to Michaelis-Menten model
is 24 μM.
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Figure 4 S420A is a possible O-GlcNAc site in the RBL-2 protein.
A, peptide mutant used for an Ala scan. For immobilization purposes, peptides were prepared with an extra CG at
the N-terminus and Cys 415 was replaced by Ala. B, OGT activity against RBL-2_410–422 peptide mutants was
determined using peptide microarray analysis with 0.2 μg/μL purified m-OGT and 1 mM UDP-GlcNAc. C, UDPGlo assay was used to measure O-GlcNAcylation of RBL-2_410–422 peptide mutants as well. D, kinetic signals
from the same microarray experiment of panel B are shown.

2.4 RBL-2 S420A peptide showed inhibitory effect against OGT
We then used the identified substrate sequence as a starting point towards the discovery
of novel selective OGT inhibitors.32 Thus was further motivated by the fact that it has been
described that a RBL-2 derived small peptide showed in vivo antitumor activity by
disruption of CDKs kinase activity.33 In addition, in very recent work, a crystal structure
study has demonstrated that the RBL-2 derived peptide can bind to the OGT catalytic sites
by forming many specific hydrogen bonds and Waals interactions.25 Given that the RBL47
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2_420–422 peptide can be highly O-GlcNAcylated and S420A mutation resulted in the
completely abolishment of OGT activity against RBL-2_420–422 peptide, we hypothesized
that S420A mutation peptide might still bind to the active site of OGT and competitively
prevent substrate binding to the catalytic domain. To test it, we determined its inhibitory
effect on the O-GlcNAcylation of two OGT substrates identified in our work and a known
OGT inhibitor was used as a positive control. We found that O-GlcNAcylation of NCOA6
and WIPI 1 was inhibited by 50% in the presence of 500 μM of the S420A peptide (Fig. 5).
Thus, these data indicated that RBL-2_ S420A 410–422 still binds to the OGT active site
and therefore inhibited OGT activity.

Figure 5 The RBL-2_S420A 410–422 peptide inhibited OGT activity.
The inhibitory effect of RBL-2_S420A 410–422 peptide on OGT activity was determined on the nuclear receptor
interaction peptide microarray. The reaction was performed by incubating a mixture of purified m-OGT (0.2
μg/μL) and UDP-GlcNAc (0.5 mM) with or without the S420A RBL2 peptide (0.5 mM). The known OGT
inhibitor (ST045849) and a no UDP-GlcNAc reaction were used for positive and negative control, respectively. OGlcNAcylation of NCOA6_1479–1501 peptide (A) and WIPI_1313–318 peptide (B) are shown for the inhibitory
effect of RBL-2_S420A 410–422 peptide on OGT activity.

3.

Discussion
Protein microarrays have been demonstrated as highly efficient analytical tools for

protein modification studies, especially phosphorylation.34 More recently, two groups
described the use of high density human protein microarrays to discover OGT substrates
and OGT interactors, respectively.21,

35

The dynamic PamChip peptide microarray has

provided a very powerful technique for kinase activity profiling, and here we first describe

48

Activity based high-throughput screening for novel O-GlcNAc transferase substrates using a dynamic peptide microarray

its utility in the study of O-GlcNAcylation activity. With this approach, several peptides
derived from kinase substrates and nuclear receptor binding co-regulators were identified in
this current work, and our results further demonstrated that this peptide microarray is a very
useful tool for studying the O-GlcNAcylation activity.
Recently, the amino acid preference of OGT around the O-GlcNAc site has been
reported several times using different approaches.16, 17, 25, 31 Coincidentally, we found that
four amino acids around Ser 420 in RBL-2_420–422 peptide completely matched with the
best motif preferred by OGT. Finally we and others demonstrated that RBL-2 Ser 420 is
one of the O-GlcNAcylated sites. Thus it partially explained the OGT specificity and it
might be helpful for the specificity based identification of OGT substrates. We further
compared the described sequons16, 17, 25, 31with all peptides displayed on the microarrays by
a FuzzPro search.36 It was found that three of the kinase substrate peptides (GYS2_1_13,
RBL-2_410_422 and RBL-2_655_667) and four of the nuclear receptor interaction
peptides (DHX30_241_262, NCOA1_620_643, NCOA6_1479_1501 and PELP1_20_42)
match the O-GlcNAc sequons. Interestingly, only two of these sequon-matching peptides
(NCOA1_620_643 and PELP1_20_42) were not identified in our microarray assay and at
the same time some of the microarray identified hits did not match with the sequons.
Clearly the current sequons are not complete. Nevertheless the identification of five
sequon-matching-substrate sequences further validated our peptide microarray screening
method. Furthermore, while previous work indicates a requirement of an extended
conformation of the substrate25 the nuclear receptor co-activator derived peptides are
known to have a helical motif.37, 38
Abnormal cell cycle control is one of the characteristics in cancer cells. The expression
of RBL-2 has been discovered both in normal human tissues and cancer.39 RBL-2 and other
two retinoblastoma family members (pRb and p107) play fundamental roles in the negative
regulation of the cell cycle and have been demonstrated as tumor suppressors.40 pRb and
p107 were shown to be O-GlcNAcylated both in vitro and in vivo.41 We and others showed
that RBL-2_420–422 can be modified by O-GlcNAc using a peptide array. These studies
indicated that not only phosphorylation but also the O-GlcNAcylation are likely involved
in the regulation of RBL-2 in cell cycle control. However, it remains to be determined if OGlcNAcylation of RBL-2 happens in vivo and if it affects cell cycle progression.
The binding motif involved in substrate-enzyme interactions and protein-protein
interaction can be used to develop selectively inhibitors. Indeed, an OGT inhibitor based on
RBL-2 spacer domain showed promising antitumor effect.33 In the present work, we found
RBL-2_S420A 420–422 peptide showed significant inhibition of OGT activity. Fortunately,
the crystal structure of OGT in complex with RBL-2 peptide was reported recently and it
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was indicated that hydrogen bonds and a hydrophobic environment around the O-GlcNAc
site are responsible for the binding of the RBL-2 peptide to OGT. These findings are
increasing the possibility for the development of potent selective OGT inhibitor based on
RBL-2_S420A 420–422 peptide.
In summary, we herein described the application of a peptide microarray approach in the
discovery of OGT substrates and the study of its enzymatic properties. Using this array,
RBL-2 was discovered as an OGT substrate and its O-GlcNAc site was identified. In our
experiments high substrate specificity was observed, which may at least in part explain the
existence of few OGT’s. Our data are indicative of the usefulness of the peptide microarray
approach for the identification of OGT activity and will likely prove valuable in diagnosis
of GlcNAcylation-linked disease and its interplay with other post-translational
modifications.
4.

Materials and Methods

4.1 Materials
Uridine 5′-diphospho-N-acetylglucosamine sodium salt (U4375) and isopropyl 1-thio-βD-galactopyranoside was purchased from sigma Aldrich (Zwijn-drecht, The Netherlands).
The mouse monoclonal anti-Anti-O-Linked N-Acetylglucosamine antibody [RL2]
(ab2739) was from Abcam (London, England). FITC conjugated secondary antibody was
purchased from Thermo scientific (Bleiswijk, Netherland). A known OGT inhibitor 3-(2adamantanylethyl)-2-[(4-chlorophenyl)

azamethylene]-4-oxo-1,3-thiazaperhyd

roine-6-

carboxylic acid was obtained from TimTec (Newark, USA). All PamChip 4 microarray
chips were provided by PamGene (Pamgene international, The Netherlands).
4.2 Plasmid constructs and recombinant OGT isoforms overexpression
Plasmids encoding s-OGT, m-OGT, and nc-OGT are generous gifts from John A.
Hanover (National Institute of Health, USA). OGT overexpression was carried out as
previously described42. All the plasmids were transformed into E.coli BL21 (DE3)
competent cells to produce a cell lysate containing OGT for use or for further purification.
Briefly, inoculated a single colony into 50 ml of LB broth media containing 50 μg/ml
ampicillin and cells were grown overnight at 37°C with vigorous shaking. 50 mL of the
start culture was added into 1L LB broth media containing 50 μg/mL ampicillin and it was
incubated with shaking at 200 rpm at 37°C until A600 reached 0.4–0.6. After the culture
was cooled to room temperature, 0.5 mM IPTG was added into the culture to induce
protein expression. After 16 hours, the cells were collected by centrifugation for 10 min at
4000 RPM at 4°C. The pellets were lysed in lysis buffer containing 20 mM Tris-HCl, pH
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7.5, 1 mg/mL lysome, 0.1% triton x-100 and complete mini EDTA-free protease inhibitor
cocktail on ice for 10 min and the lysate was sonicated until the DNA was completely
sheared. After centrifugation for 10 min at 12000 rpm at 4°C, the supernatant was carefully
transferred into a clean tube and was ready for the array assay or for further purification.
Protein expression was determined by Coomassie blue staining and western blotting using
an anti-OGT antibody.
4.3 Recombinant OGT isoform purification
One step OGT purification was performed using His60 Ni Gravity Flow Columns
(Clontech) according to the manufacturer’s instructions. Briefly, the nickel column was
equilibrated with a buffer containing 50 mM sodium phosphate, 300 sodium chloride, 20
mM imidazole, and pH 7.4, followed by incubation with cell lysate containing His tag OGT
for 1h at 4°C. After washing several times using buffer containing 50 mM sodium
phosphate, 300 sodium chloride, 40 mM imidazole, and pH 7.4, the recombinant OGT was
eluted using elution buffer containing 50 mM sodium phosphate, 300 mM sodium chloride,
300 mM imidazole, and pH 7.4. The eluted fraction was concentrated through a 100,000
Da molecular weight cut off Amicon unit by centrifugation 10 min at 5000 RPM at 4°C.
4.4 Microarray analysis of peptide O-GlcNAcylation
Peptide O-GlcNAcylation was assessed using PamChip 4 microarray chips with a
PamStation 12 instrument (Pamgene international, The Netherlands). The OGT enzyme
reaction was prepared essentially as described42 with minor modifications. Briefly, before
addition of the enzyme reaction, the microarray was blocked with blocking buffer (1%
BSA in TBS). After 30 cycles (2 cycles/min) blocking, the blocking buffer was aspirated
and the microarray was incubated with 40 μL of the enzyme reaction containing OGT
(lysate or purified), OGT reaction buffer (50 mM Tris—HCl, pH 7.5;1 mM DTT;12.5 mM
MgCl2), a 1:1 pre-incubated mixture of anti-O-GlcNAc and FITC conjugated secondary
antibody, and the sugar donor UDP-GlcNAc or water as a control for 480 cycles (2
cycles/min) at 30°C. The microarray was run in parallel by pumping the reaction up and
down through the porous membrane at every cycle and a tiff image was obtained at every
20 cycles by a CCD camera inside the PamStation. O-GlcNAcylation of each peptide was
detected by a fluorescent signal which was produced by an FITC conjugated antibody
bound to the O-GlcNAc moiety on the peptide.
Image analysis was performed using BioNavigator 6 software (Pamgene international,
The Netherlands). Briefly, each image was quantified by automated array grid finding and
subsequent quantification of signal and local background for each individual spot. In this
work, the signal median-minus-background value was used as the quantitative parameter
for the O-GlcNAcylation of the peptide.
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4.5 In vitro UDP-Glo assay
In this work OGT activity was also determined using UDP-Glo™ Glycosyltransferase
Assay according to the manufacturer’s instructions. This assay evaluates O-GlcNAcylation
through monitoring UDP formation in glycosyltransferase reactions by luminescence.
Briefly, OGT reactions were carried out in 100 μL final volume containing 0.5 mM UDPGlcNAc, 6 μg purified/60 μg lysate enzyme, 100 μM peptide in OGT reaction buffer (50
mM Tris—HCl, pH 7.5;1 mM DTT;12.5 mM MgCl2). Reactions were incubated at room
temperature for 2h. At the end of that period, each reaction was transferred in triplicate into
a 96-well white microplate and was mixed with a 1:1 ratio of UDP-Glo Detection Reagent.
After incubation at room temperature for 1h, the luminescence was recorded with a Mithras
LB940 Multimode microplate reader using Mikro Win 2000 software (Berthold
Technology, Germany).
4.6 Peptide synthesis and LC-MS analysis
Synthesis of all the peptides was achieved by following a standard Fmoc SPPS strategy
on a Symphony Multiple Peptide Synthesizer and starting from rink amide resin. The
following Fmoc amino acids were used: Fmoc-Cys(Trt)-OH, Fmoc-Gly-OH, FmocLys(Boc)-OH, Fmoc-Glu(Otbu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Ser(tBu)-OH, FmocThr(tBu)-OH, Fmoc-Ala-OH, Fmoc-Pro-OH, Fmoc-Val-OH. Deprotection was performed
using 20% piperidine in DMF, and coupling was performed using 1:0.9:2 amino acid/
HBTU/DIPEA in DMF. After completion of the synthesis, the protected peptidyl resins
were incubated with a 10 mL mixture of TFA (trifluoroacetic acid): H2O: triisopropylsilane
(TIPS): 1, 2-ethanedithiol (EDT) (9:0.5:0.25:0.25, v/v/v/v) and allowed to stir for 2 h at
room temperature under a nitrogen atmosphere. The cleaving mixture was filtered and the
resin was washed with TFA (2 mL) and DCM (4 mL). The residue was precipitated by
treatment of precooled diethyl ether and centrifugation. Two times washing and
centrifugation yielded the crude products in a pellet. The precipitated peptides were
dissolved in water, frozen, and lyophilized. All products were stored at -20°C. Crude
peptide analysis was carried out by LC-MS.
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Supporting information
Supporting figures:

Figure S1 The known OGT inhibitor (ST045849) used in this study.

Figure S2 C415A showed modest effect on O-GlcNAcylation of RBL-2-410-422. O-GlcNAcylation of wild type
RBL-2-410-422 and C415A peptide was determined using both the UDP assay(A) and the microarray assay (B)
with 1 mM UDP-GlcNAc and 0.2 μg/μL purified m-OGT. Compared with wild type, the C415A peptide showed
modest increase in OGT activity in the UDP-assay. However, in microarray assay the wild type peptide showed
dramatic decrease of activity comparing with C415A peptide.
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Tables S1 Sequences of peptides displayed on kinase peptide microarray.

Location
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Col

Peptide ID
(Protein_start_end)

Peptide sequence

Row

Uniprot
Accession

1

1

pEGFR_671_683

RHIVRKR(pT)LRRLL

P00533

1

2

ABL1_729_740

TEWRSVTLPRDL

P00519

1

3

ACM1_421_433

CNKAFRDTFRLLL

P11229

1

4

ACM1_444_456

KIPKRPGSVHRTP

P11229

1

5

ACM4_456_468

CNATFKKTFRHLL

P08173

1

6

ACM5_494_506

CYALCNRTFRKTF

P08912

1

7

ACM5_498_510

CNRTFRKTFKMLL

P08912

1

8

ADDB_696_708

GSPSKSPSKKKKK

P35612

1

9

ADDB_706_718

KKKFRTPSFLKKS

P35612

1

10

ADRB2_338_350

ELLCLRRSSLKAY

P07550

1

11

AKT1_301_313

KDGATMKTFCGTP

P31749

1

12

pKPCB_626_639

AENFDRFF(pT)RHPPV

P05771-2

2

1

ANXA1_209_221

AGERRKGTDVNVF

P04083

2

2

ANXA2_17_29

HSTPPSAYGSVKA

P07355

2

3

ATF2_47_59

VADQTPTPTRFLK

P15336

2

4

BCKD_45_57

ERSKTVTSFYNQS

O14874

2

5

CAC1C_1974_1986

ASLGRRASFHLEC

Q13936

2

6

CA2D1_494_506

LEDIKRLTPRFTL

P54289

2

7

CALD1_752_764

KTPDGNKSPAPKP

Q05682

2

8

CALD1_746_758

INEWLTKTPDGNK

Q05682

2

9

CBL_693_705

EGEEDTEYMTPSS

P22681

2

10

CDC2_154_169

GIPIRVYTHEVVTLWY

P06493

2

11

CDK7_163_175

GSPNRAYTHQVVT

P50613

2

12

CENPA_1_14

MGPRRRSRKPEAPR

P49450

3

1

CENPC_725_737

HHKLVLPSNTPNV

Q03188

3

2

CSF1R_701_713

NIHLEKKYVRRDS

P07333

3

3

CFTR_730_742

EPLERRLSLVPDS

P13569

3

4

CFTR_761_773

LQARRRQSVLNLM

P13569

3

5

CFTR_783_795

IHRKTTASTRKVS

P13569

3

6

CGHB_109_121

QCALCRRSTTDCG

P01233

3

7

CHK2_377_389

ETSLMRTLCGTPT

O96017

3

8

COF1_17_29

DMKVRKSSTPEEV

P23528

3

9

CREB1_126_138

EILSRRPSYRKIL

P16220
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3

10

CSK21_355_367

ISSVPTPSPLGPL

P68400

3

11

DCX_49_61

HFDERDKTSRNMR

O43602

3

12

ELK1_329_341

GGPGPERTPGSGS

P19419

4

1

ELK1_356_368

LLPTHTLTPVLLT

P19419

4

2

ELK1_410_422

ISVDGLSTPVVLS

P19419

4

3

EPB42_241_253

LLNKRRGSVPILR

P16452

4

4

ERBB2_679_691

QQKIRKYTMRRLL

P04626

4

5

ERF_519_531

GEAGGPLTPRRVS

P50548

4

6

ESR1_160_172

GGRERLASTNDKG

P03372

4

7

F263_454_466

NPLMRRNSVTPLA

Q16875

4

8

F264_437_449

LNVAAVNTHRDRP

Q16877

4

9

FIBA_569_581

EFPSRGKSSSYSK

P02671

4

10

FOXO3_25_37

QSRPRSCTWPLQR

O43524

4

11

GPR6_349_361

QSKVPFRSRSPSE

P46095

4

12

GPSM2_394_406

PKLGRRHSMENME

P81274

5

1

GBRB2_427_439

SRLRRRASQLKIT

P47870

5

2

GRIK1_718_730

EKMWAFMSSRQQT

P39086

5

3

GRIK2_708_720

FMSSRRQSVLVKS

Q13002

5

4

GSUB_61_73

KKPRRKDTPALHI

O96001

5

5

GYS2_1_13

MLRGRSLSVTSLG

P54840

5

6

H2B1B_ 27_40

GKKRKRSRKESYSI

P33778

5

7

H2B1B_26_38

DGKKRKRSRKESY

P33778

5

8

H32_3_18

RTKQTARKSTGGKAPR

Q71DI3

5

9

HS90B_219_231

KEREKEISDDEAE

P08238

5

10

INSR_1368_1380

KKNGRILTLPRSN

P06213

5

11

PPR1A_28_40

QIRRRRPTPATLV

Q13522

5

12

K6PL_766_778

LEHVTRRTLSMDK

P17858

6

1

KAP2_92_104

SRFNRRVSVCAET

P13861

6

2

KAP3_107_119

NRFTRRASVCAEA

P31323

6

3

KAPCG_192_206

VKGRTWTLCGTPEYL

P22612

6

4

KCC1A_170_182

DPGSVLSTACGTP

Q14012

6

5

KCC2G_278_289

VASMMHRQETVE

Q13555

6

6

KCNA1_438_450

DSDLSRRSSSTMS

Q09470

6

7

KCNA2_442_454

PDLKKSRSASTIS

P16389

6

8

KCNA3_461_473

EELRKARSNSTLS

P22001

6

9

KCNA6_504_516

ANRERRPSYLPTP

P17658

6

10

KCNB1_489_501

KWTKRTLSETSSS

Q14721

6

11

KIF11_919_931

LDIPTGTTPQRKS

P52732
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6

12

KPB1_1011_1023

QVEFRRLSISAES

P46020

7

1

KPCB_19_31_A25S

RFARKGSLRQKNV

P05771

7

2

KPCB_626_639

AENFDRFFTRHPPV

P05771-2

7

3

LA_359_371

GKKTKFASDDEHD

P05455

7

4

LMNB1_16_28

GGPTTPLSPTRLS

P20700

7

5

LMNA_192_204

DAENRLQTMKEEL

P02545

7

6

MARCS_152_164

KKKKKRFSFKKSF

P29966

7

7

MARCS_160_172

FKKSFKLSGFSFK

P29966

7

8

MBP_222_234

HFFKNIVTPRTPP

P02686

7

9

MBP_225_237

KNIVTPRTPPPSQ

P02686

7

10

MK10_214_226

AGTSFMMTPYVVT

P53779

7

11

MP2K1_281_293

GDAAETPPRPRTP

Q02750

7

12

MP2K1_287_299

PPRPRTPGRPLSS

Q02750

8

1

MPH6_140_152

EDENGDITPIKAK

Q99547

8

2

MPIP3_208_220

RSGLYRSPSMPEN

P30307

8

3

MYBB_513_525

DNTPHTPTPFKNA

P10244

8

4

MYC_51_63

KKFELLPTPPLSP

P01106

8

5

MYPC3_268_280

LSAFRRTSLAGGG

Q14896

8

6

NCF1_296_308

RGAPPRRSSIRNA

P14598

8

7

NCF1_321_333

QDAYRRNSVRFLQ

P14598

8

8

NCF1_372_384

DLILNRCSESTKR

P14598

8

9

NEK2_172_184

FAKTFVGTPYYMS

P51955

8

10

NEK3_158_170

FACTYVGTPYYVP

P51956

8

11

NFKB1_330_342

FVQLRRKSDLETS

P19838

8

12

NMDZ1_890_902

SFKRRRSSKDTST

Q05586

9

1

NR4A1_344_356

GRRGRLPSKPKQP

P22736

9

2

NTRK3_824_836

LHALGKATPIYLD

Q16288

9

3

PP2AB_297_309

EPHVTRRTPDYFL

P62714

9

4

P53_308_323

LPNNTSSSPQPKKKPL

P04637

9

5

PDE5A_95_107

GTPTRKISASEFD

O76074

9

6

PYGL_8_20

QEKRRQISIRGIV

P06737

9

7

DESP_2842_2854

RSGSRRGSFDATG

P15924

9

8

PLEK_106_118

GQKFARKSTRRSI

P08567

9

9

PLM_76_88

EEGTFRSSIRRLS

O00168

9

10

PPLA_9_21

RSAIRRASTIEMP

P26678

9

11

PRGR_786_798

EQRMKESSFYSLC

P06401

9

12

PTK6_436_448

ALRERLSSFTSYE

Q13882

10

1

PTN12_32_44

FMRLRRLSTKYRT

Q05209
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10

2

ART_025_39

GLRRWSLGGLRRWSL

NO

10

3

KIF2C_105_118_S106G

EGLRSRSTRMSTVS

Q99661

10

4

RAB1A_187_199

KSNVKIQSTPVKQ

P62820

10

5

RADI_559_569

RDKYKTLRQIR

P35241

10

6

RAF1_252_264

SQRQRSTSTPNVH

P04049

10

7

RAP1B_172_184

PGKARKKSSCQLL

P61224

10

8

RB_242_254

AVIPINGSPRTPR

P06400

10

9

RB_804_816

IYISPLKSPYKIS

P06400

10

10

RBL2_410_422

KENSPCVTPVSTA

Q08999

10

11

RBL2_632_644

DEICIAGSPLTPR

Q08999

10

12

RBL2_635_647

CIAGSPLTPRRVT

Q08999

11

1

RBL2_655_667

GLGRSITSPTTLY

Q08999

11

2

RBL2_687_699

DSPSDGGTPGRMP

Q08999

11

3

RBL2_955_967

ELNKDRTSRDSSP

Q08999

11

4

RBL2_959_971

DRTSRDSSPVMRS

Q08999

11

5

REL_260_272

KMQLRRPSDQEVS

Q04864

11

6

RS6_228_240

IAKRRRLSSLRAS

P62753

11

7

RYR1_4317_4329

VRRLRRLTAREAA

P21817

11

8

SCN7A_898_910

KNGCRRGSSLGQI

Q01118

11

9

SRC_413_425

LIEDNEYTARQGA

P12931

11

10

SRC8_CHICK_423_435

KTPSSPVYQDAVS

Q01406

11

11

STK6_283_295

SSRRTTLCGTLDY

O14965

11

12

STMN2_90_102

AAGERRKSQEAQV

Q93045

12

1

pTY3H_64_78

RFIGRRQ(pS)LIEDARK

P07101

12

2

TAU_524_536

GSRSRTPSLPTPP

P10636

12

3

TLE2_246_258

EPPSPATTPCGKV

Q04725

12

4

CD27_212_224

HQRRKYRSNKGES

P26842

12

5

TY3H_64_78

RFIGRRQSLIEDARK

P07101

12

6

VASP_150_162

EHIERRVSNAGGP

P50552

12

7

VASP_232_244

GAKLRKVSKQEEA

P50552

12

8

VASP_271_283

LARRRKATQVGEK

P50552

12

9

VIGLN_289_301

EEKKKKTTTIAVE

Q00341

12

10

VTNC_390_402

NQNSRRPSRATWL

P04004

12

11

ZAP70_486_498

LGADDSYYTARSA

P43403

12

12

pVASP_150_164

EHIERRV(pS)NAGGPPA

P50552
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Table S2 Sequences of peptides displayed on nuclear hormone receptor interaction peptide microarray.

Location
Row

Col

Peptide ID
(Protein_start_end)

1

1

CBP_2055_2077

SVQPPRSISPSALQDLLRTLKSP

Q92793

1

2

CBP_345_368

TADPEKRKLIQQQLVLLLHAHKCQ

Q92793

1

3

CBP_345_368_
C367S

TADPEKRKLIQQQLVLLLHAHKSQ

Q92793

1

4

CBP_57_80

GNLVPDAASKHKQLSELLRGGSGS

Q92793

1

5

CHD9_2018_2040

QYQVALSASPLTSLPRLLDAKGI

Q3L8U1

1

6

CNOT1_2086_2108

KPMQILYKGTLRVLLVLLHDFPE

A5YKK6

1

7

CNOT1_557_579

LSRILDVAQDLKALSMLLNGTPF

A5YKK6

1

8

NR0B1_136_159

GEDHPRQGSILYSLLTSSKQTHVA

P51843

1

9

NR0B1_68_90_
C69S

FSGKDHPRQGSILYSMLTSAKQT

P51843

1

10

DHX30_241_262

QFPLPKNLLAKVIQIATSSSTA

Q7L2E3

1

11

DHX30_49_70

EFPQPKNLLNSVIGRALGISHA

Q7L2E3

1

12

EP300_2039_2061

SPLKPGTVSQQALQNLLRTLRSP

Q09472

1

13

EP300_69_91

GMVQDAASKHKQLSELLRSGSSP

Q09472

2

1

IKBB_277_299

PLGSAMLRPNPILARLLRAHGAP

Q15653

2

2

JHD2C_2054_2076

PLVSQNNEQGSTLRDLLTTTAGK

Q15652

2

3

KIF11_832_854_
C854S

QWVSSLNEREQELHNLLEVVSQS

P52732

2

4

NCOA1_1421_1441

TSGPQTPQAQQKSLLQQLLTE

Q15788

2

5

NCOA1_620_643

SDGDSKYSQTSHKLVQLLTTTAEQ

Q15788

2

6

NCOA1_677_700

PSSHSSLTERHKILHRLLQEGSPS

Q15788

2

7

NCOA1_737_759

ASKKKESKDHQLLRYLLDKDEKD

Q15788

2

8

NCOA2_628_651

GQSRLHDSKGQTKLLQLLTTKSDQ

Q15596

2

9

NCOA2_677_700

STHGTSLKEKHKILHRLLQDSSSP

Q15596

2

10

NCOA2_733_755

EPVSPKKKENALLRYLLDKDDTK

Q15596

2

11

NCOA2_866_888

SQSTFNNPRPGQLGRLLPNQNLP

Q15596

2

12

NCOA3_104_123_
N-KKK

KKKGQGVIDKDSLGPLLLQALDG

Q9Y6Q9

2

13

NCOA3_609_631

QRGPLESKGHKKLLQLLTCSSDD

Q9Y6Q9

3

1

NCOA3_609_631_
C627S

QRGPLESKGHKKLLQLLTSSSDD

Q9Y6Q9

3

2

NCOA3_673_695

MHGSLLQEKHRILHKLLQNGNSP

Q9Y6Q9

3

3

NCOA3_MOUSE_
1029_1051

HGSQNRPLLRNSLDDLLGPPSNA

O09000

3

4

NCOA6_1479_1501

LVSPAMREAPTSLSQLLDNSGAP

Q14686

3

5

NCOA6_875_897

PVNKDVTLTSPLLVNLLQSDISA

Q14686

6

NCOR1_2039_2061_
C2056S

MGQVPRTHRLITLADHISQIITQ

O75376

3
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3

7

NCOR2_2123_2145

APGVKGHQRVVTLAQHISEVITQ

Q9Y618

3

8

NCOR2_2330_2352

QAVQEHASTNMGLEAIIRKALMG

Q9Y618

3

9

NELFB_428_450

YVLHITKQRNKNALLRLLPGLVE

Q8WX92

3

10

NRIP1_120_142

VDSVPKGKQDSTLLASLLQSFSS

P48552

3

11

NRIP1_121_143_
P124R

DSVRKGKQDSTLLASLLQSFSSR

P48552

3

12

NRIP1_173_195

KDLRCYGVASSHLKTLLKKSKVK

P48552

3

13

NRIP1_173_195_
C177S

KDLRSYGVASSHLKTLLKKSKVK

P48552

4

1

NRIP1_368_390

RNNIKQAANNSLLLHLLKSQTIP

P48552

4

2

NRIP1_488_510

KNSKLNSHQKVTLLQLLLGHKNE

P48552

4

3

NRIP1_701_723

SEIENLLERRTVLQLLLGNPTKG

P48552

4

4

NRIP1_805_831

PVSPQDFSFSKNGLLSRLLRQNQDSYL

P48552

4

5

NRIP1_924_946

RSWARESKSFNVLKQLLLSENCV

P48552

4

6

NRIP1_924_946_
C945S

RSWARESKSFNVLKQLLLSENSV

P48552

4

7

PELP1_168_190

LFRDISMNHLPGLLTSLLGLRPE

Q8IZL8

4

8

PELP1_496_518_
C496S

SPFFLQSLHGDGPLRLLLLPSIH

Q8IZL8-2

4

9

PCAF_178_200

EEDADTKQVYFYLFKLLRKSILQ

Q92831

4

10

MED1_591_614

HGEDFSKVSQNPILTSLLQITGNG

Q15648

4

11

MED1_632_655

VSSMAGNTKNHPMLMNLLKDNPAQ

Q15648

4

12

PRGC1_134_154

PPQEAEEPSLLKKLLLAPANT

Q9UBK2

4

13

CENPR_159_177

PHKASRHLDSYEFLKAILN

Q13352

5

1

NR0B2_106_128

TFEVAEAPVPSILKKILLEEPSS

Q15466

5

2

NR0B2_9_31_
C9S/C11S

SPSQGAASRPAILYALLSSSLKA

Q15466

5

3

TIP60_476_498

LSEDIVDGHERAMLKRLLRIDSK

Q92993

5

4

TRIP4_149_171_
C171S

FVNLYTRERQDRLAVLLPGRHPS

Q15650

5

5

UBE3A_396_418

DDEEPIPESSELTLQELLGEERR

Q05086

5

6

WIPI1_119_141

ESIYIHNIKDMKLLKTLLDIPAN

Q5MNZ9

5

7

ZNHI3_89_111

LQNLKNLGESATLRSLLLNPHLR

Q15649

5

8

ANDR_10_32

VYPRPPSKTYRGAFQNLFQSVRE

P10275

FHEREGRPYSRRDFLQLFAPRSQ

O43294

FQERAGKPYSQPSFLKLFG

O43294

TGFI1_325_347_
C334S/C346S
TGFI1_443_461_
C452S/C455S

5

9

5

10

5

11

BL1S1_1_11

MLSRLLKEHQA

P78537

5

12

BRD8_254_276

TVAASPAASGAPTLSRLLEAGPT

Q9H0E9

5

13

CCND1_243_264_
C243S/C247S

SLRASQEQIEALLESSLRQAQQ

P24385

6

1

CHD9_1023_1045

LLTGTPLQNTVEELFSLLHFLEP

Q3L8U1

6

2

CHD9_855_877

KNGNQLREYQLEGLNWLLFNWYN

Q3L8U1
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6

3

CNOT1_140_162

DLRGFAAQFIKQKLPDLLRSYID

A5YKK6

6

4

CNOT1_1929_1951_
C1932S

RAKSYHNLDAFVRLIALLVKHSG

A5YKK6

6

5

CNOT1_2083_2105

ELTKPMQILYKGTLRVLLVLLHD

A5YKK6

6

6

DDX5_133_155

DMVGVAQTGSGKTLSYLLPAIVH

P17844

6

7

CBP_345_367_
C367S

TADPEKRKLIQQQLVLLLHAHKS

Q92793

6

8

GELS_376_398

QVSVLPEGGETPLFKQFFKNWRD

P06396

6

9

GNAQ_21_43

RQLRRDKRDARRELKLLLLGTGE

P50148

GLAKHLLSGLGDRLSRLLRRERE

O43593

EDRAGRGPLPSPSLSELLASTAV

O43593

HAIR_553_575_
C567S
HAIR_745_767_
C755S/C759S

6

10

6

11

6

12

IKBB_244_266

PLHLAVEAQAADVLELLLRAGAN

Q15653

6

13

ILK_131_153

KYGEMPVDKAKAPLRELLRERAE

Q13418

7

1

MAPE_91_113

HLHLETFKAVLDGLDVLLAQEVR

P78395

7

2

MAPE_249_271

LAKFSPYLGQMINLRRLLLSHIH

P78395

7

3

MAPE_300_322

ALYVDSLFFLRGRLDQLLRHVMN

P78395

7

4

MAPE_382_404_
C388S

DLVFDESGITDDQLLALLPSLSH

P78395

7

5

MGMT_86_108

HPVFQQESFTRQVLWKLLKVVKF

P16455

7

6

MLL2_4175_4197

LLAGPRSEAGHLLLQKLLRAKNV

O14686

7

7

MLL2_4702_4724

PRLKKWKGVRWKRLRLLLTIQKG

O14686

7

8

NCOA3_725_747

EQLSPKKKENNALLRYLLDRDDP

Q9Y6Q9

7

9

NCOA4_315_337

RKPENGSRETSEKFKLLFQSYNV

Q13772

7

10

NCOR1_1925_1946

TTITAANFIDVIITRQIASDKD

O75376

7

11

NCOR1_662_684_
C662S

SKNFYFNYKRRHNLDNLLQQHKQ

O75376

7

12

NCOR1_2376_2398

SSTGSTQFPYNPLTMRMLSSTPP

O75376

7

13

NCOR2_649_671_
C649S

SKNFYFNYKKRQNLDEILQQHKL

Q9Y618

8

1

NELFB_328_350

QETLPRDSPDLLLLLRLLALGQG

Q8WX92

8

2

NELFB_80_102

IASEGKAEERYKKLEDLLEKSFS

Q8WX92

8

3

NRIP1_8_30

GSDVHQDSIVLTYLEGLLMHQAA

P48552

8

4

NRIP1_253_275_
C263S

PATSPKPSVASSQLALLLSSEAH

P48552

8

5

NRIP1_488_510

KNSKLNSHQKVTLLQLLLGHKNE

P48552

8

6

NRIP1_700_722

GSEIENLLERRTVLQLLLGNPNK

P48552

8

7

NSD1_894_916

SSQNHIPIEPDYKFSTLLMMLKD

Q96L73

8

8

NSD1_982_1004

GGDSALSGELSASLPGLLSDKRD

Q96L73

8

9

PELP1_142_164

QDPPATMELAVAVLRDLLRYAAQ

Q8IZL8

8

10

PELP1_251_273

SQGLKHTESWEQELHSLLASLHT

Q8IZL8

8

11

PELP1_258_280

ESWEQELHSLLASLHTLLGALYE

Q8IZL8
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8

12

PELP1_20_42

GTGGLSAVSSGPRLRLLLLESVS

Q8IZL8

8

13

PELP1_446_468

AGMLQGGASGEALLTHLLSDISP

Q8IZL8

VHPPNRSAPHLPGLMSLLRLHGS

Q8IZL8

TSSRSRRELYSLLLALLLAPSPR

Q8IZL8

PELP1_56_78_
C71S
PELP1_571_593_
C575S/C581S

9

1

9

2

9

3

PAK6_248_270

SPKTRESSLKRRLFRSMFLSTAA

Q9NQU5

9

4

PIAS2_6_28

ELRNMVSSFRVSELQVLLGFAGR

O75928

9

5

PNRC1_306_327

ENSNQNRELMAVHLKTLLKVQT

Q12796

9

6

PNRC2_118_139

SFNPSDKEIMTFQLKTLLKVQV

Q9NPJ4

9

7

PR285_1062_1084

WPWDGELNADDAILRELLDESQK

Q9BYK8

9

8

PR285_1105_1127

QQARLYENLPPAALRKLLRAEPE

Q9BYK8

ILYSGPSNKSVDVLAGLLLRRME

Q9BYK8

EVRLERRASSGQALWLLLPARSS

Q9BYK8

PR285_2216_2238_
C2219S
PR285_432_454_
C453S/C454S

9

9

9

10

9

11

PRDM2_948_970

SPALQTPSLSSGQLPPLLIPTDP

Q13029

9

12

PRGR_102_124

SPPEKDSGLLDSVLDTLLAPSGP

P06401

9

13

PRGR_42_64_
C64S

SDTLPEVSAIPISLDGLLFPRPS

P06401

10

1

PROX1_57_79

SVVQHADGEKSNVLRKLLKRANS

Q92786

10

2

ZNT9_449_471

LLGRSIQPEQVQRLTELLENDPS

Q6PML9

10

3

CENPR_1_18

MPVKRSLKLDGLLEENSF

Q13352

10

4

PPRC1_151_173

DSELLVSPREGSSLHKLLTLSRT

Q5VV67

10

5

LCOR_40_62

TTSPTAATTQNPVLSKLLMADQD

Q96JN0

10

6

NRBF2_128_150

PEIQGIFDRDPDTLLYLLQQKSE

Q96F24

10

7

RAD9A_348_370

EPSTVPGTPPPKKFRSLFFGSIL

Q99638

10

8

TF65_437_459

SEALLQLQFDDEDLGALLGNSTD

Q04206

10

9

TIF1A_373_395_
C394S

TALLYSKRLITYRLRHLLRARSD

O15164

10

10

TIF1A_747_769

ESRPQNANYPRSILTSLLLNSSQ

O15164

10

11

TREF1_168_190

TQSAVMDGAPDSALRQLLSQKPM

Q96PN7

10

12

TREF1_850_872

HSLFEAKGDVMVALEMLLLRKPV

Q96PN7

10

13

TRRAP_3535_3557_
C3535S/C3555S

SLTESRREERVLQLLRLLNPSLE

Q9Y4A5

11

1

TRRAP_971_993

LVAMMSLEDNKHALYQLLAHPNF

Q9Y4A5

11

2

TRXR1_132_154

GHGPTLKAYQEGRLQKLLKMNGP

Q16881

11

3

WIPI1_313_335_
C318S

GQRNISTLSTIQKLPRLLVASSS

Q5MNZ9

11

4

CNOT1_1626_1648

IPPTLAMNPQAQALRSLLEVVVL

A5YKK6

11

5

NR0B1_1_23

MAGENHQWQGSILYNMLMSAKQT

P51843

11

6

IKBB_62_84

LHLAVIHQHEPFLDFLLGFSAGT

Q15653

7

MAPE_454_476_
C472S

TLHLERLAYLHARLRELLSELGR

P78395

11
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11

8

MEN1_255_277

HTDSLELLQLQQKLLWLLYDLGH

O00255

11

9

MTA1S_388_410_
C393S/C396S

GAGRASESSYMSSLRILLDILEE

Q13330-2

11

10

L3R2A_12_34

WHNNVLHTHLVFFLPHLLNQPFS

Q9Y6C7

11

11

NCOR1_2039_2061

MGQVPRTHRLITLADHICQIITQ

O75376

11

12

NCOR1_2251_2273

GHSFADPASNLGLEDIIRKALMG

O75376

11

13

NRIP1_1055_1077

EKDSPRLTKTNPILYYMLQKGGN

P48552

12

1

PR285_1160_1182_
C1163S

RLDSGMAFAGDEVLVQLLSGDKA

Q9BYK8

12

2

PRGC1_130_155

DGTPPPQEAEEPSLLKKLLLAPANTQ

Q9UBK2

12

3

PRGC2_338_358

AEFSILRELLAQDVLCDVSKP

Q86YN6

12

4

NR0B2_237_257

FRPIIGDVDIAGLLGDMLLLR

Q15466

12

5

NR0B2_201_223_
C207S

EVLEPWSPAAQGRLTRVLLTAST

Q15466

12

6

MAPE_356_378

LSGVMLTDVSPEPLQALLERASA

P78395

12

7

NCOA4_79_101_
C101S

QLKEETLQQQAQQLYSLLGQFNS

Q13772

12

8

PRGC2_146_166

PAPEVDELSLLQKLLLATSYP

Q86YN6

12

9

PPRC1_1159_1181

QAFISEIGIEASDLSSLLEQFEK

Q5VV67

12

10

RBL2_875_897_
C879S/C894S

SIIQSPELMMDRHLDQLLMSAIY

Q08999

12

11

TRRAP_770_792

GSHDLLYQEFLPLLPNLLQGLNM

Q9Y4A5

12

12

UBE3A_649_671

RDLGDSHPVLYQSLKDLLEYEGN

Q05086
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Abstract:
O-GlcNAcylation of proteins regulates important cellular processes. A few reports noted
that O-GlcNAcylation exhibits cross-talk with tyrosine phosphorylation. With an activitybased microarray analysis of 256 tyrosine kinase peptide substrates, we found that
phosphorylation of 6 peptides by Jak2 inhibited their subsequent O-GlcNAcylation.
However, O-GlcNAcylation had no detectable effect on their subsequent phosphorylation.
A specific peptide (ZO3_357_371), derived from the ZO-3 protein, was studied in detail.
Kinetic results showed that the presence of a phosphate at Tyr364 of ZO3_357_371 slowed
the O-GlcNAcylation of nearby Ser369, while the presence of a GlcNAc at Ser369 had no
significant effect on the phosphorylation of this peptide at Tyr364. These findings provide a
glimpse into the new paradigm for cellular signaling control by cross-talk.
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1.

Introduction
O-GlcNAcylation is a reversible post translational modification (PTM) that corresponds

to the addition of a single β-linked N-Acetyl-D-glucosamine (GlcNAc) sugar moiety onto
the hydroxyl group of serine and threonine residues in numerous nuclear, cytoplasmic and
mitochondrial proteins. The O-GlcNAc modification cycle is regulated by two antagonistic
enzymes: the addition of O-GlcNAc on proteins is catalyzed by O-GlcNAc transferase
(OGT), while its removal is catalyzed by O-GlcNAcase (OGA). The O-GlcNAc
modification can affect transcription regulation, protein stability, enzyme activity and the
cell cycle, which in turn influence biological processes such as gene expression,1,
metabolism,3,

4

2

cellular stress response,5 insulin signaling6, 7 and proteostasis.8 Aberrant

regulation of O-GlcNAcylation has been linked to chronic diseases such as type 2 diabetes,
cancer and Alzheimer’s Disease (AD).9, 10
Given the fact that O-GlcNAc cycle is specifically controlled only by the action of the
two enzymes, other mechanisms including cross-talk between PTMs may contribute to the
regulation of O-GlcNAcylation of proteins and the related signal processing. O-GlcNAc
also has been found to regulate important cellular processes by cross-talk with
phosphorylation and ubiquitination, such as transcription, signaling transduction11 and
protein degradation.12 Protein O-GlcNAcylation occurs at Ser or Thr residues that may be
phosphorylation sites or in close proximity to phosphorylation sites, indicating that OGlcNAcylation is competitive with phosphorylation on proteins and may play an
antagonistic role in the regulation of phosphorylation controlled protein activity and
signaling.13-17 Proteomic and mass spectrometry analyses have suggested that the cross talk
between O-GlcNAcylation and phosphorylation is very complex and extensive.18,

19

Recently, a phosphoproteome analysis of known O-GlcNAc proteins showed that 68% of
these proteins are known to be substrates of protein tyrosine kinases (PTK).20 This suggests
that O-GlcNAcylation does not only compete with serine/threonine phosphorylation but
that there may also be in cross-talk with tyrosine phosphorylation. Although a variety of
proteins has been found to be O-GlcNAcylated close to a tyrosine phosphorylation site,
whether they can affect each other remains unknown. However, it is still challenging to
study the effect of one PTM on the addition of other PTMs in living systems.21 Naturally it
is possible to study cross-talk of PTMs through gene mutations in living cells, but the
complex natural context makes it difficult to draw direct and firm conclusions.
Alternatively, direct study of cross-talk can be achieved using semi-synthetic whole
proteins with PTMs in vitro,21 but it requires cautious synthesis and may involve protein
folding issues.
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Here, we describe the utility of an activity-based peptide microarray strategy to identify
and directly study cross-talk between O-GlcNAcylation and tyrosine phosphorylation. The
relevance of the use of peptides to acquire information about their parent proteins has been
shown on numerous occasions for kinases,22 phosphatases23 and nuclear receptor–
coregulators.24, 25 We can unambiguously control the PTM sites of peptides derived from
relevant proteins, which allows a direct study of the role of posttranslational
modifications.26 In addition, via this strategy of using synthetic (PTM-) peptides, the effect
on the enzymatic activity can be measured directly and in real time. In the present work, we
first identified OGT substrates from an array of known tyrosine kinase peptide substrates.
Then the effect of prior O-GlcNAcylation on the subsequent tyrosine phosphorylation was
determined, and vice versa. We found that the Jak2 mediated tyrosine phosphorylation of 6
peptides prevented their own O-GlcNAcylation by OGT, whereas there was no correlation
in the other direction. Amino acid replacement analysis showed that one of these peptides,
the ZO-3_357-371 peptide (derived from the ZO-3 protein) is O-GlcNAcylated at Ser369,
near the Tyr364 phosphorylation site. Synthetic phosphorylation at Tyr364 of the ZO-3
peptide slowed down the O-GlcNAcylation at Ser369, while synthetic O-GlcNAcylation at
Ser369 had no effect on phosphorylation of Tyr364. Molecular modeling suggests that the
phosphorylation of Tyr364 may lead to the loss of a hydrogen bond of the substrate with
Asn805 of OGT and also lead to steric clash and repulsive interactions. In the opposite case
it was clear that O-GlcNAcylation site Ser369 of the ZO-3 peptide is not in contact with
Jak2, whether it is O-GlcNAcylated or not. Finally, we observed a similar cross-talk effect
when a HeLa cell lysate was used as the source of OGT activity and protein tyrosine kinase
activity on this peptide and its modified forms. These results further enhance our
understanding of cross-talk between O-GlcNAcylation and phosphorylation and the
molecular mechanism with which they can affect cellular signaling control.
2.

Results and discussion

2.1 Identification of novel OGT substrates from tyrosine kinases peptide substrates
To identify novel cross-talk between O-GlcNAcylation and tyrosine phosphorylation,
we first tried to identify peptides that can both be modified by Jak2 and OGT using a
dynamic peptide microarray containing 256 peptides derived from tyrosine kinase substrate
proteins (Fig. 1A and Supporting Table S1). The phosphorylation of peptide was
determined by incubating the microarray with Jak2, ATP, and FITC conjugated antiphosphotyrosine antibody, while the O-GlcNAc modification of peptide was determined by
incubating the microarray with OGT, the sugar donor UDP-GlcNAc, and FITC conjugated
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anti-O-GlcNAc antibody.27 Among these tyrosine kinase peptide substrates, we found that
201 peptides are Jak2 substrates and 10 peptides are OGT substrates (Fig. 1B and
Supporting Table S1). Interestingly, 7 of these OGT substrates can also be modified by
Jak2, indicating the potential cross-talk between O-GlcNAc and tyrosine phosphorylation.

Figure 1 Identification of OGT peptide substrates from tyrosine kinase peptide substrates.
(A) The schematic depiction of the peptide microarray process for discovering cross-talk between OGlcNAcylation and tyrosine phosphorylation. (B) The Venn diagram showing the relationship between Jak2
substrates and OGT substrates on this array. (C) The microarray was incubated with OGT in the presence of 0.5
mM UDP-GlcNAc (OGT (+)) and FITC-O-GlcNAc antibody. A parallel reaction without UDP-GlcNAc (OGT (-))
was used as a negative control. Jak2 phosphorylation of these peptide with 0.4 mM ATP (Jak2 (+)) or without
ATP (Jak2 (-)) was determined in the presence of the FITC-PY20 phosphotyrosine antibody. The phosphorylation
and O-GlcNAcylation status of the OGT substrates were shown. All values are mean±S.D. from three independent
replicates. Statistical analysis was performed using the t-test. P<0.001(*) is considered as a substrate and N.S not
significant.

2.2 The effect of tyrosine phosphorylation by Jak2 on O-GlcNAcylation by OGT
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To study the cross-talk between O-GlcNAcylation and tyrosine phosphorylation, we
reprinted these OGT peptide substrates on a new microarray. We first exposed the
microarray to Jak2 tyrosine kinase, and then the O-GlcNAcylation of these peptides was
determined by the mentioned OGT assay in the presence of the FITC conjugated RL2 OGlcNAc antibody (Fig. 2 and Supporting Fig. S2A). We observed that prephosphorylation of ABLM1_350_364, ABLM1_454_468, CBL_667_681, GAB1_252_266,
SCAM3_79-93, and ZO3_357_371 resulted in a significant reduction of their own OGlcNAcylation (Fig. 2). Additionally, we also observed consistent effects on OGlcNAcylation when the ABL1 and Ret kinases were used (Supporting Fig. S1 and S2).

Figure 2 The effect of tyrosine phosphorylation on O-GlcNAcylation. The microarray was incubated with the
Jak2 tyrosine kinase (no detection antibody) with ATP in various concentrations (Pre-Jak2 (-), 0 mM; Pre-Jak2 (+),
0.4 mM; Pre-Jak2 (++), 0.8 mM for 16 h. After washing three times with TBS, the same microarray was incubated
with OGT (visualization by the RL2 O-GlcNAc antibody) with UDP-GlcNAc (OGT (-), 0 mM; OGT (+), 0.5
mM) for 2 h. After quantification, a heat map was shown for the effect of phosphorylation of each peptide on its
O-GlcNAcylation. All values are mean±S.D. from three independent replicates. Statistical significance was
determined using one-way analysis of variance (ANOVA). Significant difference (P<0.05) of OGT (+) activity
between Pre-Jak2 (-) and Pre-Jak2 (+) was considered as a cross-talk.

2.3 The effect of O-GlcNAcylation on tyrosine phosphorylation
In the other direction, we first pre-O-GlcNAcylated these peptides enzymatically using
the OGT and determined the effect of O-GlcNAcylation on tyrosine phosphorylation of
these peptides using the Jak2 kinase in the presence of the FITC labeled PY20
phosphotyrosine antibody (Fig. 3 and Supporting Fig. S3A). It was found, most notably
for the six mentioned peptides ABLM1_350_364, ABLM1_454_468, CBL_667_681,
GAB1_252_266, SCAM3_79-93, and ZO3_357_371, that pre-GlcNAcylation had no
detectable effect on the subsequent phosphorylation of these peptides. Similarly, the O-
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GlcNAcylation had no significant effect on the phosphorylation of these peptides by the
ABL1 and Ret kinases either (Supporting Fig. S3).

Figure 3 The effect of O-GlcNAcylation on tyrosine phosphorylation.
The microarray was incubated with OGT (no detection antibody) and UDP-GlcNAc in various concentrations
(Pre-OGT (-), 0 mM; Pre-OGT (+), 0.5 mM); Pre-OGT (++), 1 mM) for 16 h. After washing three times with TBS,
the microarray was incubated by Jak2 tyrosine kinase (visualization by the PY20 phosphotyrosine antibody) with
ATP (Jak2 (-), 0 mM; Jak2 (+), 0.4 mM) for 2 h. After quantification, a heat map was shown for the effect of OGlcNAcylation of each peptide on its phosphorylation. All values are mean±S.D. from three independent
replicates. Statistical significance was determined using one-way analysis of variance (ANOVA). Significant
difference (P<0.05) of Jak2 (+) activity between Pre-OGT (-) and Pre-OGT (+) was considered as a cross-talk.

2.4 ZO-3 is O-GlcNAc modified at Ser369 and phosphorylated at Tyr364
Since the O-GlcNAcylation of ZO-3_357-371 peptide, derived from the ZO-3 protein,
was the most strongly affected by its tyrosine phosphorylation, we decided to identify the
O-GlcNAc modification site on this peptide. This was done in order to further validate the
site-specific cross-talk between O-GlcNAcylation and phosphorylation. For this purpose,
we prepared the ZO-3_357-371 wild type peptide and a series of mutants in which the
individual serines and tyrosines were systematically replaced by alanines and
phenylalanines respectively (Fig. 4). An extra Cys-Gly dipeptide was added onto the N
terminus of these peptides to enable the thiol-based immobilization on the array. The
phosphorylation of these mutants was determined using the mentioned Jak2 microarray
assay. As shown in Fig. 4A, substitution of Tyr361 with Phe only resulted in a 15%
reduction of substrate conversion by Jak2, while substitution of Tyr364 with Phe resulted
in an 85% reduction, indicating that Tyr364 is the major site of phosphorylation of this
peptide. The phosphorylation of Tyr364 moderately matched the consensus motif for Jak2
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substrate (Supporting Fig. S5).28 The O-GlcNAcylation of these peptides was determined
using the mentioned OGT microarray assay. With these mutants, we found that S369A led
to a complete loss of OGT activity for this peptide (Fig. 4B), indicating that it was Ser369
that was modified by O-GlcNAc in the ZO-3_357-371 peptide. The ZO-3_357-371 peptide
showed the highest activity among all tested peptides in our experiments and it strongly
matched the reported consensus motif for O-GlcNAcylation (Supporting Fig. S5),29-32
which further supported our experimental results from the alanine scan. Interestingly, we
observed a dramatic increase in OGT activity when the Ser371 was substituted with Ala
(Fig. 4B), which further confirmed that OGT favors residues with small side chains such as
Ala in the proximity of the active site.29

Figure 4 ZO-3 is O-GlcNAc modified at S369 and phosphorylated at Y364.
(A) Jak2 tyrosine kinase activity against the ZO-3_357-371 peptide and mutants was determined using microarray
assay in the presence of the FITC labeled PY20 phosphotyrosine antibody. (B) OGT activity against the ZO3_357-371 peptide and mutants was determined using microarray assay in the presence of FITC conjugated RL2
O-GlcNAc antibody. All values are mean±S.D. for three independent replicates.

2.5 Phosphorylation of ZO-3 at Tyr364 antagonizes its O-GlcNAcylation at Ser369
To study the site to site interaction between O-GlcNAcylation and phosphorylation on
the ZO-3_357-371 peptide, we synthesized a Tyr364 phosphorylated peptide (Y364p) and
a Ser369 GlcNAcylated peptide (S369g). The O-GlcNAcylation of Y364p peptide by OGT
was determined by using the UDP-Glo assay, which measures the byproduct UDP from the
O-GlcNAcylation reaction. The phosphorylation of S369g peptide by Jak2 was determined
72

Peptide Microarray Analysis of the Cross-talk Between O-GlcNAcylation and Tyrosine Phosphorylation

using the ADP-Glo assay, which measures the byproduct ADP from the phosphorylation
reaction. Consistent with the microarray assay, we found that synthetic phosphorylation of
the ZO-3_357-371 peptide at Tyr364 caused an 80% reduction of the subsequent OGT
activity on this peptides (Fig. 5A), while synthetic O-GlcNAcylation of ZO-3_357-371
peptide at Ser369 did not show a significant effect on the subsequent phosphorylation by
Jak2 (Fig. 5B). We further confirmed these results by using microarray assay with
immobilized peptides. As shown in Fig. 5C and D, kinetic reading of the signal indicated
that synthetic phosphate group at Tyr364 of this peptide significantly slowed down its OGlcNAcylation by OGT, while the synthetic O-GlcNAcylation of this peptide at S369 had
no effect on its phosphorylation by Jak2.
In addition, we observed clear cross-talk effect on these peptides when a HeLa cells
lysate was used as the source of OGT and tyrosine kinases, although the cell lysate showed
only a moderate OGT and tyrosine kinase activity (Fig. 5E and 5F). Together, these data
indicate that phosphorylation of ZO-3 at Tyr364 hinders its O-GlcNAcylation at Ser369,
while the initial Ser369 O-GlcNAcylation does not influence the Tyr364 phosphorylation.
Somehow the phosphate group on the Tyr364 must make the access of the nearby Ser369
more difficult for O-GlcNAcylation.
2.6 Homology modelling and molecular dynamics simulations of the OGT-ZO-3
peptide complexes
To obtain more mechanistic insights into the observed cross-talk involving the ZO-3
peptide, we modelled the effect of the phosphate modifications on the binding of the ZO-3
peptide to OGT. The high-resolution crystal structure of OGT in complex with UDP and a
glycopeptide33 was taken as a starting point for modelling the potential binding mode of the
ZO-3 peptide in the OGT peptide-binding site. Homology modelling was used to improve
the completeness of the OGT crystal structure and to build models of the ZO-3 peptide
(YDIYRVPSSQS) and phosphorylated version. The obtained models of OGT-ZO-3 peptide
and OGT-phosphorylated ZO-3 peptide complexes were further studied by molecular
dynamics simulations to evaluate their structural stability and to study the possible
differences in the peptide binding modes, which would rationalize the experimental data.
The complexes were first solvated using the TIP3P water model and were then subjected to
a molecular dynamics (MD) simulation, which consisted of three consecutive steps: (i)
solvent equilibration for 1 ns with the (phosphorylated) ZO-3 peptide and the OGT protein
constrained harmonically around the initial structure; (ii) equilibration of the complete
system for 1 ns with all structures released; (iii) an unconstrained 10 ns production run to
allow the (phosphorylated) ZO-3 peptide and OGT protein to position themselves
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according to physical forces between them. Physical stability of the simulations was
monitored by temperature, volume and total energy vs. time plots. All these parameters of
the system were stable during the production run of the simulation. Structural stability of
the system during the simulation was monitored by measuring the RMSD values of protein
backbone atoms during the simulation (Supporting Fig. S4).

Figure 5 Phosphorylation at Y364 of ZO-3 inhibited its O-GlcNAcylation at S369.
(A) OGT activity on a synthetic phosphotyrosine containing ZO-3_357-371 peptide (Y364p) determined by using
the UDP-Glo assay with 0.5 mM of UDP-GlcNAc. (B) Jak2 activity on a synthetic GlcNAc modified ZO-3_357371 peptide (S369g) determined by using the ADP-Glo assay with 0.4 mM of ATP. (C) Kinetic reading of the
OGT O-GlcNAcylation of the immobilized Y364p and WT peptides on the microarray assay. (D) Kinetic reading
of the Jak2 phosphorylation of the immobilized S369g and WT peptides on the microarray assay. (E) The OGlcNAcylation of the immobilized Y364p and WT peptides by HeLa cell lysate was determined on the microarray.
(F) The phosphorylation of the immobilized S369g and WT peptides by HeLa cell lysate was determined on the
microarray. All values are mean±S.D. for three independent replicates. NS, not significant (p < 0.05).
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Figure 6 Modelling analysis of the cross-talk on ZO-3 peptide. (A) The model of OGT-ZO-3 peptide complex
after 10 ns MD production run. O-GlcNAcylation (Ser369) and phosphorylation (Tyr364) sites of ZO-3 peptide
are colored cyan, and the remaining residues are in green sticks. Hydrogen bonds are shown as yellow dotted
lines. (B) The model of OGT-phosphorylated ZO-3 peptide complex after 10 ns MD production run. OGlcNAcylation (Ser369) and phosphorylation (Tyr364) sites of ZO-3 peptide are colored cyan, and the remaining
residues are in green sticks. (C) A Model of the Jak2 kinase (in grey) in complex with ZO-3 peptide (in yellow).
Phosphorylation site Tyr364 is shown in cyan, while O-GlcNAcylation site – Ser369– in ZO-3 peptide is shown in
magenta.

2.7 Binding of the (phosphorylated) ZO-3 peptide to human OGT
Analysis of the potential binding mode of the ZO-3 peptide to the human OGT peptidebinding site shows that Ser369 of the ZO-3 peptide is oriented in a way that enables OGlcNAcylation (Supporting Fig. S4B). The complex showed structural stability during an
11 ns MD simulation (equilibration and production run) (Supporting Fig. S4C, S4D and
Movie S1). An average RMSD value of the human OGT backbone atoms was 2.2 Å
(Supporting Fig. S4C), while the backbone atoms of the ZO-3 peptide had a higher
average RMSD value of 3.2 Å (Supporting Fig. S4D). Before the MD simulation, the
phosphorylation site, (Tyr364) hydroxyl group of the ZO-3 peptide forms a hydrogen bond
with the OGT Asn805 side chain and is in the proximity of the negatively charged Glu811
(Supporting Fig. S4B). After the 11 ns MD simulation the conformation of the Arg365
side chain of the ZO-3 peptide is changed to enable salt bridge formation with Asp587 of
OGT (Fig. 6A). This influences the binding interactions between the N-terminal part of the
ZO-3 peptide and OGT residues. For example, the hydrogen bond between Tyr364 and
Asn805 is lost, while the position and conformation of Glu811 remains almost unchanged.
Upon phosphorylation of the Tyr364 residue, a similar loss of a hydrogen bond with
Asn805 is expected (Fig. 6B and Supporting Fig. S4E) as well as a possible steric clash
and repulsive interactions with Glu811, which could prevent the O-GlcNAcylation of
Ser369. While an average RMSD of 2.0 Å of the OGT backbone atoms remained
reasonably low (Supporting Fig. S4F), the average RMSD value of the phosphorylated
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ZO-3 peptide backbone atoms increased to 4.2 Å (Supporting Fig. S4G). In particular, the
N-terminal part of the ZO-3 peptide loses contacts with the protein and is oriented toward
the solvent. The phosphorylated Tyr364 side chain forms an intra-molecular ionic
interaction with the adjacent Arg365 (Fig. 6B), which results in the loss of a salt bridge
formation between the peptide residue Arg365 and Asp587 of OGT and finally in a weaker
binding of the peptide as also indicated by its higher conformational fluctuations reflected
by the increased RMSD (Supporting Fig. S4F, S4G and Movie S2).
2.8 Modelling the binding of ZO-3 peptide to Jak2 kinase
Since there is no crystal structure of Jak2 kinase in complex with a peptide substrate
available in the Protein Data Bank, the insulin receptor tyrosine kinase (IRK) in complex
with a peptide substrate (PDB entry: 1IR3)34 was used as a starting point. Firstly, the Jak2
kinase (PDB entry: 4GFM)35 and the IRK crystal structures were superimposed in order to
identify the Jak2 kinase peptide-binding site, in particular the binding site of the Tyr
residue that is the site of phosphorylation (Supporting Fig. S4H). The ZO-3 peptide was
then superimposed with the peptide from the IRK crystal structure. The Jak2 kinase-ZO-3
peptide complex obtained in this way shows that O-GlcNAcylation of Ser369 in the ZO-3
peptide should not prevent the phosphorylation of Tyr364 of the ZO-3 peptide, since
Ser369 is placed in the solvent and is not in contact with the Jak2 kinase residues (Fig. 6C).
3. Discussion
Here, we employed an activity-based peptide microarray approach to study the potential
cross-talk between O-GlcNAcylation and tyrosine phosphorylation. The experimentally
identified OGT peptide substrates from known tyrosine kinase substrates were used to
study the direct cross-talk between O-GlcNAcylation and Tyrosine phosphorylation. Using
kinases Jak2, Abl1 and Ret to pre-phosphorylate the identified OGT substrates inhibited the
subsequent O-GlcNAcylation of 6 peptides. The reverse analysis measuring the effect of OGlcNAcylation on tyrosine phosphorylation of these peptides revealed no detectable
correlation. Using HeLa cells as the source of the enzymes showed the same results. A
specific peptide (ZO3_357_371) was studied in more detail which confirmed the results of
the microarray.
Finally, modeling analysis indicated that the phosphorylation of Tyr364 may lead to the
loss of a hydrogen bond between Tyr364 of the peptide substrate and Asn805 of OGT as
well as introduce a steric clash and repulsive interactions, which could prevent the OGlcNAcylation of Ser369. However, the model of the kinase Jak2 in complex with the
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peptide showed that Ser369 of the peptide is not in contact with Jak2. As a result, OGlcNAcylation of Ser369 should not affect binding of the peptide to Jak2 and further
phosphorylation, thus confirming the experimental result.
Accordingly, these results filled a gap in our knowledge of cross-talk between OGlcNAcylation and tyrosine phosphorylation and we propose that tyrosine phosphorylation
may have a significant contribution to the dynamic regulation of O-GlcNAc cycling, while
O-GlcNAc has less impact on phosphorylation signaling. Interestingly, in four of the six
identified cases of cross talk the distance between the predicted modified tyrosine and
serine/threonine sites is 5 amino acids in 4 of the 6 cases and 1 and 6 in the other two. The
fact that the Jak2 tyrosine is not affected by O-GlcNAcylation of nearby residues is
consistent with its known sequence preferences which only contains the area between the
1-3 and i+3 residues relative to the modified tyrosine, none of which were serines or
threonines in the cases of the identified duals substrate peptides.
The use of a microarray was instrumental as it allowed the rapid identification of OGT
substrates among tyrosine kinase substrates. Furthermore, it allowed us to zoom in on
specific sequences quickly, chemically introduce the phosphate and GlcNAc group at will
at specific positions and study the consequences of their presence. This level of precision
combined with the speed, makes the tool particular useful. Taken together, the present study
reports the utility of an activity-based peptide microarray approach to study the cross-talk
between O-GlcNAcylation and tyrosine phosphorylation. These sequences in the respective
proteins can be the starting point for cell based studies aimed at unraveling this complex
mechanism. Further studies using this approach may advance our understanding of the role
of

signaling regulation

by cross-talk between

O-GlcNAcylation

and tyrosine

phosphorylation.
4.

Materials and methods

4.1 Materials
Fmoc-Tyr (PO (NMe2)2)-OH was purchased from Merck Millipore. Uridine5′diphospho-N-acetylglucosamine sodium salt (UDP-GlcNAc), and O-(2-Acetamido-2deoxy-D-glucopyranosylidenamino) N-phenylcarbamate (PUGNAc) were purchased from
sigma Aldrich. The mouse monoclonal anti-O-Linked N-Acetylglucosamine antibody
[RL2] was from Abcam. FITC conjugated anti-mouse secondary antibody was purchased
from Thermo scientific. PamChip4 microarray chips, fluorescein-labeled PY20 antibody,
recombinant Jak2, Ret, ABL1, and related reagents for kinase were provided by PamGene.
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4.2 Cell culture
HeLa cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 units /mL penicillin,
and 100 μg /mL streptomycin). Cells were cultured in an incubator with a humidified
atmosphere containing 5% CO2 at 37°C. After cells were grown to a confluence of 80%,
media was removed and cells were washed three times with pre-cold PBS. Cells were then
scrapped in Pre-cold M-PER Mammalian Extraction Buffer supplemented with Halt
Protease Inhibitor Cocktail, and 50 μM OGA inhibitor (PUGNAc). After incubating 30 min
on ice, the lysate was centrifuged for 15 min at 16.000 x g at 4°C. The supernatant was
transferred into a clean tube and stored at -80°C
4.3 Protein expression and purification
A plasmid encoding OGT was a generous gift from John A. Hanover (National Institute
of Health, USA). The plasmid was transformed into E. coli BL21 (DE3) competent cells to
produce a cell lysate containing OGT. One-step purification was performed using His60 Ni
Gravity Flow Columns (Clontech) according to the manufacturer’s instructions. The nickel
column was equilibrated with a buffer containing 50 mM sodium phosphate, 300 sodium
chloride, 20 mM imidazole, and pH 7.4, followed by incubation with cell lysate containing
His tag OGT for 1h at 4°C. After washing several times using buffer containing 50 mM
sodium phosphate, 300 sodium chloride, 40 mM imidazole, and pH 7.4, the recombinant
OGT was eluted using elution buffer containing 50 mM sodium phosphate, 300 sodium
chloride, 300 mM imidazole, and pH 7.4. The eluted fraction was concentrated through a
100,000 Da molecular weight cut off Amicon unit by centrifugation at 5000 RPM at 4°C.
4.4 Solid phase peptide synthesis and LC-MS analysis
Synthesis of all the peptides was performed by following a standard Fmoc SPPS
strategy with a symphony Multiple Peptide Synthesizer (Protein technology, USA) and
starting from 50 mM Rink amide resin. All standard Fmoc amino acids used were
commercially available except for Fmoc-Ser-(Ac3-GlcNAc)-OH, which was prepared in
our lab according to a literature procedure36. Coupling of all Fmoc amino acids was
achieved

using

0.16

M

benzotriazol-1-yloxytris

(dimethylamino)

phosphonium

hexafluorophosphate and 0.16 M diisopropylethylamine in Dimethylformamide (DMF),
whereas deprotection of Fmoc was performed using 20% piperidine in DMF. DMF and
dichloromethane (DCM) were used as washing solvents. After completion of the synthesis,
the protected peptidyl resins were cleaved by using a 10 mL mixture of trifluoroacetic acid:
H2O: triisopropylsilane: 1, 2-ethanedithiol (9:0.5:0.25:0.25, v/v/v/v) and allowed to stir for
4 h at room temperature under a nitrogen atmosphere. Before cleavage of the glycopeptide
from the resin, the acetyl protecting groups on GlcNAc were removed by treating the
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peptidyl resin with sodium methoxide in dry methanol (pH>9) overnight. To deprotect the
phosphotyrosine, after cleavage from the resin, 10% by volume of water was added into the
cleavage solution and then stirred at room temperature overnight. The cleaving mixture was
filtered and the resin was washed with TFA and DCM. The peptides were precipitated by
treatment of precooled diethyl ether and centrifugation. Three times washing and
centrifugation yielded the crude products in a pellet. The precipitated peptides were
dissolved in water, frozen, and lyophilized. The purity of peptide was analyzed using LCMS.
4.5 Microarray assay for OGT and Tyrosine kinase
Microarray assay was performed using PamChip 4 microarray chips with a PamStation
12 instrument (Pamgene international). The OGT reaction was prepared essentially as
described37 with minor modifications. Briefly, before addition of the enzyme reaction, the
microarray was blocked with 1% BSA. After 30 cycles (2 cycles/min) blocking, the
blocking buffer was aspirated and the microarray was incubated with 40 μL of the enzyme
reaction containing purified OGT (2 μg), reaction buffer (50 mM Tris–HCl, pH 7.5; 1 mM
DTT; 12.5 mM MgCl2), a 1:1 pre-incubated mixture of anti-O-GlcNAc and FITC
conjugated secondary antibody, and the sugar donor UDP-GlcNAc for 2 h at 30°C. To preO-GlcNAcylate the microarray for studying cross-talk, the OGT reaction was prepared just
without antibody and incubated with microarray for 16 h.
The kinase reaction was performed according to the Pamgene PTK-assay user manual.
Briefly, after blocking the microarray with 1% BSA, microarray was incubated with 40 μL
of kinase reaction containing PK buffer (50 mM Tris-HCl, 10 mM MgCl2, 0.1mM EDTA, 2
mM DTT, 0.01% Brij35, pH 7.5), purified Jak2 (0.5 μg)/ABL1 (0.5 μg)/Ret (0.5 μg)
proteins, fluorescein-labeled PY-20 antibody and ATP for 2 h at 30°C. To prephosphorylate microarray for studying cross-talk, the kinase reaction was prepared just
without antibody and incubated for 16 h.
The microarray was run in parallel by pumping the reaction up and down through the
porous membrane and a tiff image was obtained at every 20 cycles by a CCD camera inside
the PamStation. Modification of each peptide was detected by a fluorescent signal which
was produced by an FITC conjugated antibody bound to the O-GlcNAc moiety or
phosphotyrosine on the peptide. Image analysis was performed using the BioNavigator 6
software. Briefly, each image was quantified by automated array grid finding and
subsequent quantification of signal and local background for each individual spot. In this
work, the signal median-minus-background value was used as the quantitative parameter
for the O-GlcNAcylation of the peptide.
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4.6 UDP-Glo assay
In this work OGT activity was also determined using UDP-Glo™ Glycosyltransferase
Assay (Promega) according to the manufacturer’s instructions. This assay evaluates OGlcNAcylation through monitoring UDP formation in glycosyltransferase reactions by
luminescence. Briefly, OGT reactions were carried out in 12.5 μL final volume containing
UDP-GlcNAc (200 μM), purified OGT (2 μg), and peptide (200 μM) in OGT reaction
buffer (50 mM Tris-HCl, pH 7.5; 1 mM DTT; 12.5 mM MgCl2). Reactions were incubated
at room temperature for 2 h. At the end of that period, each reaction was transferred into a
96-well white microplate and was mixed with a 1:1 ratio of UDP-Glo Detection Reagent.
After incubation at room temperature for 1 h, the luminescence was recorded with a
POLARstar Omega microplate reader.
4.7 ADP-Glo assay
In this work kinase activity was also determined using ADP-Glo™ Kinase Assay
(Promega) according to the manufacturer’s instructions. ADP-Glo assay measures the
byproduct ADP from a kinase reaction. Briefly, the kinase reaction was carried out in 12.5
μL of PK buffer (50 mM Tris-HCl, 10 mM MgCl2, 0.1 mM EDTA, 2 mM DTT, 0.01%
Brij35, pH 7.5), ultra-pure ATP (200 μM), purified Jak2 (0.5 μg)/ABL1 (0.5 μg), Ret (0.6
μg), PTK additive, and peptide (200 μM)in 96 well plates. After incubation at room
temperature for 2 h, ADP-Glo reagent (12.5 μL/ well) was added into each well and the
reaction was incubated at room temperature for 40 min to terminate the reaction and
deplete the remaining ATP. The kinase detection reagent (25 μL/ well) was then added and
the reaction was incubated at room temperature for 40 min to convert the byproduct ADP to
ATP. The newly synthesized ATP was further determined by using luciferase and luciferin
reaction. The luminescence was recorded with a POLARstar Omega microplate reader.
4.8 Homology modelling of the human OGT-ZO-3 peptide complex
All the modelling work described in this chapter was done in Slovenia. Completeness of
the OGT structure (PDB entry: 4GYW) was improved by homology modelling to model
the missing and incomplete residues using Prime (Schrödinger Release 2016-3: Prime,
Schrödinger, LLC, New York, NY, 2016). Ten models were generated and the best model
for further studies was selected based on the stereo-chemical quality of the model as
evaluated by PROCHECK 38 and ProSA-web server 39, 40.
A homology model of the ZO-3 peptide (YDIYRVPSSQS) was built based on the
conformation of the glycopeptide from the crystal structure of OGT-glycopeptide complex
(PDB entry: 4GYW). Amino acid sequences were manually aligned by correctly aligning
Ser residues which were shown to be O-GlcNAcylated (Fig S4A). A homology model of
the
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(CGRESSYDIYRVPSSQS) was built, since for the missing part no template was available
in the PDB. Tyr364 of the ZO-3 peptide was then mutated to phosphotyrosine to give the
phosphorylated ZO-3 peptide.
Homology models of OGT and ZO-3 peptide or phosphorylated ZO-3 peptide were
combined to yield to complexes, which were refined further using the Protein Preparation
Wizard (Schrödinger Release 2016-3: Schrödinger, LLC, New York, NY, 2016). Hydrogen
atoms were added, bond orders assigned and hydrogen bonds assigned by sampling water
orientations at pH 7.4 using PROPKA. The complex was further optimized by restrained
minimization by setting converge heavy atoms to RMSD parameter to 0.5 Å.
4.9 Building of the Jak2 kinase-ZO-3 peptide complex
A crystal structure of insulin receptor tyrosine kinase (IRK) in complex with peptide
substrate (PDB entry: 1IR3)

34

was used as a template to build the Jak2 kinase-ZO-3
35

peptide complex. Crystal structures of Jak2 kinase (PDB entry: 4GFM)

and IRK (PDB

entry: 1IR3) were superimposed based on sequence alignment and three-dimensional
structure similarity. ZO-3 peptide was then superimposed with the peptide from IRK crystal
structure. The superimposition was guided by correctly overlaying the Tyr residues that are
being phosphorylated by the tyrosine kinases. The Jak2 kinase-ZO-3 peptide complex
obtained was refined further using the Protein Preparation Wizard (Schrödinger Release
2016-3: Schrödinger, LLC, New York, NY, 2016). Hydrogen atoms were added, bond
orders assigned and hydrogen bonds assigned by sampling water orientations at pH 7.4
using PROPKA. The complex was further optimized by restrained minimization by setting
converge heavy atoms to RMSD parameter to 0.5 Å.
4.10 Molecular Dynamics
The molecular dynamics package NAMD (version 2.11)
field

42

41

and CHARMM22 force

were used for molecular dynamics simulations of OGT-ZO-3 peptide and OGT-

phosphorylated ZO-3 peptide complexes. The structure of the complex for MD simulation
was prepared using psfgen in VMD (version 1.9.2.). 43 The complex was then embedded in
a box of water, which was modelled explicitly by a TIP3P model.

44

The system was

neutralized by addition of NaCl. The MD simulation was carried out in the NPT ensemble
employing periodic boundary conditions. Langevin dynamics and Langevin piston methods
were used for temperature (300 K) and pressure (1 atm) control, respectively. Short- and
long-range forces were calculated every 1 and 2 time steps, respectively, with a time step of
2.0 ps. The smooth particle mesh Ewald method

45

was used to calculate electrostatic

interactions. The short-range interactions were cut off at 12 Å. All chemical bonds between
hydrogen and heavy atoms were held fixed using SHAKE algorithm.

46

The simulation

consisted of three consecutive steps: (i) solvent equilibration for 1 ns with (phosphorylated)
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ZO-3 peptide and OGT protein constrained harmonically around the initial structure, (ii)
equilibration of the complete system for 1 ns with (phosphorylated) ZO-3 peptide and
protein released, and (iii) an unconstrained 10 ns production run to allow the protein and
(phosphorylated) ZO-3 peptide to position themselves according to physical forces between
them. The trajectory of the equilibration and production run was used for analysis in VMD.
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Supporting figures:

Supporting Figure S1. Identification of OGT peptide substrates from tyrosine kinase peptide substrates. (A)
The microarray containing selected peptides for cross-talk study was incubated by OGT reactions (FITC-OGlcNAc antibody) with UDP-GlcNAc in concentrations as indicated for 3h. In B, C and D, microarrays
containing selected peptides were incubated by Jak2 (B), ABL1 (C), and Ret (D) kinase reactions (FITC-PY20
phosphotyrosine antibody) with ATP in concentrations as indicated for 1 h, respectively. After the enzymatic
reaction, representative images of microarray are shown for the status of tyrosine phosphorylation and OGlcNAcylation of each peptide.
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Supporting Figure S2. The effect of tyrosine phosphorylation on O-GlcNAcylation.
The microarray was incubated by Jak2 (A), ABL1 (B), and Ret (C) kinase reactions (no detection antibody) with
ATP in concentrations as indicated for 16 h (Step1). After three times washing with TBS, the same microarray
was incubated by OGT reaction (RL2 O-GlcNAc antibody) with UDP-GlcNAc in concentrations as indicated for
3 h (Step 2). Representative images of microarray were shown for the effect of phosphorylation of each peptide on
its O-GlcNAcylation. (D), Kinetic reading of O-GlcNAcylation of each peptide in (A) were shown.
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Supporting Figure S3 The effect of O-GlcNAcylation on tyrosine phosphorylation.
The microarray was incubated with OGT reactions (no detection antibody) with UDP-GlcNAc in concentrations
as indicated for 16 h (Step1). After three times washing with TBS, the microarray was incubated by Jak2 (A),
ABL1 (B), and Ret (C) kinase reactions (PY20 phosphotyrosine antibody) with ATP in concentrations as
indicated for 1 h. Representative images of microarray were shown for the effect of O-GlcNAcylation of each
peptide on its phosphorylation. (D), Kinetic reading of phosphorylation of each peptide in (A) were shown.
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Supporting Figure S4 Homology modelling of the human OGT-ZO-3 peptide and Jak2-ZO-3 peptide
complex. (A) Sequence alignment between ZO-3 peptide and the glycopeptide from the 4GYW crystal structure.
The alignment was guided by correctly aligning Ser residues, which were shown to be O-GlcNAcylated. (B) The
model of OGT-ZO-3 peptide complex before MD. O-GlcNAcylation (Ser369) and phosphorylation (Tyr364) sites
of ZO-3 peptide are colored cyan, and the remaining residues are in green sticks. Hydrogen bonds are shown as
yellow dotted lines. Backbone RMSD of OGT (C) and ZO-3 peptide (D) vs. time plots for molecular dynamics
simulations of human OGT in complex with ZO-3 peptide. (E) The model of OGT-phosphorylated ZO-3 peptide
complex before MD. O-GlcNAcylation (Ser369) and phosphorylation (Tyr364) sites of ZO-3 peptide are colored
cyan, and the remaining residues are in green sticks. Backbone RMSD of OGT (F) and phosphorylated ZO-3
peptide (G) vs. time plots for molecular dynamics simulations of human OGT in complex with phosphorylated
ZO-3 peptide. (H) Superposition of insulin receptor tyrosine kinase (IRK) (PDB entry: 1IR3; in green) and Jak2
kinase (PDB entry: 4GFM; in grey). Tyrosine residue in peptide (in yellow) from IRK crystal structure, which is a
site for phosphorylation by tyrosine kinase, is shown in yellow sticks.
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Supporting Figure S5. Consensus motif analysis of OGT&PTK substrate. (A) The reported consensus motif
for PTK kinase and OGT substrates. (B) Analysis of the OGT&PTK substrate motif in OGT substrates. The best
match of each peptide and motif was shown in green (OGT motif) and red (Jak2 motif).
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Supporting Table S1. List of all peptides displayed on the tyrosine kinase substrates microarray. Table
includes information of peptide position on the microarray, sequences, Uniprot accession.

Location

88

Peptide ID
(Protein_start_end)

Peptide sequence

Uniprot
Accession

Row

Col

1

1

ART_003

EAIYAAPFAKKK

NO

1

2

41_654_666

LDGENIYIRHSNL

P11171

1

3

41_653_665

RLDGENIYIRHSN

P11171

1

4

ABL1_246_260

HKLGGGQYGEVYEGV

P00519

1

5

ABLM1_350_364

RTSSESIYSRPGSSI

O14639

1

6

ABLM1_454_468

GSINSPVYSRHSYTP

O14639

1

7

ACHB_383_395

WGRGTDEYFIRKP

P11230

1

8

ACHD_383_395

YISKAEEYFLLKS

Q07001

1

9

ACLY_675_689

SRTTDGVYEGVAIGG

P53396

1

10

ACM5_494_506

CYALCNRTFRKTF

P08912

1

11

ACTG_159_173

VTHTVPIYEGYALPH

P63261

1

12

ADAM9_805_819

PARPAPAPPLYSSLT

Q13443

1

13

ADDB_482_496

PNQFVPLYTDPQEVL

P35612

1

14

ADRB2_338_350

ELLCLRRSSLKAY

P07550

1

15

AGBL2_10_24

KQTIPDPYEDFMYRH

Q5U5Z8

1

16

ANR26_289_303

RKNLEATYGTVRTGN

Q9UPS8

2

1

ANXA1_14_26

IENEEQEYVQTVK

P04083

2

2

ANXA2_17_29

HSTPPSAYGSVKA

P07355

2

3

ANXA2_192_206

DQDARDLYDAGVKRK

P07355

2

4

ANXA2_231_245

RYKSYSPYDMLESIR

P07355

2

5

APCD1_103_117

FKAYQFYYGSNRCTN

Q8J025

2

6

A4_750_764

SKMQQNGYENPTYKF

P05067

2

7

Q5VXI6_124_138

ALEEDVIYDDVPCES

Q5VXI6

2

8

BAG3_240_254

YQTHQPVYHKIQGDD

O95817

2

9

BCAR1_320_334

PLLREETYDVPPAFA

P56945

2

10

BCAR1_355_369

SPPAEDVYDVPPPAP

P56945

2

11

BCAR1_365_379

PPPAPDLYDVPPGLR

P56945

2

12

BCAR1_657_671

EGGWMEDYDYVHLQG

P56945

2

13

BCKD_45_57

ERSKTVTSFYNQS

O14874

2

14

BCR_239_253

SCGVDGDYEDAELNP

P11274

2

15

CK035_217_231

WNSVARRYPNLFTNM

Q8IXW0

2

16

CS021_88_102

EDEGWQVYRLGARDA

Q8IVT2
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3

1

INT7_928_942

VKSLEDPYSQQIRLQ

Q9NVH2

3

2

UB7I3_323_337

CPFIDNTYSCSGKLL

Q9BYM8

3

3

MEMO1_203_217

DESQGEIYRSIEHLD

Q9Y316

3

4

CCD50_138_152

RAYADSYYYEDGGMK

Q8IVM0

3

5

CCD50_272_286

TDGEDADYTHFTNQQ

Q8IVM0

3

6

PARF_715_729

APGGRHPGGGDYEEL

Q3YEC7

3

7

CALR3_68_82

TTQNGRFYAISARFK

Q96L12

3

8

CAV1_7_21

VDSEGHLYTVPIREQ

Q03135

3

9

CBL_667_681

SSSANAIYSLAARPL

P22681

3

10

CBLB_882_896

TNRTSQDYDQLPSCS

Q13191

3

11

CD79A_181_193

EYEDENLYEGLNL

P11912

3

12

CDK2_8_20

EKIGEGTYGVVYK

P24941

3

13

CDK3_12_26

EGTYGVVYKAKNRET

Q00526

3

14

CDK7_163_175

GSPNRAYTHQVVT

P50613

3

15

CD3Z_116_128

KDKMAEAYSEIGM

P20963

3

16

CENB2_735_749

MRESEGLYGQPGDET

Q15057

4

1

COF1_61_75

GQTVDDPYATFVKML

P23528

4

2

CSF1R_701_713

NIHLEKKYVRRDS

P07333

4

3

CLD2_187_201

SQRNRSNYYDAYQAQ

P57739

4

4

SRC8_414_428

RLPSSPVYEDAASFK

Q14247

4

5

DAPP1_132_146

KVEEPSIYESVRVHT

Q9UN19

4

6

DCBD2_558_572

KKKTEGTYDLPYWDR

Q96PD2

4

7

DCBD2_743_757

PAPDELVYQVPQSTQ

Q96PD2

4

8

DCX_109_121

GIVYAVSSDRFRS

O43602

4

9

DDR1_506_518

LLLSNPAYRLLLA

Q08345

4

10

DDR1_785_797

FGMSRNLYAGDYY

Q08345

4

11

DDR2_733_745

RNLYSGDYYRIQG

Q16832

4

12

DDX3X_259_273

RYGRRKQYPISLVLA

O00571

4

13

DDX5_195_209

RLKSTCIYGGAPKGP

P17844

4

14

GRM1C_451_465

RVSTDLKYRKQPWGL

Q8IYS0

4

15

SG223_406_420

ATQPEPIYAESTKRK

Q86YV5

4

16

DOK1_308_322

CPSQDSLYSDPLDST

Q99704

5

1

DOK1_402_416

YNPATDDYAVPPPRS

Q99704

5

2

DYR1A_312_324

CQLGQRIYQYIQS

Q13627

5

3

DYRK3_362_376

EYQKLYTYIQSRFYR

O43781

5

4

EFNB1_310_324

ENNYCPHYEKVSGDY

P98172

5

5

EGFR_1103_1115

GSVQNPVYHNQPL

P00533

5

6

EGFR_1190_1202

STAENAEYLRVAP

P00533
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5

7

EFS_246_258

GGTDEGIYDVPLL

O43281

5

8

EFS_246_258

GGTDEGIYDVPLL

O43281

5

9

EFS_246_258

GGTDEGIYDVPLL

O43281

5

10

EIF3B_442_456

TLDTLSIYETPSMGL

P55884

5

11

ELMO2_41_55

WSLPNPEYYTLRYAD

Q96JJ3

5

12

ELMO2_706_720

IPKEPSSYDFVYHYG

Q96JJ3

5

13

EPHA1_774_786

LDDFDGTYETQGG

P21709

5

14

EPHA2_765_777

EDDPEATYTTSGG

P29317

5

15

EPHA4_589_601

LNQGVRTYVDPFT

P54764

5

16

EPHA7_607_619

TYIDPETYEDPNR

Q15375

6

1

EPHB1_771_783

DDTSDPTYTSSLG

P54762

6

2

EPHB1_921_933

SAIKMVQYRDSFL

P54762

6

3

EPHB2_773_787

DDTSDPTYTSALGGK

P29323

6

4

EPHB3_607_621

VYIDPFTYEDPNEAV

P54753

6

5

EPHB4_767_781

ENSSDPTYTSSLGGK

P54760

6

6

EPOR_361_373

SEHAQDTYLVLDK

P19235

6

7

EPOR_419_431

ASAASFEYTILDP

P19235

6

8

ERBB2_1241_1253

PTAENPEYLGLDV

P04626

6

9

ERBB2_679_691

QQKIRKYTMRRLL

P04626

6

10

ERBB2_870_882

LDIDETEYHADGG

P04626

6

11

ERBB3_1152_1166

EEEDVNGYVMPDTHL

P21860

6

12

ERRFI_388_402

KVSSTHYYLLPERPP

Q9UJM3

6

13

JAM1_273_287

TSSKKVIYSQPSARS

Q9Y624

6

14

FAK1_400_414

IIDEEDTYTMPSTRD

Q05397

6

15

FAK1_854_868

PIGNQHIYQPVGKPD

Q05397

6

16

FAK1_918_932

DRSNDKVYENVTGLV

Q05397

7

1

FAK1_569_581

RYMEDSTYYKASK

Q05397

7

2

FAK2_572_584

RYIEDEDYYKASV

Q14289

7

3

FER_707_719

RQEDGGVYSSSGL

P16591

7

4

FES_706_718

REEADGVYAASGG

P07332

7

5

FGD6_747_761

EYENIRHYEEIPEYE

Q6ZV73

7

6

FR1OP_330_344

GTGEDDDYVDDFNST

O95684

7

7

FGFR2_762_774

TLTTNEEYLDLSQ

P21802

7

8

FIBA_569_581

EFPSRGKSSSYSK

P02671

7

9

NA

EFGTYGTLSK

NA

7

10

A4D108_43_57

GDVSQFPYVEFTGRD

A4D108

7

11

ZNRF3_401_415

RHGEQSLYSPQTPAY

Q9ULT6

7

12

CK059_33_47

LNGAEPNYHSLPSAR

Q6IAA8
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7

13

FRK_380_392

KVDNEDIYESRHE

P42685

7

14

FYN_206_220

RKLDNGGYYITTRAQ

P06241

7

15

GAB1_252_266

ASVDSSLYNLPRSYS

Q13480

7

16

GOGA5_47_61

QQNTDLIYQTGPKST

Q8TBA6

8

1

GPC5C_380_394

KVPSEGAYDIILPRA

Q9NQ84

8

2

GRLF1_1080_1094

DGFDPSDYAEPMDAV

Q9NRY4

8

3

GSK3B_209_221

RGEPNVSYICSRY

P49841

8

4

CDV3_183_197

PQGPPEIYSDTQFPS

Q9UKY7

8

5

HCFC2_553_567

KSEVDETYALPATKI

Q9Y5Z7

8

6

HCK_404_418

RVIEDNEYTAREGAK

P08631

8

7

NA

AAEEIYAARRG

NA

8

8

ROA2_324_338

SRNMGGPYGGGNYGP

P22626

8

9

HNRPF_299_313

KATENDIYNFFSPLN

P52597

8

10

HNRH3_289_303

GMDNQGGYGSVGRMG

P31942

8

11

TARA_1938_1952

GQRQALDYVELSPLT

Q9H2D6

8

12

ANM1_292_306

STSPESPYTHWKQTV

Q99873

8

13

HS90B_294_308

DDITQEEYGEFYKSL

P08238

8

14

HS90B_477_491

KETQKSIYYITGESK

P08238

8

15

ILF3_757_771

QSYNQSPYSNYGPPQ

Q12906

8

16

INSR_1183_1197

DIYETDYYRKGGKGL

P06213

9

1

IRS1_655_669

QRVDPNGYMMMSPSG

P35568

9

2

IRS2_816_830

CGGDSDQYVLMSSPV

Q9Y4H2

9

3

ITSN2_960_974

REEPEALYAAVNKKP

Q9NZM3

9

4

JAK1_1015_1027

AIETDKEYYTVKD

P23458

9

5

JAK2_563_577

VRREVGDYGQLHETE

O60674

9

6

K2C6B_53_65

GAGFGSRSLYGLG

P04259

9

7

KAPCG_192_206

VKGRTWTLCGTPEYL

P22612

9

8

KCNA6_504_516

ANRERRPSYLPTP

P17658

9

9

SG269_1100_1114

PNPCSATYSNLGQSR

Q9H792

9

10

SG269_634_648

AYDNLAIYKSFLGTS

Q9H792

9

11

KIRR1_565_579

TRVMKAIYSSFKDDV

Q96J84

9

12

KIRR1_714_728

SGLERTPYEAYDPIG

Q96J84

9

13

KIT_696_710

DHAEAALYKNLLHSK

P10721

9

14

KIT_714_728

CSDSTNEYMDMKPGV

P10721

9

15

LAT_249_261

EEGAPDYENLQEL

O43561

9

16

LDHB_233_247

KMVVESAYEVIKLKG

P07195

10

1

LSR_321_335

SIYAPSTYAHLSPAK

Q86X29

10

2

L2GL1_503_517

KVGCFDPYSDDPRLG

Q15334
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10

3

LMO7_341_355

RSWASPVYTEADGTF

Q8WWI1

10

4

LMO7_1135_1149

IDATSGIYNSEKSSN

Q8WWI1

10

5

LPHN2_1399_1413

RSENEDIYYKSMPNL

O95490

10

6

LPP_268_282

RGGMDYAYIPPPGLQ

Q93052

10

7

LPP_294_308

GRYYEGYYAAGPGYG

Q93052

10

8

LYN_186_200

RSLDNGGYYISPRIT

P07948

10

9

LYN_498_512

DDFYTATEGQYQQQP

P07948

10

10

MAP1B_1882_1896

PDEEDYDYESYEKTT

P46821

10

11

MK08_178_192

TSFMMTPYVVTRYYR

P45983

10

12

MARH7_308_322

SLNSENSYVSPRILT

Q9H992

10

13

MALD2_7_21

SRNRDRRYDEVPSDL

Q8N4S9

10

14

MATR3_212_226

GYYDRMDYEDDRLRD

P43243

10

15

MET_1227_1239

RDMYDKEYYSVHN

P08581

10

16

MET_1306_1320

EYCPDPLYEVMLKCW

P08581

11

1

AMPM1_95_109

PTRPVPSYIQRPDYA

P53582

11

2

AMPM1_84_98

TGKLRPHYPLMPTRP

P53582

11

3

MK10_214_226

AGTSFMMTPYVVT

P53779

11

4

MPIP3_208_220

RSGLYRSPSMPEN

P30307

11

5

SNAG_298_312

TAADEEEDEYSGGLC

Q99747

11

6

NCF1_321_333

QDAYRRNSVRFLQ

P14598

11

7

NEK2_1_15

MPSRAEDYEVLYTIG

P51955

11

8

NEK2_12_26

YTIGTGSYGRCQKIR

P51955

11

9

NEK2_172_184

FAKTFVGTPYYMS

P51955

11

10

NEK3_158_170

FACTYVGTPYYVP

P51956

11

11

PLPL6_1227_1241

FGKFDQIYDVGYQYG

Q8IY17

11

12

NTRK2_699_711

RDVYSTDYYRVGG

Q16620

11

13

NTRK3_824_836

LHALGKATPIYLD

Q16288

11

14

P2RY2_223_237

RRLLKPAYGTSGGLP

P41231

11

15

P85A_600_612

NENTEDQYSLVED

P27986

11

16

PABP1_357_371

IVATKPLYVALAQRK

P11940

12

1

PAG1_334_348

LTVPESTYTSIQGDP

Q9NWQ8

12

2

PAG1_352_366

PSSCNDLYATVKDFE

Q9NWQ8

12

3

PAG1_410_424

LVPKENDYESISDLQ

Q9NWQ8

12

4

PARD3_482_496

IGGSAPIYVKNILPR

Q8TEW0

12

5

PAXI_111_123

VGEEEHVYSFPNK

P49023

12

6

PAXI_24_36

FLSEETPYSYPTG

P49023

12

7

A2RUU9_1169_1183

NSSGKTEYMAFPKPF

A2RUU9

12

8

PCTK2_196_210

EKLGEGTYATVYKGR

Q00537
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12

9

PGFRA_567_581

PDGHEYIYVDPMQLP

P16234

12

10

PGFRA_761_775

LYDRPASYKKKSMLD

P16234

12

11

PGFRB_1014_1028

PNEGDNDYIIPLPDP

P09619

12

12

PDPK1_2_14

ARTTSQLYDAVPI

O15530

12

13

PDPK1_369_381

DEDCYGNYDNLLS

O15530

12

14

PECA1_706_718

KKDTETVYSEVRK

P16284

12

15

PGAM1_19_33

ENRFSGWYDADLSPA

P18669

12

16

PGFRB_1002_1014

LDTSSVLYTAVQP

P09619

13

1

PGFRB_572_584

VSSDGHEYIYVDP

P09619

13

2

PGFRB_709_721

RPPSAELYSNALP

P09619

13

3

PGFRB_771_783

YMAPYDNYVPSAP

P09619

13

4

PGM1_346_360

SATKIALYETPTGWK

P36871

13

5

P85A_573_587

LRKTRDQYLMWLTQK

P27986

13

6

P85B_598_612

KNETEDQYALMEDED

O00459

13

7

PKP4_471_485

ALNTTATYAEPYRPI

Q99569

13

8

PLCG1_764_776

IGTAEPDYGALYE

P19174

13

9

PLEC1_3355_3369

RARQEELYSELQARE

Q15149

13

10

PKHA6_485_499

PPRSEDIYADPAAYV

Q9Y2H5

13

11

PRGR_786_798

EQRMKESSFYSLC

P06401

13

12

KPCD_306_320

SSEPVGIYQGFEKKT

Q05655

13

13

KPCD_327_341

MQDNSGTYGKIWEGS

Q05655

13

14

PRRX2_202_214

WTASSPYSTVPPY

Q99811

13

15

FAK1_563_577

GDFGLSRYMEDSTYY

Q05397

13

16

PTK6_436_448

ALRERLSSFTSYE

Q13882

14

1

TWF1_320_334

ELTADFLYEEVHPKQ

Q12792

14

2

PTN12_32_44

FMRLRRLSTKYRT

Q05209

14

3

PTN11_577_591

REDSARVYENVGLMQ

Q06124

14

4

RADI_559_569

RDKYKTLRQIR

P35241

14

5

RAF1_331_343

RPRGQRDSSYYWE

P04049

14

6

RASA1_453_465

TVDGKEIYNTIRR

P20936

14

7

RB_804_816

IYISPLKSPYKIS

P06400

14

8

RBL2_655_667

GLGRSITSPTTLY

Q08999

14

9

RBM3_120_134

SRPGGYGYGYGRSRD

P98179

14

10

HNRPG_234_248

YAPPPRDYTYRDYGH

P38159

14

11

RET_1022_1034

TPSDSLIYDDGLS

P07949

14

12

RET_1089_1103

RYPNDSVYANWMLSP

P07949

14

13

Q86YL6_1673_1687

QYDNLEDYHSLPQHQ

Q86YL6

14

14

RIPK2_374_388

SRKAQDCYFMKLHHC

O43353
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14

15

RON_1346_1358

SALLGDHYVQLPA

Q04912

14

16

SCAM3_79_93

EPKNYGSYSTQASAA

O14828

15

1

SF3A3_472_486

QPDTEEEYEDSSGNV

Q12874

15

2

SHAN2_386_400

GQMPENPYSEVGKIA

Q9UPX8

15

3

SHC1_343_357

EPPDHQYYNDFPGKE

P29353

15

4

SI1L3_1162_1176

STPGSATYVRYKPSP

O60292

15

5

Q08357_370_384

KPAQESNYRLLRRNN

Q08357

15

6

SNIP_129_143

IYRKEPLYAAFPGSH

Q9C0H9

15

7

RU17_139_153

RSGKPRGYAFIEYEH

P08621

15

8

SNX3_15_29

PQNLNDAYGPPSNFL

O60493

15

9

SPAST_205_219

SKSQTDVYNDSTNLA

Q9UBP0

15

10

SPRE2_261_275

KHDYNYPYVDSSDFG

Q7Z698

15

11

SPY4_45_59

TSHVENDYIDNPSLA

Q9C004

15

12

STAM2_364_378

LVNEAPVYSVYSKLH

O75886

15

13

TEC_512_524

RYFLDDQYTSSSG

P42680

15

14

TENC1_476_490

GPLDGSPYAQVQRPP

Q63HR2

15

15

TIGD1_232_246

KLKPMLIYHSENPRA

Q96MW7

15

16

ZO2_1111_1125

AQKHPDIYAVPIKTH

Q9UDY2

16

1

ZO3_357_371

RESSYDIYRVPSSQS

O95049

16

2

TMEPA_225_239

MEGPPPTYSEVIGHY

Q969W9

16

3

CD27_212_224

HQRRKYRSNKGES

P26842

16

4

TENS3_347_361

GPVDGSLYAKVRKKS

Q68CZ2

16

5

TRXR1_274_288

KVVYENAYGQFIGPH

Q16881

16

6

TRXR1_295_309

NKGKEKIYSAERFLI

Q16881

16

7

TYRO3_679_691

KIYSGDYYRQGCA

Q06418

16

8

UB2J1_1_15

METRYNLKSPAVKRL

Q9Y385

16

9

SYVC_871_885

IDPLDVIYGISLQGL

P26640

16

10

VGFR1_1326_1338

DYNSVVLYSTPPI

P17948

16

11

VGFR2_1168_1180

AQQDGKDYIVLPI

P35968

16

12

VGFR2_989_1001

EEAPEDLYKDFLT

P35968

16

13

Q86W07_1330_1344

QVFYNSEYGELSEPS

Q86W07

16

14

VINC_815_827

KSFLDSGYRILGA

P18206

16

15

ZBT16_621_633

LRTHNGASPYQCT

Q05516

16

16

ZN326_129_143

GSSWEAPYSRSKLRP

Q5BKZ1
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Abstract
Deregulation of O-GlcNAcylation has been implicated in many diseases, such as cancer,
diabetes, and Alzheimer’s disease. Elevated expression of O-GlcNAc transferase (OGT)
and O-GlcNAc modifications have been discovered in breast cancer cells and
downregulation of O-GlcNAc levels by OGT inhibitors led to a reduction of breast cell
growth and invasion. Current OGT inhibitors mostly are sugar donor analogues which
might affect other sugar utilizing enzymes. A recently developed bisubstrate inhibitor
showed a promising selectivity, but it was not cell permeable. In this work, we explored the
potential of peptides to be developed into selective OGT inhibitors. Two excellent peptide
substrates with a modified O-GlcNAc site were found to be able to inhibit OGT activity,
indicating that these peptides could still bind to the OGT active site. We further discovered
that CVTPVATA and RVPSAQS are of the optimal length as inhibitors with IC50 values of
385 μM and 194 μM, respectively. These data suggest that residues around the O-GlcNAc
site exhibit important interactions which could be utilized to design selective bisubstrate
inhibitors.
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1.

Introduction
O-GlcNAcylation is a ubiquitous and dynamic posttranslational modification of proteins

on serine and threonine residues with a single β-N-acetylglucosamine. The reversible OGlcNAcylation modification cycle is managed by only two enzymes: O-GlcNAc
transferase (OGT) installs GlcNAc using UDP-GlcNAc as a sugar donor, while OGlcNAcase (OGA) removes it. Interestingly, OGT activity is largely influenced by the
intracellular concentration of UDP-GlcNAc which is the end metabolic product of the
hexosamine biosynthetic pathway (HBP).1,

2

Because about 2%-5% of the extracellular

glucose is used to generate UDP-GlcNAc, O-GlcNAcylation has been strongly considered
as a nutrient sensitive PTM.3, 4 To date, OGT has been found to critically modify over a
thousand proteins which have diverse roles in gene transcription, signal transduction, cell
cycle regulation and protein trafficking.3, 5
Abnormal O-GlcNAcylation has been linked to human chronic diseases such as cancer,
diabetes and Alzheimer’s disease. Elevated O-GlcNAcylation of proteins and expression of
(OGT) has been observed in several different cancer types6 including breast cancer,7-9 lung
cancer,10 colon cancer,10, 11 liver cancer12 bladder cancer,13 endometrial cancer,14 prostate
cancer,15 chronic lymphocytic leukemia cancer,16 gastric cancer, 17,
cancer.

19

18

and laryngeal

Modulation of O-GlcNAc levels with OGT inhibitors and the knock-down of

OGT expression both showed an anticancer effect by inhibiting breast tumor growth and
invasion, suggesting that OGT is a potential therapeutic target for cancer treatment.8
The development of OGT inhibitors is still in its early stages and the number of
selective OGT inhibitors with excellent pharmaceutical properties is still quite limited.
Specific and potent inhibitors are valuable tools for deeper investigation of the biological
functions of OGT. Current OGT inhibitors are mostly small analogues of UDP-GlcNAc
and UDP targeting the sugar donor binding site of OGT, such as C-UDP (IC50= 9 μM),20
Alloxan (IC50 = 18 μM),20, 21 UDP-C-GlcNAc (IC50 = 41 μM),22, 23 and UDP-S-GlcNAc
(IC50 = 93 μM).20 Remarkably, UDP, the byproduct of O-GlcNAcylation, showed an
inhibitory effect with an IC50 value of 1.8 μM.20 Although low micro molar potency
inhibitors have been generated, they are not cell permeable or show unfavorable side
effects by affecting other enzymes that utilize UDP or UDP-GlcNAc.24 Little attention has
been paid to the development of OGT inhibitors by mimicking the sugar acceptor peptide.
The use of the enzyme-substrate interacting motif as a template to develop specific peptide
inhibitors has been well demonstrated in the field of kinases,25 although high affinities may
not be easily achieved with the peptide backbone only. Recently, the first examples of
bisubstrate inhibitors of OGT were developed by covalently connecting the UDP moiety of
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the substrate donor to an acceptor peptide with a proper carbon linker.26 This attempt has
yielded two low-micro molar OGT bisubstrate inhibitors that can both inhibit the OGlcNAcylation of peptide and protein substrates in vitro. However, the peptides part itself
showed no inhibitory activity i.e. did not contribute much if anything to the overall
inhibition. In addition, this molecule has bad cell permeability, probably due to the negative
charges of the conjugates.
From our previous work (chapter 3), we found that the RBL-2_420-422 peptide with a
S420A substitution showed an inhibitory effect on the O-GlcNAcylation of NCOA6 and
WIPI1.27 It has been suggested that the amino acid composition around the OGlcNAcylation site significantly contributes to the OGT substrate specificity.28-31 A crystal
structure study has demonstrated that the RBL-2 derived peptide can bind to the OGT
catalytic site by forming many specific hydrogen bonds and van der Waals interactions.29
Hence, we decided to use the identified substrate sequence as a starting point towards the
discovery of novel selective OGT inhibitors. This was further motivated by the fact that it
has been described that a RBL-2 derived small peptide showed in vivo antitumor activity
by disruption of CDKs kinase activity.32 Here, we show that two peptides with omitted
hydroxyl groups for O-GlcNAcylation exhibited inhibitory effects against OGT, while the
GlcNAcylated form of these peptides doesn’t have such an effect as expected. We found
that this activity can be further increased with optimized length, which resulted in two
sequences with IC50’s of 385 μM (CVTPVATA) and 194 μM (RVPSAQS). In addition,
acetylation of the N-terminus decreased this activity, indicating the positive charge
contributes to the binding affinity. These results provided preliminary evidence that peptide
substrates have the potential to be used for inhibitor development.
2.

Results
In order to further confirm the inhibitory effect of the RBL peptide on OGT activity, a

microarray based competition assay was performed to determine whether the peptide can
competitively

bind

to

OGT.

As

shown

in

Fig.

1A,

the

RBL2

peptide

(CGKENSPCVTPVSTA) as a substrate was immobilized on the microarray surface and the
O-GlcNAcylation of the immobilized peptide by OGT was monitored as described in
chapter 3 using an FITC-antibody. When the same peptide (500 μM and not immobilized)
was added to the OGT reaction, the O-GlcNAc modification of the immobilized peptide
was almost completely abolished due to the excessive free competitive substrate in the
reaction (Fig. 1B), compared with water as a control. Interestingly, the presence of the
peptide with its O-GlcNAcylation site modified from a serine to an alanine
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(CGKENSPCVTPVATA) also led to a significant reduction of O-GlcNAcylation of the
immobilized peptide. These results suggest that mutated substrate peptides can inhibit OGT
activity in a competitive manner. This implies that most of the substrate-OGT interactions
are maintained in this form.

Because UDP, a product from the OGT reaction, showed a strong inhibitory
effect on OGT activity, we also checked whether the GlcNAcylated peptide would
have such an inhibitory effect. The RBL2 peptide bearing O-GlcNAc at Ser420
was prepared and its effect on the OGT activity with a peptide substrate was
determined using the UDP-Glo assay. As shown in Fig. 2, the glycopeptide had no
significant effect on OGT activity, in comparison with the unmodified peptide
without hydroxyl.

Figure 1 Mutated substrate peptide competitively inhibited OGT activity. A). the schematic depiction of
microarray-based competition assay. B). the effect of each competitor peptide on the OGT activity was reflected
by the O-GlcNAcylation of the immobilized peptide.
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The crystal structure of the OGT-peptide complex has shown that OGT shows sequence
specificity with the residues from P-3 to P+2 with respect to the O-GlcNAcylation site,
hence we decided to identify the minimal length of the peptide inhibitor that maintains the
maximal inhibitory effect. As shown in Fig. 3, a series of RBL2 peptides was prepared in
the modification site omitted form. The ability of each peptide to inhibit OGT activity was
determined at 1 mM concentration using the UDP-Glo assay which measures UDP
formation from the OGT reaction. It was found that the 8-mer CVTPVATA peptide has the
best inhibitory ability among all the peptides, while shorter peptides and longer peptides
have almost identical activities. The IC50 value of this peptide was determined separately to
be 385 μM. In Chapter 4, we have identified the ZO-3 peptide as an OGT substrate which
showed higher OGT activity than the RBL2 peptide. A similar N-terminal deleting
experiment was performed on this peptide as shown in Fig. 3B. Interestingly, a 7-mer
peptide RVPSAQS was identified as the most optimal length of the ZO-3 peptide as an
inhibitor which showed an IC50 value of 194 μM.

Figure 2 The O-GlcNAcylated peptide (CGKENSPCVTPVSgTA) has no effect on OGT activity. The effect
of GlcNAcylated RBl-2 peptide (1 mM) on OGT activity was determined using a UDP-Glo assay. The unmodified
RBl-2 peptide was used for comparison.

Considering that these two peptides are derived from natural proteins, we also
speculated whether the C-terminus would have an effect on their inhibitory effect. As show
in Fig. 4, a series of peptides with extensions at the C-terminus based on the CVTPVATA
and RVPSAQS peptides were prepared to determine their inhibitory effect on OGT activity.
The ability of these peptides to inhibit the OGT activity at 200 μM was determined and
extension of both peptides resulted in a reduced inhibitory effect. These data suggested that
7-8 mer peptides could maximally maintain its binding affinity as an inhibitor.
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Figure 3 Optimizing the length of peptide substrates as OGT inhibitors. The inhibitory effect of the peptides
derived from RBL2 (A) and ZO-3 (B) against OGT were determined at a concentration of 1 mM using the UDPGlo assay. The IC50 value of CVTPVATA (C) and RVPSAQS (D) were determined using the same UDP-Glo assay.
Data were analyzed and fitted using Graphpad Prism 6.

Figure 4 C-terminus extension of peptide inhibitor. (A) The primary sequence of RBL2 and ZO-3 protein. (B)
The inhibitory effect of the peptides derived from RBL2 (A) and ZO-3 (B) against OGT were determined at the
concentration of 0.2 mM using a UDP-Glo assay.
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3.

Discussion
The specificity of protein kinases for peptide substrates is largely determined by the

primary sequences around the phosphorylation site, which enables the use of peptide
consensus sequences as starting points to develop selective inhibitors.25, 33 Like protein
kinases, OGT has also been shown to have the ability to specifically recognize its
substrates among hundreds of peptides as demonstrated in microarray-based high
throughput analysis of OGT activities.27, 29, 34 In addition, it is known that peptide substrates
have interactions with OGT through hydrogen bonds and van der Waals interactions, and a
conserved peptide conformation was also observed at the active site.29 Thus, peptides might
provide, at least as a start point, valuable information for the development of a selective
OGT inhibitor.
The RBL2 peptide is an excellent substrate and it has been crystallized in complex with
OGT and UDP-GlcNAc.27,

29,

Here, we demonstrated that this peptide with omitted

hydroxyl could competitively inhibit OGT activity and we further optimized the length of
this peptide as an inhibitor resulting in an 8-mer peptide (CVTPVATA) with an IC50 0f 385
μM. The ZO-3 peptide is another OGT substrate identified from 256 peptides and it was
shown to be an even better substrate than RBL2. With a similar approach, we identified a
7-mer ZO-3 peptide that inhibited OGT with a relatively low IC50 (184 μM). In addition,
we observed a reduced inhibitory with acetylation of the N-terminus, suggesting that a
positive charge at this site might be favored by OGT.
High affinity OGT inhibitors may not be easily obtained using a peptide sequence alone,
so bisubstrate inhibitors mimicking both donor substrate and acceptor substrate might be an
alternative to further improve the affinity of the peptide only inhibitors. UDP, a product
from the OGT reaction, is still the best OGT inhibitor. Conjugating UDP with a peptide
substrate has led to the first bisubstrate OGT inhbitor with a low-micro molar in vitro
activity.26 It lacks the required pharmacological properties because of the native charges of
the biphosphate and peptide moieties. However, it definitely is of considerable value as a
research tool to explore the active site of OGT in vitro.
To achieve a cell permeable compound with a high affinity based on a bisubstrate
inhibitor design, the peptide component and the UDP moiety could be possibly replaced
with peptidomimetics parts and fragments targeting the UDP binding pocket, respectively.
In addition, the poor bioavailability of a peptide-derived inhibitor could be improved by
using cell-penetrating peptides. Low permeability inhibitors can be covalently conjugated
to cell-penetrating peptides or can form a noncovalent complex, which result in the
penetration of the inhibitor together with the cell-penetrating peptide.35,
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delivery carriers are currently available to increase the bioavailability of peptide drugs,
such as thiomers, nano-emulsions and nano-particles.37
In summary, this work clearly demonstrated the inhibitory effect of OGT substratederived peptides on OGT catalytic activity, which suggests the potential of using peptide
substrates to design selective OGT inhibitors. Selective and potent bisubstrate inhibitor
may be obtained with further rational modifications at both the peptide moiety and the UDP
mimicking fragment.
4.

Materials and methods

4.1 Solid phase peptide synthesis and LC-MS analysis
Synthesis of all the peptides was performed by following a standard Fmoc SPPS
strategy with a Symphony Multiple Peptide Synthesizer (Protein technology, USA) and
starting from 227 mg of Rink amide resin. All standard Fmoc amino acids used were
commercially available except for Fmoc-Ser-(Ac3-GlcNAc)-OH, which was prepared in
our lab according to a literature procedure.38 Coupling of all Fmoc amino acids was
achieved

using

0.16

M

benzotriazol-1-yloxytris

(dimethylamino)

phosphonium

hexafluorophosphate and 0.16 M diisopropylethylamine in Dimethylformamide (DMF),
whereas deprotection of Fmoc was performed using 20% piperidine in DMF. DMF and
dichloromethane (DCM) were used as washing solvents. After completion of the synthesis,
the protected peptidyl resins were cleaved by using a 10 mL mixture of trifluoroacetic acid:
H2O: triisopropylsilane: 1, 2-ethanedithiol (9:0.5:0.25:0.25, v/v/v/v) and allowed to stir for
4 h at room temperature under a nitrogen atmosphere. Before cleavage of the glycopeptide
from the resin, the acetyl protecting groups on GlcNAc were removed by treating the
peptidyl resin with sodium methoxide in dry methanol (pH>9) overnight. To deprotect the
phosphotyrosine, after cleavage from the resin, 10% by volume of water was added into the
cleavage solution and then stirred at room temperature overnight. The cleaving mixture was
filtered and the resin was washed with TFA and DCM. The peptides were precipitated by
treatment of precooled diethyl ether and centrifugation. Three times washing and
centrifugation yielded the crude products in a pellet. The precipitated peptides were
dissolved in water, frozen, and lyophilized. The purity of peptide was analyzed using LC-

，

MS. Generally all the peptides were over 80% pure.
4.2 Peptide microarray based competition assay
A microarray assay was performed using PamChip 4 microarray chips with a PamStation
12 instrument (Pamgene international). RBL2_410-422 (CGKENSPCVTPVSTA) was
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immobilized on the microarray. The microarray was first incubated with 1% BSA for 30
cycles (2 cycles/min) to block unspecific protein binding sites and then washed 3 times
with TBST. The OGT reaction consists of purified OGT (2 μg), the sugar donor UDPGlcNAc (0.5 mM) and a 1:1 pre-incubated mixture of anti-O-GlcNAc and FITC conjugated
secondary antibody in 50 μL of reaction buffer (50 mM Tris–HCl, pH 7.5; 1 mM DTT; 12.5
mM MgCl2). Two competitor peptides were dissolved in miliQ water and added to the OGT
reaction to a final concentration of 500 μM. A control reaction was prepared by addition of
the same amount of water. The microarray was incubated with 40 μL of each enzyme
reaction for 2 h at 30°C.
All microarray reactions were run in parallel by pumping the reaction up and down
through the porous membrane and a tiff image was obtained at every 20 cycles (2
cycles/min) by a CCD camera inside the PamStation. Modification of each peptide was
detected by a fluorescent signal which was produced by a FITC-conjugated antibody bound
to the O-GlcNAc moiety on the peptide. Image analysis was performed using the
BioNavigator 6 software. Briefly, each image was quantified by automated array grid
finding and subsequent quantification of signal and local background for each individual
spot. In this work, the signal median-minus-background value was used as the quantitative
parameter for the O-GlcNAcylation of the peptide.
4.3 UDP-Glo assay
OGT activity was also determined using UDP-Glo™ Glycosyltransferase Assay
(Promega) according to the manufacturer’s instructions. This assay evaluates OGlcNAcylation through monitoring UDP formation in glycosyltransferase reactions by
luminescence. Briefly, OGT reactions were carried out in 12.5 μL final volume containing
UDP-GlcNAc

(100

μM),

purified

OGT

(4

μg),

and

peptide

substrate

(CGKENSPCVTPVSTA, 100 μM) in OGT reaction buffer (50 mM Tris-HCl, pH 7.5; 1
mM DTT; 12.5 mM MgCl2). To determine the IC50 value of each compounds, the reactions
were run in the presence of compounds at concentration from 3 mM (maximal inhibition)
to 0.006 μM (no inhibition) (10 concentration points). Reactions were incubated at room
temperature for 2 h. At the end of that period, each reaction was transferred to a 96-well
white microplate and was mixed with a 1:1 ratio of UDP-Glo Detection Reagent. After
incubation at room temperature for 1 h, the luminescence was recorded with a POLARstar
Omega microplate reader.
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Abstract
O-GlcNAc transferase (OGT) catalyzes the addition of the dynamic posttranslational
protein modification with β-N-Acetylglucosamine (O-linked GlcNAcylation) at Ser/Thr,
which plays essential roles in fundamental cellular events including gene transcription,
signal transduction and the cell cycle control. Aberrant levels of both OGT and OGlcNAcylation have been implicated in chronic disease, such as cancer, diabetes, and
neurodegenerative disease. Although numerous proteins have been found to be targeted by
OGT, it is not fully understood how only one enzyme can specifically recognize so many
substrates. Recent studies focusing on the catalytic domain have suggested that OGT has
the ability to identify its substrate from hundreds of peptides by the primary sequence. In
the present work, we applied mRNA display to select short peptide substrates of OGT and
determine the OGT substrate preference around the modification site. An initial diverse
library of 9 mer random peptides each fused with its encoding mRNA template was
prepared by using a reconstituted recombinant in vitro translation system. After incubation
and reaction with OGT, this fusion library was subjected to O-GlcNAc antibody based
immunoprecipitation to isolate the modified peptide-mRNA fusions. With four rounds of
O-GlcNAcylation and selection, sixteen peptide sequences containing Ser/Thr were
enriched and identified by TA-cloning and sequencing. However, to get more
comprehensive and statistically relevant sequence information, deep sequencing is still
needed.
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1.

Introduction
O-linked GlcNAcylation (O-GlcNAcylation), analogous to phosphorylation, is an

essential post-translational modification at Ser/Thr residues on numerous proteins with a
single sugar β-N-acetylglucosamine moiety. O-GlcNAcylation has been identified in a
diverse range of proteins, which are involved in many fundamental cellular processes such
as gene transcription,1 signal transduction,2-4 and the cell cycle.5,

6

Aberrant O-

7

GlcNAcylation has been implicated in chronic disease such as cancer, diabetes,8 and
neurodegenerative disease.9 O-GlcNAcylation is a dynamic and reversible cycle, like the
phosphorylation cycle. Remarkably, and unlike phosphorylation, O-GlcNAc transferase
(OGT) is the only enzyme that catalyzes the attachment of O-GlcNAc directly to a
polypeptide, using UDP-GlcNAc as the sugar donor, while O-GlcNAcase (OGA) is the
only protein that removes it from modified proteins. Occurrence of O-GlcNAcylation in a
cellular environment is regulated by many factors, like protein-protein interactions,10-13
intracellular UDP-GlcNAc concentration,14, 15 metabolic pathways,16 and interplays with
other PTMs.17-19 It has recently been shown that OGT has a preference pattern for the
amino acids around the O-GlcNAc site in vitro20-22 and residues from -3 to +2 might have
important roles in substrate recognition of OGT23. These data suggested that OGT is able to
recognize its peptide substrates by primary sequence, although N-terminal domain
tetratricopeptide repeats (TPR) in OGT are also believed to be responsible for the
recognition of physiological protein substrates by mediating a variety of protein-protein
interactions.10-12 A previous attempt intended to explain catalytic specificity of OGT was
made using a peptide microarray,23 but this microarray-based peptide display is limited by
sequence diversity and is unable to generate comprehensive sequence information like
higher throughput peptide display methods such as phage display and mRNA display.
Messenger RNA display is a very efficient in vitro technique that allows selection of
proteins/peptides with a function of interest from ≥1012 unique variants in a single
experiment.24-26 In mRNA display, the translated peptide is fused to its mRNA template in
an in vitro translation system by a stable covalent linkage through a puromycin linker,
which results in a fusion of phenotype (peptide) and genotype (mRNA). This mRNAprotein fusion library can be reverse transcribed into a mRNA/cDNA-protein fusion library,
the DNA component of which provides straightforward sequence information about the
target protein/peptide of interest. Messenger RNA display has been widely used for the
identification of ligands of a protein,25, 27 studying protein-protein interactions28 and DNA
protein interactions,29 and enzyme-substrate interactions.29
We here applied the mRNA display method to select short OGT peptide substrates and
113

Chapter 6

study the substrate requirement for OGT at the peptide level. For this purpose, an initial
library of mRNA/cDNA-displayed peptides with a theoretical diversity of 5.12x109 was
established by a cell free expression system. Compared with the sequence capacity of
mRNA display (~1012), this library should have an estimated coverage of 200 copies of
each peptide. This mRNA/cDNA-peptide library was subjected to an in vitro OGT reaction
as sugar acceptors. The selection of modified peptides was performed using an O-GlcNAc
antibody which was immobilized on protein G magnetic beads. In total, four rounds of
stringent selections were carried out, although the recovery ratio decreased from the second
round. DNA eluted from the third round of selection was cloned into a vector for
sequencing, which yielded sixteen Ser/Thr containing peptides. However, the recovery
efficiency still needs to be improved by optimizing library construction and target pulldown using specific and efficient chemical labeling, rather than antibodies which might
bind to unmodified peptides. High-throughput deep sequencing of the selected library will
still be needed to obtain more comprehensive sequence information, that would help to
further elucidate the substrates specificity of OGT.
2.

Results

2.1 Proof of principle
Recent data have shown that OGT is able to recognize its peptide substrate by the
primary sequence around the modification site from hundreds of peptides derived from
natural proteins30-32. Because the current OGT motif is derived from a limited number of
sequences and can’t fully explain the substrate requirements for OGT, we wanted to use a
powerful peptide display technique, mRNA display, to comprehensively assess its substrate
specificity by selecting short peptide substrates of OGT. For this purpose, we first
performed a proof of principle experiment. The schematic depiction of the selection
process for OGT peptide substrates is shown in Fig. 1. Instead of a DNA library, a DNA
template that encodes a peptide known to be an OGT substrate was prepared and employed
to validate and optimize the selection process. As shown in Fig. 2, this template DNA
includes a region containing a T7 promoter, a region encoding an OGT substrate peptide
(RESSYDIYRVPSSQS) and a region for a flexible peptide spacer (GAGAGA). This DNA
template was constructed by 2 rounds of overlapping PCR and it was expected to generate
a peptide with a sequence of fMRESSYDIYRVPSSQSGAGAGA through in vitro
translation. The in vitro translation of this DNA template yielded a product with the desired
molecular weight (2317 Da), as evidenced by the micrOTOF mass spectrum (Fig. 3).
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Figure 1 A schematic depiction of the selection cycle for selecting OGT substrate peptides. 1. A DNA library
or positive control template is transcribed into mRNA using T7 RNA polymerase. 2. Messenger RNA is ligated to
a puromycin-containing linker by T4 RNA ligase I. 3. Peptide is translated and linked to its encoding RNA
through the puromycin linker. 4. RNA is reverse transcribed to cDNA by reverse transcriptase. 5. mRNA/cDNApeptide fusions are subjected to the OGT reaction. 6. O-GlcNAcylated peptide-RNA is isolated by an O-GlcNAc
antibody pull-down assay. 7. DNA is heat eluted from the fusions. 8. Eluted DNA is amplified for sequencing or
the next round of selection.

As shown by the selection scheme depicted in Fig. 1, the positive DNA template was
transcribed into mRNA using T7 RNA polymerase reaction. Ethanol-precipitated mRNA
was then attached to a puromycin linker with a DNA spacer using T4 RNA ligase I. This
mRNA-Puro conjugate was subjected to the PURExpress in vitro translation reaction where
the translated peptide and its encoding mRNA were covalently linked through puromycin.
The mRNA portion was reverse-transcribed to avoid the degradation of mRNA and prevent
its unfavorable folding that might interfere with the following selection. Importantly, the
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resulting cDNA was used to acquire the peptide information after completion of the
selection.

Figure 2 The assembly of the positive DNA template. The first round PCR was performed using primer
T7g10M.F48 and primer ZO-3.R83. The first round product (P1) and primer GA3an-2.R36 were used for the
second PCR to achieve the second product (P2). S: starting material. DNA was analyzed using a 3% agarose gel.

UDP, the byproduct from O-GlcNAcylation reaction, has been reported as an inhibitor
of OGT,33 so we further determined whether the presence of nucleotides from the
translation and reverse transcription reaction mixture affect OGT activity. The mixture after
reverse transcription was directly added into a standard microarray OGT assay where the
activity of OGT was reflected by the O-GlcNAcylation level of an immobilized peptide
substrate on a microarray. Compared with a parallel control OGT assay, the mixture has no
detectable effect on the OGT activity (supporting Fig. 1), indicating that this reversetranscription mixture is compatible with the OGT reaction.
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Figure 3 Translation of the positive DNA template. The positive DNA template was directly translated using the
PURExpress in vitro translation system, and the product was analyzed using MicrOTOF mass spectrometry. Upper
panel: LC-MS TIC trace, Lower panel focused MS spectrum of the translated product (calculated mass: 2317 Da,
(M+2H+)/2 = 1159.5)).

To validate the selection process, the crude reverse transcription mixture was
immediately subjected to the OGT reaction, and a negative control experiment was
performed under identical conditions but with OGT omitted. Because OGT itself can get OGlcNAcylated during the reaction (supporting Fig. 2) and might interfere with the
following isolation of the O-GlcNAcylated peptide, an ethanol-precipitation step was
carried out after completion of the OGT reaction to remove proteins. Pull-down of the OGlcNAcylated peptide was performed by the RL2 O-GlcNAc antibody-charged protein G
Magnetic beads (Supporting Fig. 3), and the DNA was eluted and collected by heating to
95 °C. Analysis of the eluted DNA was performed using quantitative PCR. As shown in
Fig. 4, a clear additional recovery of DNA was observed from the reaction in which OGT
was present indicated by qPCR analysis, compared with that from the reaction in which
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OGT was absent. However, the recovery rate was not as good as expected for a positive
control and this might be because the O-GlcNAcylation site in this peptide is close to the
C-terminus i.e. the bulky puromycin linker and nucleic acid, which may make it difficult
for the peptide to access the OGT catalytic site.

Figure 4 Pull-down of O-GlcNAcylated ZO-3 peptide from selection. (A) After selection and pull-down,
elution from each sample was analyzed by qPCR. A standard curve was generated in parallel to calculate the
absolute amount of DNA. Lower Cq value means higher amount of DNA. (B) The recovery rate was calculated by
dividing the absolute amount of DNA after pull-down (Selection) by that before pull-down (Input).

2.2 Library preparation
A crystal structure of a peptide substrate in complex with human OGT has revealed that
the substrate specificity of OGT seems to be mainly due to residues from -3 to +2 relative
to the O-GlcNAcylation site.31 For this reason we decided to study OGT activity among a
library of peptides with 9 residues randomized. To this end, the initial DNA library of this
study contains a promoter region for transcription, a translation start site, a random region
of 9 NNK codons (N is any nucleotide, and K is guanine or thymine) encoding a 9-mer
random peptide, a constant region encoding a flexible peptide spacer, and a puromycin
linker annealing sequence (Fig. 5A). The final peptide DNA library was expected to
express 5.12 x109 unique peptides with sequences of fM-X-X-X-X-X-X-X-X-X-G-A-G-AG-A, where X indicates any of the 20 natural amino acids and fM is the initial formylated
Met. The assembly of this DNA library was achieved by a similar two rounds of
overlapping PCR to the positive control template, with the annealing temperature of each
round of PCR optimized to avoid loss of library diversity (Fig 5B). The DNA library is
transcribed in vitro to achieve the corresponding mRNA library, purified by preparativescale urea PAGE, and further conjugated with a Puromycin linker. In vitro translation of the
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Puro-mRNA library resulted in the mRNA-peptide conjugate library. The mRNA was
further reverse transcribed into cDNA, affording a library of mRNA/cDNA-peptide.

Figure 5 Assembly of the initial DNA library. (A) Schematic diagram of the DNA library. (B) Annealing
temperature for the first round of PCR (without a denaturation step) was determined by 5μL scale gradient PCR
(48-60°C) using T7primer (T7g10M.F48) and random primer (MX9GA3.R75). The reaction was analyzed on
10% DNA PAGE and 100 μL scale PCR was performed with the optimal temperature (52.7°C). Annealing
temperature for second round PCR was determined similarly using T7primer (T7g10M.F48) and spacer primer
(GA3an-2.R36). The first round product was used as template. 500μL scale PCR was performed at an annealing
temperature of 68.3°C to achieve the final DNA library. S1: starting material in first round PCR. P1: product from
the first round of PCR.

2.3 Selection
In our previous work, it was observed that the O-GlcNAc RL2 antibody could bind to
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some peptides that were not O-GlcNAcylated. To maximally remove unspecific binding
peptides, the mRNA/DNA-peptide library was first purified by ethanol precipitation.
Following this, the library was washed three times with a mixture of 50% uncharged
protein G magnetic beads and 50% RL2 antibody charged protein G magnetic beads (preclear beads). After washing with PBST, the DNA from the pre-clear beads (Pre-clear 1, 2,
and 3) was further eluted and analyzed by qPCR. A small amount of recovery was observed
from Pre-clear 1, but no further recovery was found in pre-clear 2 and pre-clear 3,
suggesting antibody-binding peptides were completely cleared in the first wash (Fig. 6A).
The supernatant after the clearing procedure was then subjected to the OGT reaction at
room temperature overnight. After completion of the OGT reaction, the mRNA/cDNApeptide library was further precipitated to remove O-GlcNAcylated OGT prior to the pulldown of the modified peptides.

Figure 6 Ratio of DNA recovered from the selections. The mRNA/cDNA-peptide library was pre-cleared three
times before OGT reaction using a 1:1 mixture of uncharged and O-GlcNAc charged beads. After the OGT
reaction, the mRNA/cDNA-peptide library incubated with O-GlcNAc-antibody charged beads to bind OGlcNAcylated peptides. DNA eluted from pre-clear beads (Pre-clear 1, Pre-clear 2, and Pre-clear 3) and selection
beads were analyzed by qPCR. A calibration curve in parallel with known standards was used to calculate the
absolute amount of DNA from each sample. (A), the recovery ratio from each round was calculated by dividing
the absolute amount of DNA after selection by that before selection (input). (B), DNA from round 3 selection and
negative 3 were analyzed using 3% agarose gel, showing the correct size product in the selection.

To select the O-GlcNAcylated mRNA/DNA-peptides, the mRNA/cDNA-peptide library
was incubated with RL2 antibody saturated magnetic protein G beads for 1h at 4°C. The
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supernatant was removed and the beads were stringently washed three times with cold
PBST. The DNA eluted from the selection beads were analyzed by qPCR. As shown in Fig.
6, a clear increase in the recovery of DNA was shown from the selection following the
OGT reaction (Round 1), when it was compared with DNA from the pre-clear beads. To
further confirm this selection recovery of DNA, the same selection process was performed
against the mRNA-peptide library from a control reaction without OGT and without UDPGlcNAc, respectively. The DNA recoveries (Cq value) from both control experiments were
the same as that from pre-clear 3 (supporting fig. 4), indicating the selection recovery of
DNA from the initial library was due to the O-GlcNAcylation of the peptide by OGT. The
DNA from the first round of selection was subsequently amplified by PCR and subjected to
a further round of selection. In total, four rounds of selection were performed. However, the
positive to negative recovery ratio of the selection decreased from round 2 through 4.
2.4 Sequencing
DNA eluted from the third round of selection was amplified and subsequently cloned
into a PCR2.1-TOPO vector, which was transformed into E. coli for antibiotic clone
selection. After overnight selection on a plate in the presence of ampicillin, 35 single
colonies were formed. Plasmids were extracted and verified by PCR using primer
T7g10M.F48 and GA3an-2.R36. Among these 35 plasmids (Fig. 7), 19 showed a band
corresponding to the size of the DNA library (111 bp), indicating that DNA fragments from

Figure 7 Validation of plasmids from cloning. Plasmids from 35 colonies were purified and verified by PCR
using T7g10M.F48 and GA3an-2.R36. PCR product was assessed on 3% agarose gel. Arrows show the band of
the correct size.

the in vitro selection were cloned into the vectors (Fig. 7). Sequencing of these verified
plasmids led to 16 DNA sequences of the correct library architecture, which were translated
into the primary amino acid sequences listed in Table 1. Notably, all sequences, except
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plasmid 2, bear at least one serine or threonine that could be O-GlcNAcylated by OGT. In
addition, duplicate sequences were found in plasmids 8 through 10 and 13 through 14,
suggesting that these two sequences might have been strongly enriched during the
selection.
Table 1 List of peptide sequences as deduced from the sequencing results.

clone
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

3.

Sequencing results
MMCSDIRMHIGAGAGA
MYGDLNGAKKGAGAGA
MTYCILTAQTGAGAGA
MLRIQHHISYGAGAGA
MPSDTNPNPSGAGAGA
MMHCNAVGISGAGAGA
MSLGRRKWCKGAGAGA
MSNWPTKDFRGAGAGA
MSNWPTKDFRGAGAGA
MSNWPTKDFRGAGAGA
MIRMRGYHELGAGAGA
MCCWWSYKIKGAGAGA
MSMSQAVRLMGAGAGA
MSMSQAVRLMGAGAGA
MYGTVAYNRNGAGAGA
MIMLIMWSLAGAGAGA

Discussion
The present work was intended to identify OGT peptide substrates using mRNA display,

taking advantage of its fast selection from a library with a huge diversity and complexity.
Our data suggest that the described selection process works smoothly. Peptides bearing
Ser/Thr residues that might be O-GlcNAcylation sites have been discovered, which need to
be further validated for O-GlcNAcylation and site mapping. However, problems still exist
with this method, in stages such as library construction, the selection process and
sequencing analysis.
It was not expected in our proof-of-principle experiment that only a small portion of the
expressed peptide would be enriched after reaction with OGT, as this sequence has been
shown to be a very efficient substrate by a microarray assay where the peptide was
immobilized through its N terminus.30 Hence, we speculate that the intended OGlcNAcylation site might be too close to the puromycin linker, even though a flexible Cterminal spacer (GAGAGA) was used. The attachment of a puromycin linker after the
spacer may make final fusions less able to access the catalytic site of OGT (Fig. S7). For
this reason, an additional selection experiment was performed using a synthetic DNA122
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peptide fusion bearing the same peptide sequence, in which the DNA was attached to N
terminus of the peptide. As described in Fig. S5, this DNA-peptide fusion was achieved
using a 3’ amine-modified oligo and an N terminal Cys containing OGT substrate peptide
with otherwise identical sequence to that used in the method validation experiments,
attached by a SMCC crosslinker.34 After OGT reaction with this peptide-oligo, the same
selection process was carried out as in the proof-of-principle experiment. A sizeable
recovery of DNA from this selection was observed (Fig. S6). Hence, given that the (GA)3
linker was chosen largely arbitrarily, a longer flexible spacer should be used to further
improve the recovery efficiency for this positive control selection, as well as library
selection.
The successful enrichment of O-GlcNAc modified peptides relies on a specific and
efficient pull-down method. In this work, we used a common O-GlcNAc antibody-based
immunoprecipitation to isolate O-GlcNAcylated peptides from unmodified sequences in
the vast library of peptides. Because each unique peptide from the initial library is in a very
low abundance, an antibody without strong affinity might not be able to capture modified
peptides efficiently. In addition, this antibody was found to bind to some unmodified
peptides and requires a sample preclearance to be performed prior to the OGT reaction,
resulting in a loss of peptide diversity. Specific labeling techniques, such as chemical
derivatization or chemo-enzymatic labeling, could be used to further improve the selection
efficiency. Azido-functionalized sugar donors such as UDP-GlcNAz and UDP-GlcNAc6N3
have been shown to be alternate substrates for OGT in vitro,35, 36 and these azido-modified
sugar substrates can subsequently be further covalently modified through click reactions for
different labeling purposes. These azido modifications are not favored by OGT, exhibiting
a reduced conversion rate of substrate compared with the natural donor UDP-GlcNAc.37
Chemo enzymatic labeling may provide an alternative sensitive and efficient tool to
introduce an azide on O-GlcNAc-modified peptides or proteins. In this approach, a mutant
β-1,4-galactosyltransferase specifically transfers azido-modified galactose (GalNAz) from
UDP-GalNAz to O-GlcNAc residues on modified target peptides or proteins,38-40 avoiding
any bias or low turnover resulting from changing the OGT donor sugar.
Conventional sequencing generates a single sequence from a single colony. In the
current case, it involves multiple steps including ligation to sequencing vectors,
transformation of E. coli, and antibiotics selection to prepare each single colony, in which
loss of sequence information is more likely to happen. High throughput sequencing, also
known as next-generation sequencing, is of great importance to acquire sequence
information from a displayed library because of its ability to generate millions of sequences
in parallel.41, 42 High-throughput sequencing also offers an advantage in the detection of
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very rare sequences.42 In addition, high-throughput sequencing of the input and selected
libraries would yield information that can be used to compare the relative abundance of
each sequence in the same selected population,43 which in our case might help define the
preference of certain amino acids by OGT.
In summary, this work demonstrated the use of mRNA display for identifying OGT
peptide substrates, although the recovery efficiency is not as high as we expected. For
future work, the construction of the library needs to be further optimized and a more
specific and efficient pull-down method is needed.
4.

Materials and methods

4.1 Materials
All the primers (Table 2) used in this work were purchased from Eurofins (the
Netherlands). T7 RNA polymerase, Taq DNA polymerase, RNAase inhibitor, reverse
transcriptase, T4 RNA ligase I and protein G magnetic beads were from New England
Biolabs. Puromycin linker was ordered from IDT (Integrated DNA Technologies,
Belgium). Uridine5′-diphospho -N-acetylglucosamine sodium salt (UDP-GlcNAc) was
purchased

from

sigma

Aldrich.

The

mouse

monoclonal

anti-O-Linked

N-

Acetylglucosamine antibody [RL2] was from Abcam. FITC conjugated anti-mouse
secondary antibody was purchased from Thermo scientific. PamChip4 microarray chips
were provided by PamGene (the Netherlands).
Table 2. List of oligonucleotides used in this work.
Oligo ID
T7g10M.F48
GA3an-2.R36
MX9GA3.R75
ZO-3.R83
M13F
M13R
Nest-NH2
Nest.F
Nest.R

Sequence
TAATACGACTCACTATAGGGTTAACTTTAAGAAGGAGATATACATATG
TTTCCGCCCCCCGTCCTATGCGCCTGCGCCTGCACC
GTCCTATGCGCCTGCGCCTGCACCMNNMNNMNNMNNMNNMNNMNNMNNMN
NCATATGTATATCTCCTTCTTAAAG
CCTGCGCCTGCACCGCTCTGGCTGCTCGGCACGCGATAAATATCATAGCTGCTTT
CGCGCATATGTATATCTCCTTCTTAAAG
GTAAAACGACGGCCAGT
GCGGATAACAATTTCACACAGG
AGAGTTTTCGCCCCGAAGAACGAGTCTGAATGAAGCCATACCAAACGAC-NH2
AGAGTTTTCGCCCCGAAGAACG
GTCGTTTGGTATGGCTTCATTC

4.2 DNA construction
The initial DNA library for encoding peptides with a randomized 9 amino acid regions
and GAGAGA constant region was constructed by two rounds of overlapping PCR using
primers T7g10M.F48, MX9GA3.R75 and GA3an-2.R36. Briefly, the first round extension
PCR was performed in 100 μL reaction including 10 μL of 10XPCR buffer (500 mM KCl,
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100 mM Tris-HCl pH 9.0, 1% v/v Triton X-100), 5 μL of 5 mM dNTPs, 1 μL of 250 mM
MgCl2, 0.26 μL of 100 μM T7 promoter primer (T7g10M.F48), 0.26 μL of 100 μM Library
primer (MX9GA3.R75), 0.5 μL Taq DNA polymerase, and 83 μL water. To acquire the best
annealing temperature by gradient PCR, 8 separate 5 μL reactions were run using the
following cycling parameters: denaturation at 94°C for 1 min then 5 cycles of annealing
from 48-60°C (8 points) for 1 min and extension at 72°C for 1 min. The best annealing
temperature was estimated by assessing the gradient PCR product on 10 % DNA PAGE.
The reaction was scaled up using the remainder of the reaction mixture in 20 µL aliquots
and the same parameters, with the optimized annealing temperature (52.7°C). For the
second round PCR, a 500 μL reaction included 50 μL of 10XPCR buffer, 25 μL of 5 mM
dNTPs, 5 μL of 250 mM MgCl2, 1.25 μL of 100 μM T7 promoter primer (T7g10M.F48),
1.25 μL of 100 μM GA spacer primer (GA3an-2.R36), 2.5 μL Taq DNA polymerase, and
365 μL water. Gradient PCR was run using 5 µL aliquots from this reaction mixture using
the following cycling parameters: 5 cycles of denaturation at 94°C for 1 min, annealing
from 62-72°C (8 points) for 1 min, and extension at 72°C for 1 min. The reaction was
scaled up using the remainder of the reaction mixture in 20 µL aliquots and the same
parameters, with the optimized annealing temperature (68.3°C). The final product was
purified by phenol-chloroform extraction and precipitated by addition of 50 μL of 3 M
NaCl and 1100 μL of ethanol then centrifuged at 13000 RCF for 15 min. After washing
with 70% ethanol, the final pellet was air dried and redissolved in 100 μL water. For the
construction of positive DNA template, all the reaction was done essentially same liker the
library, but with reduced scale.
4.3 Transcription
The DNA library was transcribed into RNA in a 1 mL scale T7 RNA polymerase
reaction, which includes 100 μL of 10X T7 buffer (400 mM Tris-HCl pH 8.0, 10 mM
spermidine, 0.1% v/v Triton X-100), 100 μL of 100 mM DTT, 80 μL of 250 mM MgCl2,
11.2 μL of 2 M KOH, 150 μL of 25 mM NTPs, 3.75 μL RNAase inhibitor, 18 μL T7 RNA
polymerase, 100 μL DNA library and 439 μL water. The reaction was incubated at 37°C
overnight in an air incubator, then 20 μL of 100 MnCl2 and 5 μL DNase I were added and
allowed to react for 30 min at 37°C. The mRNA was precipitated using 150 μL of 0.5 M
EDTA (pH 8.0), 100 μL of 3 M NaCl, and 1050 μL of isopropanol then centrifuged at
13000 RCF for 10 min. After washing with 70% ethanol, the final pellet was air dried and
redissolved in 20 μL water. The mRNA was further purified by urea denaturing 8% PAGE
and the final concentration was adjusted to 20 μM for storage at -80°C.
4.4 Puromycin ligation
Ligation of the mRNA library and Puromycin linker was achieved using RNA ligase I.
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Briefly, the reaction consists of 2 μL mRNA (20 μM), 3.33 μL Puromycin linker (20 μM)
and 2.22 μL T4 RNA ligase I, 4.44 μL 10X ligation buffer (500 mM Tris.HCl pH 7.5, 100
mM MgCl2, 10 mM ATP, 100 mM DTT) and 28 μL water. After incubation at room
temperature for 30 min, the reaction was precipitated by adding 40 μL water, 80 μL of 0.6
M NaCl, 10 mM EDTA, 2 μL of 10 mg/mL RNAase-free glycogen, and 320 μL of ethanol
then centrifuging at 13000 RCF for 15 min. After washing with 70% ethanol, the resulting
pellet (mRNA-puromycin) was air dried and redissolved in 6 μL water.
4.5 PURExpress translation
Translation of library and ZO-3_357-371 peptide was carried out using a PURExpress®
In Vitro Protein Synthesis Kit, with tRNA and amino acids omitted from Solution A and
release factors omitted from solution B. The translation reaction was prepared on ice by
mixing 1.5 μL solution B, 1.0 μL solution A, 0.5 μL E. coli tRNA, 0.5 μL amino acid
mixture and 1.5 μL mRNA, then translation allowed to proceed at 37°C in an air incubator.
After 30 min, the mixture was incubated at room temperature for 12 min to enhance
peptide capture by the puromycin linker. Finally, the ribosome complex was disrupted by
addition of 1 µL 100 mM EDTA and incubated at 37°C for 30 min.
4.6 Reverse transcription
Reverse transcription was performed using ProtoScript II Reverse Transcriptase in the
presence of GA3an-2.R36 primer. Briefly, the master mix included 1.10 μL 5mM (each)
dNTPs, 0.44 μL 100 μM GA3an-2.R36 primer, 2.20 μL 250 mM Tris-HCl (pH 8.3), 2.20
μL 150 mM MgCl2, 1.10 μL 200 mM KOH, 0.55 μL Reverse transcriptase and 1.21 μL
MiliQ water. This master mix was prepared on ice and 4 μL was added to each of the above
translation reactions (6 μL). After mixing by pipetting, the reaction was incubated for 1 h at
42 °C. The product was precipitated by adding 70 μL water, 80 μL of 0.6 M NaCl, 10 mM
EDTA, 2 μL of 10 mg/mL RNAase-free glycogen, and 320 μL of ethanol then centrifuged
at 13000 RCF. After washing with 70% ethanol, the resulting pellet (mRNA-puromycin)
was air dried and redissolved in 20 μL PBST.
4.7 Immobilization of O-GlcNAc antibody
Rl2 anti O-GlcNAc antibody (mouse IgG) was immobilized by protein G magnetic
beads as briefly described below. Just prior to use, the beads slurry was washed three times
with 2 bead slurry volumes of cold PBST on ice and these uncharged beads were used for
negative selection. After washing, Rl2 antibody was added into the beads in a volume ratio
of 6 μL PBST and 0.85 μL of 1 μg/μL Rl2 antibody followed by incubation on a rotor at
4°C for 1 h. The charged beads were washed three times with cold PBST (12 μL) on ice
and PBST was then removed before addition of pull-down samples.
4.8 Library pre-clear (Negative selection)
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To remove peptides binding to the RL2 O-GlcNAc antibody or the protein G resin itself
before OGT reaction, the reverse-transcribed library was incubated with a mixture of 3 μL
O-GlcNAc antibody charged magnetic protein G beads and 3 μL uncharged beads for 1
hour at 4°C on a rotator. This pre-clear step was repeated three times. After the last preclear, the supernatant was transferred into a clean tube and was ready for the OGTcatalyzed reaction. The beads (Negative 1, 2 and 3) were washed with cold PBST (12 μL)
three times on ice and new low binding tubes were used for each wash. Beads were then
heated in 100 μL water at 95°C for 5 min and DNA was eluted by removing the supernatant
whilst hot. The absolute quantification of each sample was performed using qPCR with
standards (2X105, 2X106, 2X107, 2X108 and 2X109).
4.9 OGT reaction
To determine the effect of translation components on OGT activity, a microarray assay
was performed using PamChip 4 microarray chips with a PamStation 12 instrument
(Pamgene international). Briefly, before addition of the enzyme reaction, the microarray
was blocked with 1% BSA. After 30 cycles (2 cycles/min) blocking, the blocking buffer
was aspirated and the microarray was incubated with 40 μL of the enzyme reaction
containing purified OGT (4 μg), reaction buffer (50 mM Tris–HCl, pH 7.5; 1 mM DTT;
12.5 mM MgCl2), a 1:1 pre-incubated mixture of anti-O-GlcNAc and FITC conjugated
secondary antibody, 10 μL translation mix and the sugar donor UDP-GlcNAc (1 mM) for 2
h at 30°C. The microarray was run in parallel by pumping the reaction up and down
through the porous membrane and a tiff image was obtained at every 20 cycles by a CCD
camera inside the PamStation. OGT activity was reflected by a fluorescent signal which
was produced by a FITC conjugated antibody bound to the O-GlcNAcylated peptide
(CGKENSPCVTPVSTA). Image analysis was performed using the BioNavigator 6
software. Briefly, each image was quantified by automated array grid finding and
subsequent quantification of signal and local background for each individual spot. In this
work, the signal median-minus-background value was used as the quantitative parameter
for the O-GlcNAcylation of the peptide.
Glycosylation of the mRNA-peptide library was carried out essentially as described
above. OGT reactions include 10 μL of 5X reactions buffer (250 mM Tris–HCl, pH 7.5; 10
mM DTT; 125 mM MgCl2), 5 μL of 10 mM UDP-GlcNAc, 8 μL OGT (1 μg/μL), 20 μL
mRNA-peptide and 7 μL water. The reaction was incubated on a shaker at room
temperature overnight. The mRNA/cDNA-peptides were precipitated by addition of 30 μL
water, 80 μL of 0.6 M NaCl, 10 mM EDTA, 2 μL of 10 mg/mL RNAase-free glycogen, and
320 μL of ethanol then centrifuged at 13000 RCF. After washing with 70% ethanol, the
resulting pellet (mRNA-puromycin) was air dried and redissolved in 20 μL PBST.
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4.10 Selection of O-GlcNAcylated peptides
Positive selection was performed by incubation with 6 μL of O-GlcNAc antibodycharged magnetic protein G beads for 1 hour at 4°C on a rotator. The beads (positive) were
washed with cold PBST (12 μL) three times on ice and new low-binding tubes were used
for each wash. Beads were heated in 100 μL water at 95°C for 5 min and single stranded
cDNA was eluted by removing the supernatant whilst hot. The absolute quantification of
each sample was performed using qPCR with standards. The positive selection DNA was
amplified by PCR and was simply purified using ethanol precipitation as described above.
The final concentration was adjusted to 1 μM for next round selection.
4.11 Cloning and sequencing
To analyze the sequence of the selection, the DNA eluted from third round positive
selection was cloned into PCR2.1-TOPO vector according to manufacturer’s instructions
(Thermo Fisher, the Netherlands). Briefly, the ligation reaction included 1μL PCR product,
1 μL salt solution, 1 μL TOPO vector and 3 μL MiliQ water. The reaction was left at room
temperature for 30 min and then heat shock-transformed into 100 μL of DH5α competent
cells, which were then grown on an ampicillin plate for colony selection. After 16 h,
individual clones were grown in 5 ml LB broth media containing ampicillin for 8 hours and
plasmid was extracted. All plasmids were verified by PCR using M13R and M13F primers.
Verified plasmid DNA was sequenced using M13R or M13F primers by Macrogen (the
Netherlands).
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Supporting information:

Figure S1 The translation system is compatible with the OGT reaction. The reverse transcription mixture was
directly added into a standard microarray OGT assay. A parallel control OGT assay was performed without this
mixture for comparison.

Figure S2 OGT itself is auto O-GlcNAcylated in vivo and in vitro. The purified OGT was incubated with OGT
reaction buffer and 1 mM UDP-GlcNAc (right channel). Control experiment was prepared without UDP-GlcNAc
(left channel). The western bolting analysis of O-GlcNAcylation was performed using anti O-GlcNAc antibody
(Rl2). The control experiment suggests that the purified protein is slightly O-GlcNAcyled during bacterial
expression and addition of UDP-GlcNAc results in enhanced O-GlcNAcylation in vitro.
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Figure S3 Immobilization of O-GlcNAc RL2 antibody by protein magnetic beads. As indicated in the figure,
varied amount of protein G magnetic beads slurry (0-2.0 μL) was added into a fixed amount of O-GlcNAc Rl2
antibody (250 ng) and incubated at 4°C for 1h. The IgG bound to the beads and the IgG remaining in the
supernatant were analyzed by SDS PAGE. Coomassie blue staining showed that protein G beads became saturated
with binding of RL2 antibody in the ratio of ~150 ng antibody/μL beads. M: marker; S: supernatant; B: beads;
HC: heavy chain; LC: light chain.

Figure S4 No significant amount of DNA was recovered was from selection control experiments. The mRNAPeptide library was pre-cleared three times, and it was then subjected to OGT reactions without UDP-GlcNAc or
OGT reactions without OGT enzymes. After pull-down, elution from each sample was analyzed by qPCR.
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Figure S5 An oligonucleotide linked to the peptide N-terminus was prepared using the crosslinker SMCC.
All steps were essentially same as described in a published protocol.34 Briefly, ① the 3’ amine of oligo Nest (see
the list of oligos) reacted with the NHS-ester of SMCC (succinimidyl 4-(N-maleimidomethyl) cyclohexane- 1carboxylate), and then ② the maleimide of SMCC reacted with the N terminal Cys thiol residue of the OGT
substrate peptide (CGRESSYDIYRVSSQS).

Figure S6 Improved recovery observed using synthetic Oligo-peptide fusion. The synthetic oligo-peptide was
subjected to the OGT reaction and selection of O-GlcNAcylated peptide was performed using same process as
described in the proof-of-principle experiment. The recovery of DNA from the selection was analyzed by qPCR
using Nest.F and Nest.R primers. Cq values are shown for comparison, and not further quantified by standards.
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Figure S7 Structure of the puromycin linker.
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Summary and perspective
The work described in this thesis aimed to study OGT and its catalytic properties using
short peptide substrates. These act in the catalytic core of the enzyme by maintaining the
main interactions between enzyme and substrate. By taking advantage of short peptides that
are derived from their parental proteins, it is possible to zoom in on specific sequences
quickly and introduce the desired modification unambiguously. This level of flexibility
combined with the high density of a peptide microarray, makes the tool particularly
valuable for the investigation of O-GlcNAc processing enzymes.
Chapter 1 is the general introduction and research outline of this thesis. An overview of
O-GlcNAcylation and its processing enzymes (O-GlcNAc transferase and O-GlcNAcase)
was first given. Because of the essential features of O-GlcNAcylation and phosphorylation,
a general description of possible cross-talk types between these two modifications was also
given. Then, the basic principle of a peptide microarray and mRNA display was described,
followed by the outline of the research described in this thesis.
Chapter 2 is a detailed review that summarizes the recent achievement on this
modification at the peptide level, focusing on enzyme activity, enzyme specificity, the
direct function of O-GlcNAcylation, and peptide substrate inspired inhibitors.
Chapter 3 describes the development of a dynamic peptide microarray approach to
discover novel OGT substrates and study its catalytic properties. In this approach, the OGlcNAcylation of hundreds of peptides immobilized on the microarray can be monitored in
parallel by a fluorescent labeled anti O-GlcNAc antibody. Another important feature of this
microarray-based assay is the kinetics readout of the O-GlcNAcylation process. Moreover,
not only purified OGT but also cell lysates containing OGT activity can be used for this
approach. From a peptide microarray of 144 peptides derived from different
serine/threonine kinase (STK) protein substrates, we found that one peptide derived from
the GYS2 protein, one peptide derived from the MYPC3 protein, and two peptides derived
from the RBL-2 protein were significantly O-GlcNAcylated by all three isoforms of OGT.
From a peptide microarray containing 155 nuclear hormone receptor binding peptides
derived from co-activators, O-GlcNAcylation by three isoforms was observed on three
peptides which were derived from the NOCA6, BRD8, and WIPI2 proteins, respectively.
Whether the O-GlcNAcylation of nuclear hormone receptor co-activators affects the
binding properties of hormone receptor still needs to be investigated. Interestingly, the
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protein RBL-2, which is a key regulator of entry into cell division and may function as a
tumor suppressor, was identified as an excellent substrate for the three isoforms of OGT.
Using an alanine scan with the same peptide microarray approach, we found that Ser 420 is
the O-GlcNAc site in RBL-2. All these findings are indicative of the usefulness of the
peptide microarray approach for the identification of OGT activity and will likely prove
valuable in diagnosis of GlcNAcylation-linked disease and its interplay with other posttranslational modifications. For future work, more specific antibody or chemical labeling
should be used to reduce unspecific binding of current antibodies.
In chapter 4, the peptide microarray based approach developed in chapter 3 was
utilized to identify and study the cross-talk between O-GlcNAcylation and tyrosine
phosphorylation in a direct manner. From an array of 256 known tyrosine kinase peptide
substrates, 10 peptides were identified as OGT substrate with variable O-GlcNAcylation
levels. Seven of these 10 peptides were dual substrates of Jak2 kinase and OGT, so they
were selected to study the potential cross-talk between Jak2 mediated phosphorylation and
OGT mediated O-GlcNAcylation. We found that the phosphorylation of 6 of these peptides
by Jak2 inhibited their subsequent O-GlcNAcylation. However, O-GlcNAcylation had no
detectable effect on their subsequent phosphorylation. A specific peptide (ZO3_357_371),
derived from the ZO-3 protein, was studied in detail to find the underlying mechanism of
this cross-talk. Kinetic results showed that the presence of a phosphate at Tyr364 of
ZO3_357_371 slowed down the O-GlcNAcylation of nearby Ser369, while the presence of
a GlcNAc at Ser369 had no significant effect on the phosphorylation of this peptide at
Tyr364. In line with these experimental data, a computational molecular modeling analysis
showed that the phosphorylation of Tyr364 may lead to the loss of a hydrogen bond
between Tyr364 of the peptide substrate and Asn805 of OGT as well as introduce a steric
clash and repulsive interactions, which could prevent the O-GlcNAcylation of Ser369.
However, the model of the kinase Jak2 in complex with the peptide showed that Ser369 of
the peptide is not in contact with Jak2. As a result, O-GlcNAcylation of Ser369 should not
affect the binding of the peptide to Jak2 and its phosphorylation. These findings provide a
glimpse a possible new paradigm for cellular signaling control by cross-talk, although these
results have to be validated on proteins and in living systems. We propose that tyrosine
phosphorylation may have a significant contribution to the dynamic regulation of OGlcNAc cycling, while O-GlcNAc has less impact on phosphorylation signaling.
In chapter 5, we explored the potential of peptide substrates sequence to be developed
into selective OGT inhibitors. Two excellent peptide substrates (ZO3_357_371 and RBL137
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2_420–422) identified in Chapters 3 and 4 were prepared with an alanine instead of a serine
at the O-GlcNAcylation site. These peptides were found to be able to inhibit OGT activity,
indicating that these peptides could still bind to the OGT active site. We further discovered
that CVTPVATA and RVPSAQS are the optimal length as inhbitor with IC50 value of 385
μM and 194 μM, respectively. These data suggest that residues around the O-GlcNAc site
maintain important interactions with the protein which could possibly be utilized to design
selective OGT inhibitor. In addition, we observed a reduced inhibitory effect when the Nterminus of the pepridic inhibitor was acetylated, suggesting that the positive charge at this
site might be important for binding to OGT. High affinity OGT inhibitors may not be easily
achieved with a peptidic structure alone, so bisubstrate inhibitors mimicking both aspects
of the donor substrate and the acceptor substrate might be an alternative to further improve
the inhibitors. To achieve cell permeable bisubstrate inhibitors or peptide-only inhibitors,
the peptide component might be replaced with peptidomimetics. In addition, the poor
bioavailability of a peptide derived inhibitor might be improved by using a cell-penetrating
peptide. A low permeability inhibitor can be covalently conjugated to a cell-penetrating
peptide or can form a noncovalent complex with a cell-penetrating peptide, which could
result in penetration of the inhibitor together with the cell-penetrating peptide. Drug
delivery carriers are also currently available to increase the bioavailability of peptide drugs,
such as thiomers, nanoemulsions and nanoparticles.
In Chapter 6, we used a mRNA display-based approach to discover short peptide
substrates of OGT by taking advantage of its fast selection of peptides of interest from a
library with a large diversity and complexity. An initial diverse library of 9-mer random
peptides each fused with its encoding mRNA template was prepared by using a
reconstituted recombinant in vitro translation system. Messenger RNA was then reversely
transcribed to form a fusion library of mRNA/DNA-peptide from which the DNA sequence
provided the information of the peptide composition. After the O-GlcNAcylation reaction
using the fusion library as possible substrates, the modified mRNA/DNA-peptide fusions
were isolated by an O-GlcNAc antibody-based immunoprecipitation. DNA from the
selected mRNA/DNA-peptide fusions was amplified and transcribed for preparation of the
next round peptide library. Totally, four rounds of selection were performed and sixteen
peptide sequences containing Ser/Thr were enriched and identified by TA-cloning and
sequencing. Despite the fact that the described selection process worked smoothly, there is
still much room to improve the recovery efficiency. Our proof of principle experiments
showed that the (GA)3 linker between the random peptide and puromycin is not long
enough since attachment of puromycin and mRNA likely make it difficiult for some
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peptides to access the OGT catalytic pocket. Hence, a longer flexible spacer should be used
to further improve the recovery efficiency for library selection. In addition, to further
improve the enriching specificity and efficiency of O-GlcNAcylated peptides, chemical
derivatization or chemo-enzymatic labeling might be better alternatives of the antibodybased selection. UDP-GlcNAz and UDP-GlcNAc6N3 are azido-functionalized sugar donors
for an in vitro OGT reaction and azido sugar modified peptides can subsequently be
covalently modified through click reactions to enrich the O-GlcNAc peptide. Alternatively,
a azido functional group can also be introduced to the O-GlcNAcylated peptide by a mutant
β-1, 4-galactosyltransferase (Gal-T1 (Y289L)) which specifically transfers azido-modified
galactose (GalNAz) from UDP-GalNAz to O-GlcNAc residues on modified peptides or
proteins, avoiding any bias when using the GlcNAz sugar donor. Finally, deep sequencing
is needed to get more comprehensive and statistically relevant sequence information,
because the conventional sequencing approach used in this work led to loss of sequences.
High-throughput sequencing is able to detect very rare sequences. High throughput
sequencing is of great importance for this case to acquire sequence information from a
displayed library by sequencing of millions of sequences in parallel. High-throughput
sequencing of the input and selected libraries would yield information that can be used to
compare the relative abundance of each sequence in the same selected population, which in
our case might help identify the substrate preference of OGT.
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Samenvatting
Het werk beschreven in dit proefschrift heeft als doel het O-GlcNAcyleringseiwit OGT
te bestuderen met behulp van korte peptide substraten, met name wat betreft z’n
katalytische eigenschappen. Deze peptiden binden in het actieve centrum middels eiwitsubstraat interacties. Door gebruik te maken van korte peptiden die zijn afgeleid van
substraateiwitten is het mogelijk om te focusseren op specifiek sequenties waarop het OGT
eiwit de N-acetyl glucosamine (GlcNAc) groep plaatst. Deze precisie alsmede het gebruik
van vele peptiden op een peptide-microarray zijn erg gunstig voor de studie van O-GlcNAc
plaatsende en verwijderende eiwitten.
Hoofdstuk 1 is de algemene inleiding en geeft een overzicht van onderwerpen in dit
proefschrift. Eerst wordt de O-GlcNAcylering besproken aan de hand van de twee enzymen
die de O-GlcNAc groep plaatsen op serines en threonines van eiwittten (O-GlcNAc
transferase) en deze weer verwijderen (O-GlcNAcase). Gezien het fundamentele belang
van zowel O-GlcNAcylering als fosforylering, wordt een algemene beschrijving van
mogelijke communicatie of ‘cross-talk’ tussen beide modificaties gegeven. Vervolgens
wordt het principe van een peptide ‘microarray’ uitgelegd waarna een overzicht van
onderwerpen in dit proefschrift volgt.
Hoofdstuk 2 is een gedetailleerd overzicht dat de recente literatuur over OGlcNAcylering samenvat met een focus op het gebruik van peptiden. Hierbij worden
onderwerpen besproken zoals de detectie van O-GlcNAcylering, enzym specificiteit, het
effect van O-GlcNAcylering en OGT inhibitoren gebaseerd op peptide substraten.
Hoofdstuk 3 beschrijft de ontwikkeling van een dynamische peptide ‘microarray’ voor
het ontdekken van nieuwe OGT substraten en het bestuderen van de katalytische
eigenschappen van OGT. Middels deze aanpak kan de O-GlcNAcylering van honderden
geïmmobiliseerde peptiden tegelijkertijd worden gevolgd door de binding van een
fluorescent O-GlcNAc antilichaam. Een ander belangrijk aspect is het feit dat de kinetiek
van de reacties kan worden gevolgd. Verder hoeft de OGT niet gezuiverd te zijn, want ook
cellysaten die OGT activiteit bevatten kunnen worden gebruikt in deze aanpak. Met een
peptide ‘array’ met 144 peptiden afgeleid van verschillende serine/theronine kinase (STK)
substraateiwitten, vonden we een aantal actieve substraten die bij all drie OGT isoformen
een reactie gaven. Hierbij was een peptide van het GYS2 eiwit, een peptide van het
MYPC3 eiwit en twee peptiden afgeleid van het RBL-2 eiwit. Met een ‘array’ van 155
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nucleaire hormoon receptor bindende peptiden afgeleid van co-activatoren, was OGlcNAcylering door de 3 OGT isoformen gezien bij 3 peptiden afgeleid van de NOCA6,
BRD8, en WIPI2 eiwitten. Of O-GlcNAcylering van nucleaire hormoon receptor coactivatoren een effect heeft op de hormoon receptor moet nog worden onderzocht. Het
eiwit RBL-2 speelt een belangrijke regulerende rol bij het in deling gaan van de cel, en zou
een tumor onderdrukker kunnen zijn. Een peptide hiervan afgeleid was een zeer goed OGT
substraat. Dit peptide was onderworpen aan een alanine scan waarmee gevonden is dat Ser
420 een locatie voor O-GlcNAcylering is in RBL-2. Deze vindingen geven aan dat het
gebruik van de peptide ‘microarray’ een nuttig middel is voor het waarnemen van OGT
activiteit en zal het mogelijk toepassingen in de diagnostiek van ziekten waarbij OGlcNAcylering een rol speelt, kunnen krijgen, en wellicht de communicatie met ander post
translationele modificaties. In de toekomst zou het goed zijn als er meer specifieke
antilichamen kunnen worden gebruikt of een chemische labelingsmethode vanwege de
non-specifieke binding van de huidige antilichamen.
In hoofdstuk 4 is de ‘microarray’aanpak van hoofdstuk 3 gebruikt voor het rechtstreeks
bestuderen en identificeren van gevallen van ‘cross-talk’ tussen O-GlcNAcylering en
tyrosine fosforylering. Met een ‘array’ van 256 bekende tyrosine kinase substraten werden
10 peptiden gevonden die in meerdere of mindere mate werden ge-O-GlcNAcyleerd. Zeven
van deze peptiden waren zowel substraten voor OGT als ook voor de Jak2 kinase, vandaar
ze werden uitgekozen voor de ‘cross-talk’ studie. Het bleek dat de fosforylering van 6 van
deze peptiden met Jak2 de daaropvolgende O-GlcNAcylering blokkeerde. Echter, OGlcNAcylering van de peptide had geen effect op een daaropvolgende fosforylering. Eén
peptide (ZO3_357_371), afgeleid van het ZO-3 eiwit, werd in meer detail bestudeerd om
achter het mechanisme van de ‘cross-talk’ te komen. Kinetiek studies lieten zien dat de
aanwezigheid van een fosfaat op Tyr364 de O-GlcNAcylering van de nabije Ser369 ernstig
vertraagde. De aanwezigheid van een GlcNAc op serine369 had echter geen significant
effect op de fosforylering van Tyr364. In overeenstemming met deze experimentele data
liet een computer modelingsstudie zien dat door de fosfaat op Tyr364 een waterstofbrug
met OGT’s Asn805 verloren ging.

Daarnaast ontstonden er sterische en afstotende

interacties die gezamenlijk de O-GlcNAylering van Ser369 in de weg stonden. Echter het
model van het complex van Jak2 en het peptide liet zien dat Ser369 geen contact had met
Jak2 wat dus ook geen last had van de eventuele O-GlcNAcylering van dit residu. Deze
vindingen laten een eerste licht schijnen op een mogelijk algemener verschijnsel van
‘cross-talk’, hoewel dit nog wel in levende systemen moet worden gevalideerd. Op basis
van deze studie is de conclusie dat tyrosine fosforylering mogelijk een belangrijke bijdrage
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levert aan de dynamische regulering van de O-GlcNAc status, terwijl de aanwezigheid van
een eventuele GlcNAc weinig invloed heeft op de signaaltransductie door fosforylering.
In hoofdstuk 5 onderzochten we of peptide substraten van OGT konden worden
ontwikkeld naar selectieve OGT remmers.

Twee excellente peptide substraten

(ZO3_357_371 and RBL-2_420–422), ontdekt in de hoofdstukken 3 en 4, werden gemaakt
met een alanine in plaats van een serine op de plek van O-GlcNAcylering. Deze peptiden
bleken in staat OGT te remmen, wat aangeeft dat ze nog steeds aan het actieve centrum van
het enzym konden binden. Verder werd ontdekt dat de ingekorte sequenties CVTPVATA en
RVPSAQS de optimale lengte hadden voor het remmen van OGT met respectievelijk IC50
waarden van 385 μM en 194 μM.

De data suggereren dat residuen rond de O-

GlcNAcyleringsplaats van het substraat belangrijke interacties met het eiwit hebben die
wellicht verder kunnen worden gebruikt voor het maken van selectieve OGT remmers.
Verder werd gevonden dat de inhibitie werd verstoord als de N-terminus van het peptide
werd geacetyleerd. Dit suggereert dat de positieve lading op deze locatie van belang is voor
de OGT binding. OGT remmers van hoge affiniteit kunnen wellicht niet bestaan uit alleen
een peptide. Voor de toekomst lijkt het aantrekkelijk een bi-substraat remmer te maken die
zowel aspecten van de peptide acceptor bevat maar ook aspecten van de suikerdonor. Om
celpermeabele bisubstraatremmers of peptide remmers te maken, kunnen peptide
componenten

worden

vervangen

door

peptidomimetische

delen.

Ook

kan

de

beschikbaarheid in de cel worden verbeterd door gebruik te maken van ‘cel-penetrating
peptides’. Door conjugatie van een slecht opgenomen peptide of de vorming van een nietcovalent complex met een ‘cel-penetrating peptide’, kan de opname worden bevorderd.
Ook ‘drug delivery’ systemen zoals thiomeren, nanoemulsies en nanodeeltjes kunnen
hierbij van nut zijn.
In Hoofdstuk 6 gebruiken we een ‘mRNA-display’ methode voor het ontdekken van
nieuwe peptide substraten voor OGT. Dit werd gedaan door gebruik te maken van een
snelle selectie van een zeer grote en diverse ‘library’ van peptides. Er werd hiervoor een 9mer ‘library’gemaakt met een in vitro translatie systeem, waarbij de peptides gefuseerd zijn
met de mRNA keten die hiervoor codeert. Het mRNA werd omgezet naar een hybride
‘library’ van

mRNA/DNA-peptides d.m.v. ‘reverse transcription’. De DNA sequentie

hiervan bevat de informatie over de peptide sequentie. Na de O-GlcNAcylering van de
‘library’ zijn de gemodificeerde hybrides geïsoleerd d.m.v. immunoprecipitatie met een OGlcNAc antilichaam. Na amplificatie en transcriptie van het DNA van de geselecteerde
hybrides is vervolgens de volgende ronde gestart. In totaal zijn vier selectierondes
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uitgevoerd en zestien peptidesequenties met een Ser/Thr verkregen en geïdentificeerd.
Ondanks het feit dat het beschreven selectieprotocol soepel is verlopen, is er nog veel te
verbeteren wat betreft de efficiëntie van het terugwinnen van de geselecteerde sequenties.
Onze ‘proof of principle’ experimenten laten zien dat de (GA)3 verbinding tussen de
peptide en puromycine-mRNA niet lang genoeg is en het waarschijnlijk moeilijk is voor
een aantal peptides om het actieve centrum van OGT te bereiken. Vandaar dat een langere
flexibele ‘spacer’ nuttig kan zijn voor het verbeteren van de terugwinefficiëntie van de
geselecteerde peptides. Om het proces verder te verbeteren lijken het gebruik van
chemische functionalisering of chemo-enzymatische labeling wellicht betere alternatieven
voor de selectie gebaseerd op een antilichaam zoals hier uitgevoerd. UDP-GlcNAz en
UDP-GlcNAc6N3 zijn azide-gefunctionaliseerde suikerdonoren voor een in vitro OGT
reactie, resulterend in producten die m.b.v ‘click’ reacties te functionaliseren en te verrijken
zijn. Een alternatieve wijze van het invoeren van een azide groep is door gebruik te maken
van mutante β-1,4-galactosyltransferase (Gal-T1 (Y289L)), wat in staat is de GlcNAc
verder te functionaliseren met een azide-gemodificeerd galactose (GalNAz). Dit heeft als
voordeel dat de OGT stap met de natuurlijke donor kan geschieden i.p.v. met een
azidosuikerdonor. Uiteindelijk is ‘deep sequencing’ nodig om meer volledige en statistisch
relevante sequentie-informatie te verkrijgen want de conventionele sequentiemethode zoals
gebruikt in dit werk lijdt tot verlies aan sequenties. ‘High-throughput sequencing’ is in staat
om zeer zeldzame sequenties te detecteren. De methode is van groot belang voor dit project
omdat vele sequenties tegelijk worden bepaald. Als deze methode wordt gebruikt voor
zowel de start ‘libraries’ als ook de geselecteerde ‘libraries’, dan kan de relatieve
aanwezigheid in beide populaties worden vergeleken, en kan er een nauwkeurige OGT
substraat specificiteit worden verkregen.
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